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Abstract. Three Intergovernmental Panel on Climate Change (IPCC) Representative Concentration Pathways 

(RCPs) are used to simulate future ozone (O3), nitrogen dioxide (NO2), and fine particulate matter (PM2.5) in the 

United Kingdom (UK) for the 2050s relative to the 2000s with an air quality model (AQUM) at a 12 km horizontal 

resolution. The present-day and future attributable fractions (AF) of mortality associated with long-term exposure 

to annual mean O3, NO2 and PM2.5 have accordingly been estimated for the first time for regions across England, 

Scotland and Wales.   

Across the three RCPs (RCP2.6, RCP6.0 and RCP8.5), simulated annual mean of the daily maximum 8-hr 

mean (MDA8) O3 concentrations increase compared to present-day, likely due to decreases in NOx (nitrogen 

oxides) emissions, leading to less titration of O3 by NO. Annual mean NO2 and PM2.5 concentrations decrease 

under all RCPs for the 2050s, mostly driven by decreases in NOx and sulphur dioxide (SO2) emissions, 

respectively.  

The AF of mortality associated with long-term exposure to annual mean MDA8 O3 is estimated to increase in 

the future across all the regions and for all RCPs. Reductions in NO2 and PM2.5 concentrations lead to reductions 

in the AF estimated for future periods under all RCPs, for both pollutants. Total mortality burdens are also highly 

sensitive to future population projections. Accounting for population projections exacerbates differences in total 

UK-wide MDA8 O3-health burdens between present-day and future by up to a factor of ~3 but diminishes 

differences in NO2-health burdens. For PM2.5, accounting for future population projections results in additional 

UK-wide deaths brought forward compared to present-day under RCP2.6 and RCP6.0, even though the simulated 

PM2.5 concentrations for the 2050s are estimated to decrease. Thus, these results highlight 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, population projections, 

climate change 

1 Introduction  

Long-term exposure to ambient air pollution has been linked with adverse health impacts in a number of studies 

(e.g. Burnett et al., 2014;  2018; Jerrett et al., 2009; Krewski, 2009; Turner et al., 2015). Risk estimates for 

mortality associated with long-term exposure to ambient particulate matter less than 2.5 µm in diameter (PM2.5) 

are well established (e.g. Hoek et al., 2013; Krewski, 2009). Several studies have quantified exposure-response 



3 
 

relationships (often called concentration-response functions, or CRFs) associated with long-term exposure to 

ozone (O3) (Jerrett et al., 2009; Turner et al., 2015) and nitrogen dioxide (NO2) (COMEAP, 2018; Crouse et al., 

2015; Faustini et al., 2014; Hoek et al., 2013). However, for both O3 and NO2, long-term effects are still emerging, 

with most studies to date performed over North America. 

Future air pollution levels (and related health burdens) can be influenced by a number of factors including 

changes in emissions of air pollutants (both natural and anthropogenic) and climate variability. In this study we 

focus on the emissions-driven impacts on air pollutants and the corresponding health burdens in the UK. To 

estimate future ambient air quality, several future pathways are employed utilising the Intergovernmental Panel 

on Climate Change (IPCC) Representative Concentration Pathways (RCPs) (van Vuuren et al., 2011a). These are 

future pathways of global greenhouse gas (GHG) and air pollutants and their precursor emissions as used in the 

Coupled Model Intercomparison Project Phase 5 (CMIP5) project. They consist of four pathways that lead to 

radiative forcing levels from the combined effects of greenhouse gases and aerosols of 2.6 W m-2 (van Vuuren et 

al., 2011b), 4.5 W m-2 (Thomson et al., 2011), 6 W m-2 (Masui et al., 2011), and 8.5 W m-2 (Riahi et al., 2011) by 

2100. For all RCPs, large decreases in emissions of particulate matter (PM) and precursors of O3, especially 

nitrogen oxides (NOx), carbon monoxide (CO), sulphur dioxide (SO2), black 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., 2011a). An exception is ammonia (NH3) which globally increases in nearly all pathways, and 

methane (CH4) which increases especially for RCP8.5. However, these 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 pathways. In addition, the RCPs 

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 regionally. For Europe, several studies suggest O3 reductions due to decreases in O3 precursors under 

different future emission scenarios (e.g. Hedegaard et al., 2013; Wild et al., 2012). However, increases in O3 

concentrations have also been observed especially under RCP8.5 due to increases in CH4 concentrations (Wild et 

al., 2012) and in regions with high NOx levels (e.g. the Benelux region and the south of the UK) (Hedegaard et 

al., 2013; Colette et al., 2012). In a multi-model study, Im et al. (2018) suggest an average increase in O3 
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concentrations (by up to ~6 %) for Europe in response to a 20 % reduction of anthropogenic emissions; this study 

also suggests a larger contribution of non-local sources for O3 concentrations in Europe.  

 Future emission changes both globall and in Europe, are likely to lead to lower PM2.5 concentrations due 

to reduced primary emissions as well as changes in secondary inorganic aerosol (Chemel et al., 2014; Hedegaard 

et al., 2013; Im et al., 2018; Vieno et al., 2016). Sulphate and nitrate aerosols compete for ammonium, such that 

reductions in SO2 emissions (which lead to reductions in sulphate concentrations) and increases in NH3 emissions 

could increase nitrate aerosol levels even though NOx emissions decrease (Pye et al., 2009).  

Most recent studies focusing on future health burdens associated with long-term exposure to O3 and/or 

PM2.5 concentrations under the RCPs typically analyse the combined impacts of changes in emissions and changes 

in the climate. Following RCP4.5, the estimated PM2.5 and O3-related global mortality burden is 1.1±0.5 and 

0.2±0.1 million avoided deaths per year in 2050, respectively (West et al., 2013). Future health 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 changes, as well as underlying rates of 

diseases. Despite projected future reductions in pollutant concentrations, Silva et al. (2016) suggest increases in 

premature mortality when accounting for increases in total population size in 2050. West et al. (2013) also suggest 

that globally and in Europe, the population growth and baseline mortality rates can dominate changes in the health 

impacts resulting from the RCPs particularly in 2100.  

Some studies have focused on future health impacts in the UK following different emission scenarios. 

Using three IPCC Special Report on Emissions Scenarios (SRES; Nakicenovic et al., 2000) and including 

population projections for 2030, Heal et al. (2013) estimate that the O3-health burden increases over the UK by 

16-28 % compared to that in 2003. A recent modelling study examined health impacts due to air pollutant 

concentration changes in 2035 and 2050 for three UK-specific energy-related scenarios (Williams et al., 2018). 

In all three scenarios, NO2 concentrations decrease in 2050 due to reductions in NOx emissions. The subsequent 

reduction in long-term NO2- related mortality following the baseline scenario in 2050 is estimated to be ~6.5 

million life-years gained compared to 2011 (Williams et al., 2018). PM2.5 concentrations across the UK also 

decrease for this baseline scenario leading to ~17.8 million life-years gained in 2050 compared to 2011 (Williams 

et al., 2018). Using the AQUM (Air Quality in the Unified Model; Savage et al., 2013) as used in our study, 

Pannullo et al. (2017) find reductions in NO2 concentrations for three RCPs across the UK in the 2050 lead to 
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reductions in  respiratory hospital admissions associated with exposure to NO2 by 1.7 % (RCP2.6), 1.4 % 

(RCP6.0) and 2.4 % (RCP8.5) (Pannullo et al., 2017).  

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 three pollutants O3, NO2 and PM2.5 over the UK are limited and generally do not account for 

future population projections. The focus of this study is on UK primary and precursor emission changes for the 

2050 based on three RCPs: RCP2.6, RCP6.0 and RCP8.5 and the subsequent impacts of these changes on ambient 

levels of O3, NO2 and PM2.5. We also assess the health effects associated with long-term exposure to each pollutant 

under each RCP, and the sensitivity of estimated future health burdens to two population scenarios.  

The study is organised as follows: The impact of changes in future UK emissions on simulated annual 

mean MDA8 O3, NO2 and PM2.5 concentrations are discussed in Section 3. The corresponding future health 

burdens associated with long-term exposure to all three pollutants are described in Section 4 together with the 

sensitivity of estimated mortality burdens associated with each pollutant to future population projections. Finally, 

summary and conclusions are presented in Section 5.  

2 Methods 

2.1 Air Quality in the Unified Model ï AQUM  

In this study we use air pollutant concentrations for both present-day and future which are derived from 

configurations of a limited-area model system, AQUM (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° × 0.11° (~12 km; Savage 

et al., 2013) with a domain covering the UK and parts of the western European region. The model has 38 vertical 

levels from the surface up to 39 km (with the lowest model level at 20 m). The model includes an interactive 

aerosol scheme CLASSIC (Coupled Large-scale Aerosol Simulator for Studies in Climate; Bellouin et al., 2013, 

2011; Jones et al., 2001) which simulates ammonium sulphate and nitrate, fossil-fuel organic carbon (OC), mineral 

dust, soot and biomass burning (BB) aerosol interactively. Biogenic secondary organic aerosols are prescribed 

from a climatology (Bellouin et al., 2011) and sea salt is calculated over sea points only and does not contribute 

to PM concentrations over land. Within AQUM, sulphate and nitric acid compete for available ammonium to form 

ammonium nitrate and ammonium sulphate aerosols (Bellouin et al., 2011). Gas-phase 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., 2009; OôConnor et al., 2014). The chemistry scheme used is the Regional Air Quality (RAQ) 

chemistry scheme, which has 58 chemical species, 116 gas phase reactions and 23 photolysis reactions. Photolysis 

rates are calculated with the on-line photolysis scheme Fast-JX (Neu et al., 2007). Lateral boundary conditions 

for chemistry and aerosols are derived from the GEMS (Global and regional Earth-system Monitoring using 

Satellite and in-situ data) and MACC (Monitoring Atmospheric Composition and Climate) global reanalysis fields 

(Flemming et al., 2009) whilst meteorology is obtained from the UK Met Office Unified Model (MetUM) global 

forecast fields. Further details on AQUM, including evaluation, can be found in Savage et al. (2013). We use the 

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

 

2.2 Model Set-up  

In this study we conduct a total of four simulations using AQUM: one to derive air pollutant concentrations for 

the 2000s (ópresent-dayô) and another three simulations to derive air pollutant concentrations following three 

different RCPs for the 2050s (ófutureô). For all these simulations the same meteorology was employed ï that of 

the year 2006 (Fenech et al. 2018). For the present day simulation, anthropogenic and biomass burning emissions 

are taken from decadal mean emissions centred on the year 2000 (Lamarque et al., 2011, 2010). These historical 

emissions were originally created for the 5th Climate Model Intercomparison Program (CMIP5) in support of the 

IPCC Fifth Assessment Report (AR5) and are used as a starting point for all RCPs. For the future simulations, 

anthropogenic and biomass burning emissions are obtained from decadal mean emissions centred on 2050 

following three IPCC RCPs: RCP2.6, RCP6.0 and RCP8.5. Biogenic emissions of isoprene for all simulations are 

diagnosed from simulations with a fully coupled nested configuration of the MetUM (described in Neal et al., 

2017) and then prescribed in AQUM with a diurnal cycle imposed. Therefore, although the climate is unchanged 

between the 2000s and the 2050s, the prescribed biogenic isoprene emissions have responded to changes in CO2 

and temperature in the 2050s compared to the 2000s following Pacifico et al. (2011). Emission changes are 

discussed in more detail in Section 2.2.1.  

The lateral boundary conditions used for future simulations are kept the same as for the present-day. For 

all simulations, feedbacks of aerosols and greenhouse gases on the radiation scheme are excluded, thus ensuring 

the climate is unchanged between the present-day and future simulations. Hence the projected changes in air 

pollutant concentrations show the influence of UK anthropogenic, biomass burning and biogenic emission 
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changes only. Greenhouse gas (GHG) such as CH4, carbon dioxide (CO2) and nitrous oxide (N2O) have prescribed 

concentrations for each simulation due to their long lifetime. 

All simulations are conducted for 18 months with the first 6 months discarded as spin-up. Hourly 

pollutant concentrations taken from the lowest model vertical level (20 m) are then extracted, from which the 

annual mean MDA8 O3, NO2 and PM2.5 concentrations are calculated. 

 

2.2.1 Present-day and future UK emissions  

Emissions totals and percentage differences over the UK between the 2000s and 2050s for key O3 and PM2.5 

primary and precursor species under each pathway are shown in Fig. 1. Most of the emissions over the UK 

decrease in the future compared to present-day, with the greatest reductions occurring for RCP8.5 (Fig.1). For 

example, nitrogen oxides (NOx) emissions fall from ~ 1.3 Tg (NO) yr-1 in 2000s to ~ 0.5 Tg (NO) yr-1 for RCP2.6 

and RCP6.0 and ~ 0.3 Tg (NO) yr-1 for RCP8.5 in 2050s, corresponding to reductions of 60 %, 58 % and 73 % 

(Fig.1a). Spatial distributions of NOx emissions for present-day and for differences in future emissions compared 

to present-day are illustrated in Fig.2. For all RCPs, the largest reductions in NOx emissions occur in regions 

having high present-day emissions (e.g. central and south east England) (Fig. 2). Emissions following RCP8.5 

exhibit the largest reductions compared to present-day while the smallest reductions are for RCP6.0.  

Emission changes between the 2000s and 2050s for CO, OC and BC follow a similar 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). SO2 emissions also decrease in the future in all RCPs. However, reductions in each RCP follow a different 

pattern, with the highest reductions occurring for RCP2.6 (-92 %) and RCP8.5 (-94 %) and the lowest reductions 

occurring for RCP6.0 (-43 %; Fig. 1e). Ammonia (NH3) emissions and methane (CH4) concentrations increase 

over the UK for certain future pathways (Fig. 1f and g). Ammonia emissions total ~ 0.35 Tg (NH) yr-1 in 2000s 

and increase for all RCPs, with the highest increase occurring for RCP6.0 (29 %) followed by RCP2.6 (16 %) and 

RCP8.5 (7 %) (Fig. 1f). As mentioned in the previous section, CH4 concentrations are prescribed for all four 

simulations due to its long lifetime relative to the simulation period. CH4 concentrations over the UK are ~1200 

µg m-3 for present-day and decrease by 16 % in 2050s following RCP2.6 (Fig. 1g). In contrast CH4 concentrations 

increase following RCP6.0 (8 %) and RCP8.5 in 2050s (54 %; Fig. 1g). 



8 
 

  

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

T
g

 (
N

O x
) 

yr
-1
 

T
g

 (
C

O
) 

y
r

-1
 

T
g

 (
O

C
) 

y
r

-1
 

T
g

 (
B

C
) 

y
r

-1
 

T
g

 (
S

O 2)
 y

r-1
 

T
g
 (

N
H 3

) 
y
r-1

 
T

g
 (

C 5
H

8
) 

y
r-1

 

Figure 1: Emissions totals and percentage differences over the UK (land only) between 2000s and 2050s for the key O3 

and PM2.5 primary and precursor species: (a) nitrogen oxides (NOx) (b) carbon monoxide (CO), (c) fossil fuel organic 

carbon (OC), (d) fossil fuel black carbon (BC), (e) sulphur dioxide (SO2), (f) ammonia (NH3), (g) methane (CH4) 

(concentrations) and (h) isoprene (C5H8) for present-day (blue), RCP2.6 (orange), RCP6.0 (green) and RCP8.5 (red). 

Percentage differences between future and present-day are shown above each pathway. 
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Isoprene (C5H8) emissions used in this study are obtained from a model simulation in which biogenic 

VOC emissions are calculated interactively responding to changes in carbon dioxide (CO2) and temperature 

(Pacifico et al., 2011). These are then prescribed in the UK domain within AQUM. C5H8 emissions decrease from 

~0.09 Tg (C5H8) yr-1 for present-day to ~0.07 Tg (C5H8) yr-1 under all RCPs (~20 % reduction; Fig 1h). This 

suggests that the main driver for reductions in isoprene emissions for all future pathways is CO2 inhibition of 

isoprene (high levels of CO2 suppressing leaf isoprene production) (Arneth et al., 2007) which offset the 

temperature-driven emission increases, as found by other studies (e.g. Pacifico et al., 2012; Squire et al., 2015) .  

 

 

 

 

 

 

2.3 Heath impact assessment  

Estimated health burdens attributable to long-term exposure to annual mean MDA8 O3, NO2 and PM2.5 

concentrations are calculated as follows for each of the nine Government Office Regions (GOR) for England, and 

for Scotland and Wales (Fig. 3):  
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Figure 2: Total NOx emissions for (a) present-day (PD ï 2000s) and (b-d) differences in NOx emissions between 

present-day and future (2050s) under three RCPs.  
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and  

ὼ  
В    ɴ    

В                 ɴ 
     (4) 

 

In equation 1, ὓ  is the mortality associated with long-term exposure to MDA8 O3, NO2 or PM2.5 for each region, 

ὶ (Fig. 3), ὄὓ is the total regional annual respiratory mortality for O3-related health estimates and all-cause 

(excluding external) mortality for NO2 and PM2.5-related health estimates for 2006 (henceforth referred to as 

baseline mortality) and ὃὊ is the attributable fraction associated with long-term exposure to annual mean MDA8 

O3 or NO2 or PM2.5 concentrations that is calculated for each region using equation 2. Baseline mortality data for 

2006 was obtained from the Office for National Statistics for England and Wales (ons.gov.uk) and from the 

National Records of Scotland (nrscotland.gov.uk) of which only ages above 30 years were considered. In 

equations 2 and 3, RR is the relative risk associated with long-term exposure to annual mean air pollutant levels. 

In equation 3, CRF is the concentration-response function coefficient and ὼ  is the regional annual population-

weighted pollutant concentration. The CRF used in this study for long-term exposure to annual mean MDA8 O3 

concentrations is taken from Turner et al (2015) and for long-term exposure to annual mean NO2 and PM2.5 the 

CRF used is from COMEAP (2015) and WHO (2013), respectively. The CRF recommended by Turner et al. 

(2015) for the effects of long-term O3 exposure on respiratory mortality is 1.06 (95 % Confidence Interval (CI) = 

1.04,1.08) per 10 µg m-3 increase in annual mean MDA8 O3 concentrations with a threshold of 53.4 µg m-3 (Turner 

et al. 2015). For long-term NO2 exposure on all-cause (natural) mortality COMEAP (2015) suggest a coefficient 

of 1.025 (95 % CI = 1.01,1.04) per 10 µg m-3 increase in annual mean NO2 concentrations (with no threshold) 

while for long-term PM2.5 exposure on all-cause (natural) mortality, we use a coefficient of 1.062 (95 % CI = 

1.040,1.083) per 10 µg m-3 increase in annual average concentrations (with no threshold), which is based on a 

meta-analysis of cohort studies by Hoek et al. (2013). For all three pollutants, the health estimates in this study 

are for people aged 30 years and above. The uncertainty in AF estimates, presented in the  figures of the 

supplement section of this manuscript as error bars, represents the 95% CI, as taken from the literature and 

described above, associated with the uncertainties in the concentration-response coefficients used only. Burdens 

for the effects of each pollutant are calculated separately following recommendations from the studies from which 

the coefficients are drawn, though it should be noted that NO2 effects could to some extent overlap with effects 

of long-term exposure to PM2.5 as the two pollutants are strongly correlated (COMEAP, 2018). 
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The population-weighted pollutant concentrations ὼ are calculated by first counting the total residential 

gridded population data for people aged 30 years and over (ὴ, at a resolution of 5 km (GWPv3), obtained from 

the Socioeconomic Data and Applications Centre (SEDAC) (sedac.ciesin.columbia.edu) within each model grid 

cell, Ὦ (equation 4). This population total (ὴ  is then multiplied by the annual pollutant concentration within each 

grid cell ὼ, summed over every grid cell within the region r, and divided by the total population of the region. To 

quantify differences in health burdens between present-day and future we simply subtract the present-day estimate 

from the future one (ie Mort Future ï Mort PD). 

Future mortality estimates do not solely depend on future pollutant concentrations but also on future 

population projections and mortality rates. In this study we analyse how changes in future population projections 

may influence estimated future health burdens. Each RCP is associated with a future population projection. 

However, to isolate the effect of changes in air pollutant concentrations across the RCPs we choose to use a single 

population projection. This is done by using the future population projections from the Shared Socioeconomic 

Pathways (SSP) gridded at a resolution of 17 km (Jones and OôNeill, 2017). The SSPs are a set of five 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 the RCPs (Riahi et al., 2017). 

In conjunction with each RCP the population projection following SSP1, or ñSustainabilityò storyline and SSP5, 

or ñFossil-fuelled Developmentò storyline are applied. These two SSPs represent the upper (SSP5) and lower 

(SSP1) limits of projected population totals for the UK for 2050s.  

Figure 3: Government Office Regions (GOR) for England, Scotland and Wales used in this study 

(adapted from Fenech et al. 2019). 
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Based on SSP1 and SSP5, the total UK population is estimated to reach 74.7 million and 85.3 million, 

respectively, in 2050s (a factor of 1.2 and 1.4 greater than present-day totals used in this study). The UK Office 

of National Statistics (ONS) projects a total UK population of 72.9 million in mid-2041 based on 2016 data (ONS, 

2017), while the Directorate-General of the European Commission (Eurostat) estimates suggest that at the start of 

2040 the total UK population will be 75 million (Eurostat, 2017). The baseline mortality rates and demographics 

for the future estimates are kept at present-day rates.  

3 Results and Discussion  

3.1 The emissions driven impact on O3 and NO2 concentrations in the UK  

Simulated annual mean MDA8 O3 concentrations in 2000s are on average ~ 77 µg m-3 across the UK, ranging 

from ~ 62 µg m-3 in central England (West and East Midlands regions) to more than 80 µg m-3 in the south west 

of England, Wales, and Scotland (Fig 4a). O3 concentrations increase under all RCPs (2050s) compared to present-

day (2000s) and are on average between ~4 µg m-3 and ~9 µg m-3 higher depending on the RCP (Fig. 4b-d). For 

all three RCPs the largest increases for 2050s occur in regions where present-day O3 concentrations are low (Fig. 

4b-d). The largest increases in O3 concentrations occur for RCP8.5 where concentrations are more than 12 µg m-

3 (~40 %) and up to 18 µg m-3 (~50 %) higher across much of the central and southern regions of England (Fig. 

4d). For RCP2.6 and RCP6.0 increases in O3 concentrations are about 6 µg m-3 (~25 %) compared to present-day 

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

 

 

Figure 4: Simulated annual mean daily maximum 8-hr running mean (MDA8) O3 concentrations for (a) present-day 

(PD, 2000s), (b-d) differences in simulated annual mean MDA8 O3 concentrations between present-day (2000s) and 

future (2050s) calculated as MDA8 O3 future ï MDA8 O3 present-day for each future pathway. Mean concentrations 

(µg m-3) are shown at the bottom of each panel. 
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Changes in the abundance of O3 concentrations can occur via changes in precursor emissions. NOX 

emissions play a key role in determining surface O3 concentrations. For all three RCP simulations, UK NOX 

emissions decrease in 2050s (by up to 73 %; Fig. 1 and 2) with the largest decreases occurring in regions having 

high present-day NOx emissions (Fig. 2), for example central and south eastern England (Fig. 2b-d). This results 

in substantial decreases in annual mean NO2 concentrations across the UK (Fig. 5b-d). Present-day annual mean 

NO2 concentrations averaged across the UK are 11.2 µg m-3 and range from ~3 µg m-3 in most of Scotland to ~ 27 

µg m-3 in Central and South East England (Fig. 5a), with the spatial distribution being inversely to that of O3 

concentrations (Fig. 4a). Annual-mean NO2 concentrations reduce in the future, with decreases between 6 µg m-3 

(~-25 %) and 12 µg m-3 (~-50 %) in most of central England for RCP2.6 and RCP6.0 (Fig. 5b and c) and higher 

than 15 µg m-3 (~-75%) for RCP8.5 (Fig. 5d). Regions showing low present-day O3 concentrations and high NO2 

concentrations (Fig. 4a and 5a), also exhibit the greatest increases in O3 concentrations and the largest decreases 

in NO2 concentrations in the 2050s relative to 2000s (Fig. 4 b-d and Fig. 5 b-d). Reductions in NO2 concentrations 

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 higher O3 concentrations in the future are likely due to the titration effect of 

NO on O3. Thus, UK NOX emission reductions between present-day and future increase O3 concentrations, 

suggesting a NOx saturated environment across all the UK, but particularly in highly polluted regions, where 

estimated NOX emission reductions are highest.  

 

While annual mean CH4 concentrations decrease for RCP2.6 (-16 %) across the UK, they increase for 

RCP6.0 (+8 %) and RCP8.5 (+ 54 %) (Fig. 1). This increase in CH4 concentrations for RCP6.0 and RCP8.5 

between present-day and future may contribute to  increases in O3 concentrations for these two pathways (Fig. 4c 

and d) but fails to explain increases in annual mean MDA8 O3 concentrations for RCP2.6 (Fig. 4b). Nonetheless, 

Figure 5: Annual mean NO2 concentrations for (a) present-day (PD ï 2000s) and (b-d) differences in NO2 

concentrations between present-day and future (2050s) under three RCPs. Mean concentrations (µg m-3) are shown at 

the bottom of each panel. 
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the spatial patterns in O3 differences between present-day and future (Fig. 4) are primarily driven by changes in 

NOx emissions (Fig. 5) as discussed above.  

These findings are consistent with previous studies over Europe. A number of global and Europe-wide 

studies have shown a strong impact of NOx emission reductions and higher CH4 levels leading to higher O3 

concentrations in the northern European region. Hedegaard et al. (2013) find the chemical environment for O3 

production to differ between North-west Europe and elsewhere in Europe. In the Benelux regions and surrounding 

countries (including the UK), O3 concentrations increased under RCP4.5 between 1990 and 2090 because of NOx 

decreases. However, this NOx- saturated environment was not consistent across the UK as found in this study. 

Elsewhere in Europe, NOx emissions reductions under RCP 4.5 were found to lead to lower O3 concentrations 

(~20 %) between 1990 and 2090 (NOx limited; Hedegaard et al. 2013). In another regional European study with 

different future emission scenarios (Global Energy Assessment scenarios) but which also feature NOx emission 

reductions, annual mean O3 was found to increase across most of north west Europe and the UK in particular 

central and south east England (Colette et al. 2012), also highlighting the North West Europe and the UK as a 

NOx saturated environment. 

Similar to the work presented in this study, a UK-focused report evaluating nine regional models 

(including AQUM) suggests that reducing the total anthropogenic NOx and VOC emissions by 30 % for 2006 

across the UK, led to an increase in annual mean simulated O3 concentrations ranging between 1.2 and 6.1 µg m-

3 for all models (Defra, 2013). A similar increase in annual mean O3 concentrations over the UK was also found 

for a 30 % reduction in anthropogenic NOx and VOC emissions across the UK and Europe. Thus, this study 

suggests that increases in O3 concentrations are more likely driven by reductions in the UK NOx and VOC rather 

than changes in emissions outside the UK.  

3.2 The emissions driven impact on PM2.5 concentrations in the UK  

Present-day simulated annual mean PM2.5 concentrations averaged across the UK are ~9 µg m-3 and range from ~ 

4 µg m-3 in Scotland to ~ 12 µg m-3 in eastern England (Fig. 6a). For all RCPs, annual mean PM2.5 concentrations 

decrease compared to present-day, with a notable north-south gradient (Fig. 6 b-d). Across the UK, the largest 

reductions in PM2.5 concentrations in the 2050s relative to 2000s occur under RCP8.5 (Fig. 6d). For RCP8.5 and 

RCP2.6, annual mean PM2.5 concentrations are between ~ 1 µg m-3 (~-15 %) in Scotland to ~ 4.5 µg m-3 (~-50 %) 

in central and eastern England lower compared to present-day (Fig. 6 b and d). In 2050s, reductions in simulated 
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PM2.5 concentrations under RCP6.0 relative to 2000s are smaller than the other two future pathways with 

differences ranging from ~ -0.5 µg m-3(~-10 %) in Scotland to ~ -2 µg m-3(~ -20 % ) in eastern England (Fig. 6c).  

 

In this study, for both present-day and future, the two major components contributing to total simulated 

annual mean PM2.5 concentrations are ammonium sulphate and, to a lesser extent, ammonium nitrate (Fig. 7). For 

present-day, ammonium nitrate constitutes 35 % of total PM2.5 concentrations while ammonium sulphate 

constitutes 45 % (Fig. 7a). For all RCPs, this distribution is modified compared to present-day, with ammonium 

nitrate increasingly becoming the more dominant constituent of PM2.5 concentrations especially under RCP2.6 

and RCP8.5 (Fig. 7 b-d).  

 

The magnitude and spatial distribution of differences in ammonium sulphate concentrations between 

present-day and future for all three RCPs is similar to that of simulated total PM2.5 concentrations with differences 

Figure 6: Simulated annual mean PM2.5 concentrations for (a) present-day (PD ï 2000s), (b-d) differences in 

simulated annual mean PM2.5 concentrations between present-day and future (2050s) calculated as PM2.5 future ï 

PM2.5 present-day for each future pathway. Mean concentrations (µg m-3) are shown at the bottom of each panel. 

 

(a) (b) (c) (d) 

Figure 7: The individual components that add up to the total PM2.5 concentration as simulated by the AQUM model 

for (a) present-day (2000s) and (b-d) future pathways following RCP2.6, RCP6.0 and RCP8.5. 
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ranging from ~ -1 µg m-3 in Scotland to ~ -4.5 µg m-3 in central and eastern England (Fig. S1 of the supplement 

to this article).  

In contrast, simulated ammonium nitrate concentrations over the UK are higher by ~0.25 µg m-3 to ~1 

µg m-3 for all three RCPs compared to present-day (Fig. S2). For all future RCPs, UK SO2 emissions decrease 

(Fig. 1) leading to a reduction in sulphate aerosol in the future. This reduction in SO2 emissions in conjunction 

with increases in ammonia emissions under all three RCPs results in an overall increase in the simulated nitrate 

aerosols even though NOx emissions in the UK are projected to decrease in the future.  

These decreases in PM2.5 concentrations in 2050s following the RCPs compared to 2000s are consistent 

with those of Hedegaard et al. (2013), suggesting that changes in anthropogenic emissions of SOx and BC 

following RCP4.5 lead to a decrease in PM2.5 concentrations across Europe. Under a European emission reduction 

scenario for 2020 based on the MEGAPOLI project, Chemel et al. (2014) find annual average PM2.5 

concentrations reductions > 2 µg m-3 over England due to reductions in SO2, NOx and NMVOCs. Vieno et al. 

(2016) also suggest that under current legislation (CLE) emissions for 2030, surface annual-average PM2.5 

concentrations over the UK reduce by up to 2.8 µg m-3 compared to 2010. Furthermore, these findings on the 

impacts of SO2 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 simulated annual mean MDA8 O3, NO2 and PM2.5 concentrations discussed in Section 3 we first 

calculated the population-weighted pollutant concentrations, then estimated the regional attributable fraction (AF) 

of mortality, and mortality burdens (Section 4.1) associated with long-term exposure to each pollutant for present-

day (2000s) and all three future pathways (2050s) following the method described in Section 2.3.  

We estimate that across all UK regions the percentage (AF) of respiratory mortality associated with long-

term exposure to annual mean MDA8 O3 is higher for all three RCPs in 2050s compared to present-day estimates 

(refer to Fig. S3 in the Supplement to this manuscript). In contrast, for all RCPs the AF of mortality associated 

with long-term exposure to annual mean NO2 and PM2.5 concentrations is lower for 2050s relative to 2000s (Fig. 

S4 and S5, respectively). These differences are driven by differences in the respective population-weighted 
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pollutant concentrations; annual mean MDA8 O3 concentrations are higher for future pathways and annual mean 

NO2 and PM2.5 concentrations are lower.  

The uncertainty estimates based on the 95 % confidence interval of all three CRFs used are relatively 

large such that the confidence range between present-day and all three future pathways overlap for most regions 

(Fig. S3-5). There are exceptions for specific regions following RCP8.5 (Fig. S3a-5a). This suggests a significant 

difference in the AF of mortality between present-day and RCP8.5. The large uncertainty is further reflected in 

the confidence intervals of differences between present-day and each future pathways (Fig. S3b-5b). For all 

regions under all three RCPs, the limit of the 95 % confidence interval of the difference is close to zero and in 

some regions includes both positive and negative AF values thus suggesting that AF differences are not significant 

(Fig. S3b-5b), although this is not the case for most of the regions under RCP8.5 (Fig. S3b-5b).  

 

4.1 Health impacts associated with long-term exposure to annual mean MDA8 O3 

The estimated respiratory mortality burdens associated with long-term exposure to annual mean MDA8 O3 are 

shown in Fig. 8a. The estimated total UK-wide present-day (2000s) mortality burden is 7,705 attributable deaths. 

Under all RCPs, regions which have high population totals, such as the North West England region, have high 

estimated mortality burdens in 2050s (Fig. 8a). For example, under RCP8.5, the North West and South East 

regions are the regions with the highest estimated mortality burden in 2050s (Fig. 8a). Under all three RCPs, the 

future total estimated mortality burden in 2050s is higher than present-day (positive differences, Fig. 8b), as a 

result of higher total AFs of respiratory mortality (Fig S3b). For RCP2.6 and RCP6.0 there are 2,710 and 2,529 

additional attributable deaths respectively, and 5,396 additional attributable deaths for RCP8.5 (Fig. 8b).   
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4.2 Health impacts associated with long-term exposure to annual mean NO2 

The present-day NO2-related UK mortality burden is 25,278 attributable deaths (Fig. 9a), with regions having 

high present-day population (e.g. South East region) resulting in the highest total attributable mortality. Estimated 

mortality burdens for 2050s range from 9,496 to 15,860 attributable deaths for RCP8.5 and RCP6.0, respectively 

(Fig 9a). For all RCPs, the estimated mortality burdens in 2050s are lower compared to present-day; differences 
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Figure 8: (a) UK annual respiratory attributable deaths associated with long-term exposure to annual mean 

MDA8 O3 for present-day (PD ï 2000s), and all three RCPs for 2050s. (b) Differences in UK annual attributable 

deaths  between present-day and future under RCP2.6, RCP6.0 and RCP8.5. Colours indicate the annual 

attributbale deaths for each region in England and Scotland and Wales. N.B. no population projections are 

included in these future health burdens.  
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in mortality burdens range between 15,782 and 9,418 avoided attributable deaths for RCP6.0 and RCP8.5, 

respectively (Fig 9b). These reductions in estimated mortality burdens are driven by reductions in annual mean 

NO2 concentrations. It should be noted that NO2 effects could to some extent overlap with effects of long-term 

exposure to PM2.5 as it is difficult to attribute health effects independently due to the typically strong correlation 

between these two pollutants (COMEAP, 2018).  
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Figure 9: (a) UK annual attributable deaths associated with long-term exposrue to annual mean NO2 for present-day 

(PD ï 2000s), and all three RCPs in 2050s. (b) Differences in UK annual attributable deaths between present-day and 

future under RCP2.6, RCP6.0 and RCP8.5. Colours indicate the annual attributable deaths for each region in England 

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 long-term exposure to annual mean PM2.5 

 For present-day, we estimate that 32,996 attributable deaths in the UK are associated with long-term 

exposure to annual mean PM2.5 concentrations (Fig 10a). The total UK mortality burdens for each of the future 

emission pathways are estimated at 24,034, 28,475 and 23,514 attributable deaths over the UK under RCP2.6, 

RCP6.0 and RCP8.5 in 2050s, respectively (Fig 10a). For all pathways, the estimated mortality burdens are highest 

in regions having a combination of a high PM2.5 concentration (Fig 10a) and a high population. For example, this 
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Figure 10: (a) UK annual attributable deaths associated with long-term exposure to annual mean PM2.5 for present-day (PD 

ï 2000s), and all three RCPs for 2050s. (b) Differences in UK annual attributbale deaths between present-day and future 

under RCP2.6, RCP6.0 and RCP8.5. Colours indicate the annual attributable deaths for each region in England and Scotland 

and Wales. N.B. no population ptojections are included in these future health burdens. 
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occurs in the South East, London and East of England regions (Fig 10a). As with differences in the AF of mortality 

(Fig. S5b), the estimated mortality burden for all RCPs in 2050s are lower compared to present-day (Fig 10b). 

The largest decreases in estimated attributable deaths associated with PM2.5 occur under RCP2.6 and RCP 8.5 

(8,962 and 9,481 avoided attributable deaths, respectively) while the smallest decreases occur under 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, thus a direct comparison of results in 

this section with other studies is quantitatively limited. Instead we compare the direction of changes under 

different pathways.  

Using a similar model set-up to this paper but including climate change effects, Pannullo et al. (2017) 

estimate the respiratory hospital admissions attributable to NO2 in 2050s and find reductions 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 

present-day respiratory hospital admissions per year across England ï 613,052). This is to some extent similar to 

findings in this study where reductions in NO2 concentrations under all RCPs in 2050s lead to reductions in 

corresponding mortality burdens across the UK compared to present-day. Williams et al. (2018) also estimated 

the health benefits for the UK following emission reductions under three energy consumption scenarios for 2050s, 

suggesting a decrease in annual mean NO2 and PM2.5 concentrations and their respective mortality burdens as a 

result of emission reductions in 2050s. In a broader European context, O3-related mortality burdens are generally 

found to reduce for different RCPs in 2050s, with a slight increase for RCP8.5 as a result of increases in methane 

concentrations (e.g. Silva et al., 2016; West et al., 2013), not found in this study likely due to the finer model 

resolution of 12 km. PM2.5 mortality burdens are generally found to decrease in the future as a result of reductions 

in primary and precursor emissions (e.g. Pozzer et al., 2017; Silva et al., 2016). 

Overall, the findings in this study compare well with previous UK-based studies based on future 

emissions reductions, in terms of directions of change in future NO2 and PM2.5-related mortality burdens. 

Differences in the direction of change between the future O3-related health burdens in this study and those found 

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 studies which may influence how the non-linear chemistry of NOX and O3 are captured (an increase 

vs. a decrease in O3 related health burdens, respectively).  

 

4.5 Sensitivity of estimated regional mortality burdens to future population projections  

In this section we assess the sensitivity of future mortality burdens presented in Sections 4.1 - 4.3 to future 

population projections based on two shared socio-economic pathways (SSPs): SSP1 and SSP5 (a detailed 

description of changes in individual regions as well as results for SSP5 can be found in Section S3 of the 

Supplement to this manuscript). Under these pathways the 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 long-term exposure to annual mean (a) 

MDA8 O3 (b) NO2 and (c) PM2.5 between present-day (PD) for the 2000s pathway and the future under RCP2.6, 

RCP6.0 and RCP8.5 emission pathways including future population projections following SSP1. Colours indicate 

differences in annual attributable deaths for each region in England and Scotland and Wales. 
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1.4 from present-day, respectively (Section 2.3). Regional annual baseline mortality rates used to calculate future 

mortality burdens are assumed to be the same as for present-day.  

Including the projected population pathways when estimating future mortality burdens based on the SSP1 

and SSP5, results in higher future mortality burdens especially in densely populated regions such as London (Fig. 

11a and Fig. S6a). For O3, whose levels are estimated to increase in the future, the difference in mortality burdens 

between present-day and future is amplified when incorporating future population pathways (up to a factor of ~3). 

However, for NO2 and PM2.5, pollutants that are estimated to decrease under future UK emissions pathways, future 

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. 11b-c and Fig. S6b-c). This result is broadly consistent with other studies. For 

example, Silva et al (2016) suggest that a larger population in 2050s magnifies the impact of changes in PM2.5 

concentrations and find the future global mortality burden of air pollution for PM2.5 can exceed the current burden, 

even where PM2.5 concentrations decrease. 

5 Conclusions 

The influence of changes in UK emissions following three RCPs; RCP2.6, RCP6.0 and RCP8.5 on simulated air 

pollutant concentrations of O3, NO2 and PM2.5 over the UK for the 2050s relative to the 2000s, has been quantified 

for the first time using an air quality model (AQUM) at 12 km horizontal resolution. The corresponding changes 

in attributable fraction (AF) of mortality and mortality burdens associated with long-term exposure to annual mean 

MDA8 O3, NO2 and PM2.5 between present-day and future pathways are estimated for different regions of the 

UK. In addition, the sensitivity of these health impact estimates to future population projections is also analysed. 

Under all the three RCPs, O3 concentrations increase across the entire UK due to substantial decreases 

in NOx emissions (ranging between -58 % and -73 %) resulting in less titration of O3 by NO. Projected increases 

in CH4 concentrations for the UK under RCP6.0 and RCP8.5 may also contribute to increases in O3 concentrations. 

In contrast, under all RCPs, simulated annual mean NO2 concentrations decrease across the UK. Annual mean 

PM2.5 concentrations also decrease in 2050s for all RCPs, driven by large reductions in precursor emissions 

however, the PM2.5 composition is noted to change for future pathways with ammonium nitrate increasingly 

becoming the more dominant constituent of PM2.5. The lateral boundary conditions used in this study for all three 

RCPs are constant to the present-day run therefore, the impact of changes in regional and global emissions outside 

the UK are not accounted for. Results concerning the impact of changes in European emissions for the 2050s on 
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UK air pollution are variable. This typically depends on the models used as well as the source of precursors for 

the pollutant being studied. For example, for PM as well as gaseous pollutants such as NO2, CO and SO2, changes 

in local emissions are more likely to be dominant however, a larger impact from non-local sources may be 

expected for, for example O3.  

For all regions and under all three RCPs, the corresponding total respiratory mortality burden associated 

with long-term exposure to MDA8 O3 between the RCPs is estimated to increase by 2,529 (RCP6.0) to 5,396 

(RCP8.5) additional attributable deaths in the 2050s relative to the 2000s. Differences between present-day and 

future NO2-related mortality burdens range between 9,418 and 15,782 avoided attributable deaths while 

differences in PM2.5 related mortality burdens range from 4,521 to 9,481 avoided attributable deaths for RCP6.0 

and RCP8.5, respectively. Even though the PM2.5 concentrations are suggested to decrease for all three RCPs, we 

note that the PM2.5 composition changes. Evidence on the toxicity and chemical composition of PM2.5 is very 

limited. Thus, while our results suggest reductions in PM2.5-related mortality for the 2050s under all three RCPs, 

we cannot estimate the difference in toxicity due to a change in PM2.5 composition between present-day and future 

estimates.  

Results show that future mortality burdens are sensitive to future population pathways for all pollutants. 

We note that, the mortality burdens presented in this study may be overestimate as the effect of exposure to NO2 

and PM2.5 may not be independent as these pollutants are typically strongly correlated. In terms of uncertainty, 

the 95 % CI representing uncertainties associated with the CRF is quantified for the AF of mortality due to long-

term exposure to O3, NO2 and PM2.5. Results suggest that the uncertainty in the CRF has a substantial impact on 

the estimates of the AF of mortality for each UK region in terms of their magnitude and direction of change, 

except for four UK regions where significant differences in AF estimates are found between present-day and 

following RCP 8.5 in 2050s. We also note the large uncertainty in future emission scenarios and their drivers, for 

example, the recent changes in emissions across the globe driven by the limited movement of people following 

the unprecedented spread of the COVID-19 virus. In addition, although uncertainties in population projections 

are considered, uncertainties associated with the population demographics, e.g. an ageing population, are not 

considered. Changes in future baseline mortality rates are also neglected. These may in turn have a significant 

impact on the overall results as baseline mortality rates are expected to increase for an ageing and larger population 

total which will result in higher estimated mortality burdens. Furthermore, the estimates presented in this study 

are highly dependent on changes in local policies.  
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Nonetheless results in this study highlight the sensitivity of annual mean MDA8 O3, NO2 and PM2.5 

concentrations to reducing UK NOx emissions which in turn drive changes in estimates of UK and regional 

mortality burdens associated with long-term exposure to these pollutants under three RCPs for the 2050s 

compared to the 2000s. In addition, mortality burdens are also shown to be sensitivity to future population 

pathways. 
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 Supplement 

S1. The emissions driven impact on ammonium sulphate and nitrate concentrations in the UK 

 

 

 

  

Figure S1: Simulated annual mean ammonium sulphate concentrations for (a) present-day (PD), (b-d) differences in 

simulated annual mean annual mean ammonium sulphate concentrations between present-day (2000s) and future 

(2050s) for each future pathway 

Figure S2: Simulated annual mean ammonium nitrate concentrations for (a) present-day (PD), (b-d) differences in 

simulated annual mean annual mean ammonium nitrate concentrations between present-day (2000s) and future 

(2050s) for each future pathway 
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S2. Health impacts associated with long-term exposure to annual mean pollutant concentrations  
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Figure S3: (a) Attributable fraction (AF) of respiratory mortality associated with long-term exposure to annual mean MDA8 

O3 for present-day (PD ï 2000s) and each RCP for 2050s expressed as a percentage of total annual respiratory mortality. (b) 

Difference in AF between present-day and future expressed as a percentage for each regions in England, Scotland and Wales 

(AF future ï AFpresent-day). Error bars show the 95% CI which represents uncertainties associated only with the concentrations-

response coefficient used.  
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Figure S4: (a) Attributable fraction (AF) of all -cause (excluding external) mortality associated with long-term exposure to 

annual mean NO2 for present-day (PD) in 2000s and each RCP for 2050s expressed as a percentage of total annual 

respiratory mortality. (b) Difference in AF between present-day and future expressed as a percentage for each regions in 

England, Scotland and Wales (AFfuture ï AFpresent-day). Error bars show the 95% CI which represents uncertainties associated 

only with the concentrations-response coefficient used.  

 


