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Abstract. Climate change will impact ozone (O3) and fine particulate matter (PM2.5) through its influence on natural 

emissions, atmospheric chemistry, deposition and transport. A coupled modelling approach is employed to identify the key 

processes and determine how regional air pollution across Europe and urban-scale air quality in London in the 2090s are 

impacted by climate change under Representative Concentration Pathway (RCP) 8.5. Climate change projections from the 25 

HadGEM2-ES Earth System Model nudge the nested WRF-EMEP4UK model, which drives the street-scale ADMS-Urban 

model. Annual-mean temperature increases exceeding 4°C produce substantial increases in summer biogenic isoprene 

emissions. There is a strong contrast in the summer and winter-mean O3 responses to climate change, with large summer 

increases over southern Europe (up to 10 ppbv) and winter decreases over Europe. Annual-average PM2.5 concentrations are 

elevated (5-10 µgm-3) over most of Europe, also driven by higher summer isoprene emissions that promote secondary 30 

organic aerosol formation. Decreases in primary and inorganic PM2.5 components are prominent in winter. The seasonality of 

urban air pollution is modified over London under climate change: the O3 peak amplitude is reduced, whilst the winter peaks 

in PM2.5 and NO2 are more pronounced, with nighttime increases. The diurnal profile of urban air pollution typically flattens. 

Climate induced changes in O3 aid attainment of long-term air quality guidelines in northern Europe, but pose challenges 

elsewhere. Achieving long-term PM2.5 guidelines over much of Europe becomes increasing difficult with climate change, 35 

while attaining short-term air quality guidelines in London remains a major challenge, especially for NO2. 
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1 Introduction  

Climate change, even in the absence of anthropogenic emission changes, will influence regional air quality with implications 

for human and ecosystem health (Silva et al. 2017; Emberson 2020). The impacts of climate change on atmospheric 

composition and air quality have been widely studied at global and continental scales using coupled chemistry-climate 40 

models, Earth System Models (ESMs) or atmospheric chemistry transport models driven by meteorology from global or 

regional climate models. Many of these studies focus on understanding change in O3 or PM2.5 air quality. Climate change 

influences both background and local air quality by altering meteorological conditions that affect a) atmospheric chemistry 

and physical processes b) natural emissions of air pollutant precursors and deposition, and c) long-range transport and 

mixing processes. These processes are often interconnected; for example, climate change affects vegetation functioning, 45 

modifying atmosphere-biosphere interactions.  

Previous studies have outlined key effects through the direct impact of meteorological variables on atmospheric chemical 

kinetics. Over remote regions, higher temperatures lead to more water vapour and greater O3 destruction resulting in lower 

surface O3 background levels (Johnson et al. 1999; Doherty et al. 2013; West et al. 2013; Schnell et al. 2016; Turnock et al. 

2022). High confidence in this effect was noted in the IPCC 5th Assessment (Kirtman et al. 2013). Higher humidities also 50 

enhance hydroxyl radical (OH) abundances leading to greater O3 formation, but also greater O3 loss through conversion of 

NOx to nitric acid (HNO3) in polluted regions (Jacob and Winer 2009; Lu et al. 2019). In winter in the midlatitudes, such 

changes in photochemistry compete with direct titration of O3 by NO in high NOx regions (Lacressonnière re et al. 2014). 

Faster thermal decomposition of peroxyacetyl nitrate (PAN) reduces O3 production in remote regions but increases NOx in 

source regions, which typically promotes O3 formation (Doherty et al. 2013). These processes impact NOx, O3 and CH4 55 

lifetimes leading to further changes in atmospheric chemistry (Thornhill et al. 2021). Schnell et al. (2016) summarises the 

overall O3 impact of climate change through warmer temperatures, more water vapor, and faster chemical kinetics, as an 

increase in the efficiency of precursor emissions to generate surface O3 in polluted regions, reducing precursor export to 

neighbouring downwind locations. For surface PM2.5, studies note the important kinetic effects of temperature rise on 

inorganic and organic aerosol species abundances. Higher temperatures lead to faster oxidation that increases formation of 60 

sulphate, and potentially organic aerosol, but reduces the partitioning of nitrate to its condensed phase, decreasing nitrate 

aerosol loading (Dawson et al. 2007; Pye et al. 2009; Fiore et al. 2012; Doherty et al. 2017).  

Changes in climate will impact atmosphere-biosphere interactions. The response of biogenic emissions to climate change 

remains debated (Langner et al. 2012; Lu et al. 2019; Zanis et al. 2022). Isoprene and monoterpene emissions from 

vegetation are strongly temperature dependent, but the effect of increasing atmospheric CO2 concentrations (the CO2 65 

inhibition effect; Arneth et al. 2008) has been shown to offset a temperature-driven isoprene emissions response. 

Uncertainties in isoprene nitrate chemistry further complicate understanding of the influence of climate changes on isoprene, 

the dominant global volatile organic compound (VOC), that strongly influences O3 levels (Fu and Tian, 2019). Isoprene and 

monoterpenes are also key secondary organic aerosol (SOA) precursors. Climate-driven isoprene-derived SOA effects have 
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been widely studied (e.g., Lin et al. 2016; Gomez et al. 2023). Fewer studies have considered the sensitivity of monoterpene 70 

emissions to climate, but those that have suggest a large temperature-driven response, leading to higher PM2.5 through 

greater SOA abundance (Lin et al. 2016; Turnock et al. 2022; Gomez et al. 2023). Natural primary emissions of coarse sea-

salt and dust particles, which partly contribute to PM2.5, respond to climate change through changes in wind speeds and 

transport patterns and impacts on soil moisture (Thornhill et al. 2021; Turnock et al. 2022); however, the dust response to 

climate change is highly uncertain (Gomez et al. 2023; Liu et al. 2024). Deposition processes can also be altered under 75 

climate change. Climate-driven changes in stomatal functioning and in aerodynamic resistance are likely to suppress O3 dry 

deposition in summer (Andersson and Engardt 2010; Vieno et al. 2010). Several studies also highlight increases in surface 

PM2.5 attributed to reduced large-scale precipitation and hence less wet deposition over land (Allen et al. 2016; Allen et al. 

2019; Banks et al. 2022). 

Atmospheric composition and air quality will be impacted by changes in transport and local mixing in response to climate 80 

change. Climate induced changes in anticyclone frequency and longevity may drive changes in local stagnation that are 

associated with air pollutant build-up and in summer. When anticyclonic conditions lead to heatwaves this will modify air 

pollution levels (Vieno et al. 2010; RS 2021). Enhanced stratosphere-troposphere exchange (STE) of O3 may also influence 

surface O3 (Zeng and Pyle 2003; Young et al. 2013; Zanis et al. 2022). 

Climate change impacts over Europe have been quantified in a considerable number of studies, most of which have applied 85 

global climate models, although a few studies have employed regional models (Andersson and Engardt et al 2010; Colette et 

al. 2015; Langner et al. 2012; Lacressonnière et al. 2016). For surface O3, most studies for Europe have focussed on the 

summer season (either June-July-August or April-September). Colette et al. (2015) performed a meta-analysis of 25 model 

projections (Special Report on Emissions Scenarios (SRES) and Representative Concentration Pathway (RCP) pathways) 

with present-day air pollutant emissions, that revealed a latitudinal gradient in the impacts of climate change on surface O3 in 90 

summer over Europe, with reductions over the North Atlantic region and northern Europe and increases over large areas of 

continental Europe of up to 5 ppbv by 2071-2100, that they associate with the processes described above. The representation 

of hemispheric background O3 (influenced by O3 destruction under climate change) and of isoprene are the main sources of 

uncertainty in this regional model intercomparison. Subsequent studies have reported consistent spatial patterns and 

magnitudes of change in surface O3 in summer across Europe due to climate change in 2100 when using scenarios with a 95 

large projected global warming (RCP 8.5 or Shared Socioeconomic Pathways (SSP)3-7.0) (Schnell et al. 2016; Silva et al. 

2017; Turnock et al. 2022). Schnell et al. (2016) notes that even with constant biogenic isoprene emissions, some models 

suggest summer mean O3 increases in southern Europe under RCP8.5. 

For PM2.5 over Europe, typically the impact of climate change on the annual mean abundance has been analysed. Studies 

using RCP 8.5 and SSP3-7.0 pathways for climate change in 2100 typically show a latitudinal gradient with small absolute 100 

changes of 0-1 µg m-3 over northern Europe and more pronounced changes over southern Europe (~3 µg m-3). These changes 

are attributed to elevated biogenic emissions under climate change (Turnock et al. 2020, 2022; Gomez et al. 2023) and less 

wet deposition arising from reduced large-scale precipitation (Silva et al. 2017). A regional model intercomparison by 
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Lacressonnière et al. (2016) highlights that the response of PM2.5 to climate change over Europe depends largely on 

emissions driven changes in SOA. Meanwhile, changes in precipitation, relative humidity and winds are important drivers 105 

for other PM2.5 components, with dust representation being a major uncertainty. 

A small number of studies, using global and regional models, have isolated the impacts of climate change on air quality over 

the UK. An analysis of model output from the Coupled Model Intercomparison Project (CMIP6) suggests that under the 

SSP3-7.0 pathway, annual-mean surface O3 mixing ratios over the UK decrease by 3 ppbv in 2100 due to greater O3 

destruction over the Atlantic (RS, 2021). A meta-analysis by Colette et al. (2015) identified summer mean surface O3 110 

reductions of up to 3 ppbv under RCP8.5 by the end of the century. At the urban-scale, one study examined climate change 

effects on air quality over London using a dispersion model driven by outputs from the HadCM3 climate model under the 

SRES A2 scenario for 2071-2100 (Athanassiadou et al. 2010). Urban annual-average O3 concentrations increased in the 

future, while PM10 showed little change. However, this study used a simple statistical model to represent background 

concentrations that neglected the relationship between O3 and specific humidity. All the processes described above are 115 

important at the local-scale. Furthermore, the magnitude of O3 and PM2.5 responses to climate change may vary with model 

resolution since underlying processes and their representation e.g., of emissions and the resulting chemical regime may be 

resolution dependent (Zanis et al. 2022).  

UK Climate Projections 2018 (UKCP18) based on RCP8.5 simulations are available at high resolution through dynamical 

downscaling of the HadGEM3 model, and include estimates of uncertainty (Murphy et al. 2018). However, there is a lack of 120 

high-resolution future projections that include air quality and climate interactions due to the computational expense of 

incorporating interactive chemistry (Doherty et al. 2022; Fiore et al. 2022) and dynamical downscaling. This study therefore 

seeks to use multi-scale nested modelling (global to regional to local) to address this issue and capture important processes 

relevant to the different scales. The need for regional and urban-scale capabilities for future projections is pertinent for the 

revised 2021 World Health Organisation guidelines. These provide new air quality guidelines and interim targets that are 125 

considerably more stringent, and include for the first time peak season O3 targets and guidelines (WHO 2021). Future 

emission policies will need to account for the climate change impacts on both background and local O3 and PM2.5 air quality 

in order to achieve these targets/guidelines. In addition, studies of NO2 changes driven by climate change in relation to WHO 

guidelines are absent. Hence the capability to simulate regional and street-scale atmospheric composition together using a 

consistent approach that identifies the key driving processes is a pressing requirement. 130 

The aim of this study is therefore to employ a consistent nested global-regional-urban scale modelling system to investigate 

how substantial future changes in climate may impact continental, regional and urban-scale atmospheric composition over 

Europe, the UK and London, focussing on the key drivers at different spatial and temporal scales, and the implications for 

meeting WHO air quality guidelines. The nested modelling approach and simulations performed are described in Sect. 2. 

Climate change impacts on atmospheric composition over Europe are discussed in Sect. 3, focusing on surface O3 and PM2.5 135 

and its components and investigating the key driving processes. Climate-change driven changes in seasonal variability of 

surface O3, PM2.5 and for the first time NO2 are examined for the UK and London as well as the change in diurnal cycles 
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over the UK in Sect. 4. The influence of climate change for achieving WHO (2021) air quality interim targets and guidelines 

for O3, PM2.5 and NO2 are explored in Sect. 5. Conclusions are presented in Sect. 6. 

2 Methods  140 

A multi-scale nested modelling approach, which couples regional and urban-scale processes, is employed in this study. The 

modelling framework integrates a regional atmospheric chemistry transport model, a local dispersion model, and a numerical 

weather prediction model, driven by global change climate projections from an Earth System Model. Details of each model 

and the coupling chain are presented in the following sections.  

2.1 Global-scale climate modelling  145 

The global model used to provide climate change projections in this study, is the HadGEM2-ES Earth System Model 

(Collins et al. 2011). HadGEM2-ES is a coupled atmosphere-ocean model, with additional Earth system components such as 

dynamic vegetation, interactive chemistry and aerosols, and a terrestrial and ocean carbon cycle (Collins et al., 2011). 

HadGEM2-ES was used extensively to contribute model outputs from ensembles of historical and future simulations to 

Phase 5 of the Coupled Model Intercomparison Project (CMIP5; Taylor et al., 2012).  Further details on the implementation 150 

of forcings for all CMIP5 simulations are provided in Jones et al. (2011). 3-D distributions of temperature, specific humidity, 

U and V wind components, surface pressure, soil temperature and moisture from HadGEM2-ES were used as initial and 6-

hourly boundary conditions for nested regional numerical weather prediction simulations described below (Sect. 2.2).   

2.2 Regional-scale modelling  

The EMEP4UK model is based on the European Monitoring and Evaluation Programme Meteorological Synthesizing 155 

Centre-West (EMEP MSC-W) chemistry transport model, used by the UNECE Convention on Long-range Transboundary 

Air Pollution to assess trans-boundary air pollution in Europe. The EMEP4UK model version applied in this study to 

simulate regional atmospheric composition and air quality metrics is based on EMEP MSC-W rv4.6 (Simpson et al. 2012, 

2015). It uses a one-way nested approach with two domains: an outer domain covering the majority of Europe which 

provides boundary conditions for a UK nested domain (Vieno et al. 2010, 2014, 2016). The EMEP4UK model 160 

meteorological driver is the WRF model version 3.6.1 (www.wrf-model.org). In addition to using initial and 6-hourly lateral 

boundary conditions from HadGEM2-ES, WRF simulations are nudged every 6 hours in 3-D, using temperature and U and 

V wind components from HadGEM2-ES. 

The EMEP4UK and WRF models use the same grid definition, with a horizontal resolution of 50 km × 50 km for the 

European domain and 5 km × 5 km for the UK domain. An intermediate domain with 10 km x 10 km horizontal resolution is 165 

also used for WRF. The models also share the same vertical grid that employs 21 vertical levels from the surface to 100 hPa, 
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with the lowest vertical layer ~50 m deep. Modelled air pollutant concentrations described here as surface concentrations 

have been adjusted to correspond to 3 m above the surface (Simpson et al., 2012).  

EMEP4UK uses the CRI-v2-R5 gaseous chemical mechanism (Watson et al., 2008), which has 220 species and 609 

reactions. Five classes of fine and coarse particles are represented in EMEP4UK. Gas–aerosol partitioning of secondary 170 

inorganic aerosol utilises the Model for an Aerosol Reacting System (MARS) equilibrium module (Simpson et al., 2012); 

secondary organic aerosol formation uses the volatility basis set approach (Bergström et al., 2012). PM2.5 is the sum of fine 

ammonium (NH4
−), sulphate (SO4

2−), fine nitrate (NO3
−), fine elemental carbon (EC), fine organic matter (OM), fine sea salt 

(SS), fine mineral dust, and 27 % of the coarse nitrate aerosol (Vieno et al. 2016). The WRF-EMEP4UK nested model 

system used here has been thoroughly evaluated against measurements (Vieno et al. 2010; Ots et al. 2016, Lin et al. 2017), 175 

including provision of evidence on air quality to the UK government (e.g., AQEG, 2021).  

Anthropogenic and greenhouse gas emissions are annually invariant to permit a clearer isolation of the climate change 

signal. Anthropogenic emissions of NOx, NH3, SO2, primary PM2.5, primary coarse PM (PM2.5–10), CO and non-methane 

VOCs) for 2012 are derived from the EMEP Centre for Emission Inventories and Projections (CEIP, www.ceip.at, last 

access: 1 August 2018). The National Atmospheric Emission Inventory (NAEI, http://naei.defra.gov.uk) is used for 180 

anthropogenic emissions for the UK for 2012 at 1 km resolution. Shipping emission estimates for the UK domain are derived 

from ENTEC (2010), projected to 2012. Annual total anthropogenic emissions derived from the inventories are resolved to 

hourly resolution using prescribed monthly, day-of-week and diurnal hourly emissions factors and distributed vertically 

(Simpson et al., 2012).   

Biogenic emissions of isoprene and monoterpene (α-pinene) in EMEP4UK are calculated interactively using surface 185 

temperature and insolation (Guenther et al., 1995; Simpson et al. 2012) and therefore respond to the changes in climate as 

simulated in these nudged WRF simulations. CO2 inhibition of isoprene emission (Arneth et al. 2008) is not included in this 

EMEP4UK model version. Emissions of NOx from soils, which are temperature dependent, and of wind-driven sea salt are 

also calculated interactively (Simpson et al. 2012). Other natural emissions (lightning, DMS, Saharan dust, volcanic) are 

fixed and hence invariant between the present-day and future coupled model simulations. Lightning NOx emissions are 190 

prescribed here but interactive schemes used in other studies have shown strong responses to climate change, although not 

over Europe (Finney et al. 2018). In the standard EMEP4UK set-up biomass burning emissions are prescribed annually. To 

avoid introducing interannual variability in biomass burning emissions, these emissions were turned off altogether. The 

import of Saharan dust is treated using a monthly dust climatology.   

Longer lived gaseous species are provided as boundary and initial conditions for 2012 and these are used for all EMEP4UK 195 

simulation years. Atmospheric CO2 concentrations, which influence sulphate production and dry deposition of sulphur 

dioxide in this version of EMEP are fixed at 392 ppmv. Mixing ratios of methane are specified across the whole model 

domain at 1780 ppb for every year. O3 boundary conditions at the edge of the European domain are based on climatological 

ozone-sonde data, modified monthly against climatological clean-air surface observations (Simpson et al. 2012). Hence, the 

same present-day O3 boundary conditions for the outer European domain are used for each year. This excludes the influence 200 
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of climate-driven concentration changes outside the European domain on European air quality but allows us to isolate the 

signature of climate change over Europe alone. 

2.3 Coupled Regional and Urban-scale modelling  

The Atmospheric Dispersion Modelling System (ADMS) Urban model version 3.4.6 is used in this study. ADMS-Urban is a 

quasi-Gaussian model that simulates the dispersion of emissions based on meteorological stability, which is influenced by 205 

urban land use and building morphology (Carruthers et al. 1994; Stocker et al. 2012; Hood et al. 2018). The model uses 

meteorological profiles of wind speed and direction, among other parameters, to define atmospheric conditions. Emissions 

from industrial, domestic and road traffic sources are included, either explicitly with detailed time-varying profiles e.g., for 

major road and industrial sources, or as 1 km grid-averaged emissions. A street canyon module modifies the dispersion of 

emissions from all roads in the modelling domain with adjacent buildings, while an urban canopy module calculates 210 

modified wind speed and turbulence flow profiles to represent larger-scale urban conditions. ADMS-Urban uses a semi-

empirical NOx photolytic chemistry module (Venkatram et al., 1994), which accounts for fast, near-road oxidation of NO by 

O3 to form NO2 (Smith et al., 2017) and a simplified sulphate chemistry scheme for conversion of SO2 to PM2.5. The NOX 

chemistry scheme performance has been compared with the detailed Master Chemical Mechanism over London by Hood et 

al. (2018). This highlighted reasonable agreement (within 20-40%) except during summer air pollution episodes (Malkin et 215 

al. 2016). Further details of the ADMS-Urban model set-up can be found in Hood et al. (2018). 

Emissions for all sources other than road traffic are from the London Atmospheric Emissions Inventory 2010 (GLA, 2013), 

projected from the LAEI base year 2010 to the modelled year 2012. Time-varying profiles are applied. Road traffic 

emissions were calculated using activity data from the LAEI with adjustments to NOX, NO2 and PM2.5 emissions factors to 

improve consistency with real-world emissions measurements as described in Hood et al. (2018). The ADMS-Urban outputs 220 

for this study are for specified receptor locations corresponding to 56 reference air quality monitoring sites from the 

Automatic Urban and Rural Network (AURN) and from the London Air Quality Network (LAQN) (Hood et al. 2018). 

The coupled WRF-EMEP4UK-ADMS-Urban regional to urban model system is used to simulate continental and urban 

street-scale air pollution and relevant metrics. Consistent anthropogenic emissions for the year 2012 are used in WRF-

EMEP4UK and ADMS-Urban. Hourly meteorological and chemical boundary concentrations from WRF-EMEP4UK grid-225 

cells are used as input to ADMS-Urban through one-way coupling. This ensures that the long-range transport and chemical 

environment is adequately represented in terms of physical and chemical processes at all relevant time and spatial scales, 

from regional to street scale. The coupled system and the standard ADMS-Urban model configuration for 2012 is 

extensively evaluated in Hood et al. (2018).  

2.4 Present-day and future model experiments 230 

Present-day and future experiments were performed using the regional and urban coupled models to quantify changes in 

atmospheric composition due to climate change under RCP 8.5 at the regional scale over Europe and the UK and at urban 
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scale over London. Air quality metrics were calculated to evaluate the implications for attaining World Health Organisation 

(WHO) air quality guidelines and interim targets (WHO 2021). 

Coupled model simulations were performed for two 10-year time periods: present-day (1996-2005) and future (2090-2099) 235 

following RCP8.5 using HadGEM2-ES climate outputs based on historical and RCP8.5 (Lamarque et al. 2010; Meinshausen 

et al. 2011) future simulations from CMIP5. The difference between these two periods results in a large global mean near-

surface temperature change of 4.7°C (Met Office Hadley Centre, 2012). Anthropogenic emissions representative of the year 

2012 (Sect. 2.3) are used for all 10-year present-day and future simulations in order to isolate the impacts of climate change 

alone on atmospheric composition. The model set-up enables quantification of the coupled EMEP4UK and ADMS-Urban 240 

responses to climate change due to the combined effects of changes in atmospheric chemistry and physics processes, 

climate-sensitive emissions, deposition and transport (Sect. 1).   

3. Regional-scale Climate Change impacts over Europe 

This section examines the impacts of climate change on annual and season mean distributions of O3, PM2.5 (both total and 

individual components) and their precursors, assuming no change in anthropogenic emissions.  245 

3.1   Annual and Seasonal mean changes 

Annual mean near-surface temperatures increase by more than 4°C across Europe and up to 8°C in northern Scandinavia and 

Alpine regions under RCP 8.5 in the 2090s (2090-2099) compared to 2000s (1996-2005; Fig. 1d). HadGEM2-ES suggests 

little change in temperature over the North Atlantic, a common feature of other CMIP models, and this has been attributed to 

a reduction in the meridional overturning in this Atlantic Ocean region (e.g., Park and Yeh 2024). 250 
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Figure 1:  Annual mean distributions of a) temperature (2 metres) (°C), b) surface O3 (ppbv) c) surface PM2.5 (µg m-3) for present-
day (1996-2005) and the differences between future (2090-2099) – present day (1996-2005) in d) temperature (2 metres), e) surface 
O3 f) surface PM2.5 (same units) simulated by WRF EMEP4UK (50km x 50km European domain). Statistically significant changes 
between the 10-year present-day and future periods are depicted as dots (student t-Test with a p value < 0.05).      255 

Present day annual-mean surface O3 mixing ratios averaged over the period 1996-2005 show a North-South gradient, with 

values greater than 30 ppbv in southern parts of Europe (higher over the Mediterranean and the Alps) and lower values ~20 

ppbv in northern Europe (Fig. 1b).  The annual mean O3 response to climate change shows a strong regional contrast, as 

noted in previous studies for summer O3 (e.g. Colette et al. 2015; Schnell et al. 2016; Sect. 1), with statistically significant 

increases of up to 20% over southern and central Europe (centred on the Alps) and decreases of up to 15% over northern 260 

Europe (Fig. 1e). Present-day annual-mean PM2.5 concentrations are typically between 10-20 µg m-3 but show hotspot 

locations e.g., northern Italy ~50 µg m-3 (Fig. 1c). Annual mean PM2.5 concentrations are elevated over most of Europe (up to 

30%; typically between 5-10 µg m-3) under RCP8.5 (Fig. 1f); these values are similar in sign but higher than reported from 

global models following RCP8.5 and SSP3-7.0 pathways in previous studies (Silva et al. 2017; Turnock et al. 2022; Gomez 

et al. 2023).  265 

To understand the drivers of these changes, winter and summer mean changes in O3, PM2.5 and key precursor species are 

shown in Fig. 2. The response of surface O3 to climate change exhibits a strong contrast between winter and summer. In 

winter, surface O3 decreases significantly over a substantial part of continental Europe (2-8 ppbv; Fig. 2a), whilst in summer 

substantive O3 increases are evident across nearly all of continental Europe (5-10 ppbv; Fig. 2f); with small decreases (that 

are statistically significant at the 95 % confidence interval) over Nordic regions and the UK, consistent with the findings of 270 
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Colette et al. (2015). In this warmer climate, increased water vapor concentrations reduce background O3 levels, explaining 

reductions across the Atlantic in both seasons, and may largely drive the O3 decreases across northern Europe in winter. The 

response of surface PM2.5 to climate change is far more muted in winter compared to summer which shows significant 

increases of up to 15 µg m-3 in parts of Southern Europe, the Mediterranean and Northern Africa (Fig. 2b, g).  

  275 

 
Figure 2:  Top panels show winter mean distributions of surface changes in a) O3 (ppbv), b) PM2.5 (µg m-3) c) isoprene (ppbv) d) 
NOx (ppbv), and e) OH × 106 (molecule cm-3), under future conditions (2090-2099) compared to the present day (1996-2005). 
Lower panels (f-j) show the corresponding summertime changes. Statistically significant changes between the 10-year periods are 
indicated with dots (student t-Test with p value < 0.05).      280 

Whilst anthropogenic emissions remain unaltered, biogenic isoprene emissions respond to elevated temperatures. Annual-

mean isoprene emissions double across Europe with a tripling in hotspot locations (as in Fig. 2h), resulting in isoprene 

mixing ratios significantly elevated by up to 4 ppb in summer in parts of southern Europe, with much smaller changes in 

winter (Fig. 2c, h). These elevated isoprene levels are the main driver of higher O3 and PM2.5 in summer across continental 

Europe.  Consistent with changes in isoprene, α-Pinene concentrations also strongly increase with temperature in both winter 285 

and summer throughout Europe (except in northern Scandinavia)(not shown). 

Dry deposition of O3 is also altered significantly by climate change. Across almost all of Europe, future wintertime 

deposition velocities that are up to 0.1 cm s-1 larger contribute to lower surface O3 mixing ratios in winter, whilst deposition 

velocities up to 0.1 cm s-1 (~15%) smaller support higher surface O3 in summer (Fig. 3a, d). Climate change simulations 

under the SRES A2 scenario found reductions in O3 deposition velocities in summer of up to 40% over southern Europe 290 

between 1961–1990 and 2071–2100, leading to increases in summer mean O3 of up to 6 ppbv (Andersson and Engardt, 

2010). Vieno et al. (2010) also noted severely restricted O3 dry deposition during the 2003 heatwave in the UK. 
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Figure 3. Top panels show wintertime changes in (a) O3 deposition velocities (cm s-1), (b) mixing layer height (m) and (c) 
precipitation (mm) in future (2090-2099) compared to the present day (1996-2005). Bottom panels (d-f) show the corresponding 295 
summertime changes. Statistically significant changes between the 10-year periods are indicated with dots (student t-Test with p 
value < 0.05).      

Changes in oxidants were also examined. Hydroxyl radical (OH) concentrations generally increase slightly in winter but 

decrease more prominently in summer over most of Europe and the Mediterranean by up to 0.75 × 106 molecules cm-3, with 

small OH increases for the UK and Benelux regions (Fig. 2e, j). These changes are statistically significant at the 95 % 300 

confidence interval. Most oceanic regions show summer increases reflecting greater OH production associated with higher 

humidity and O3 destruction. HO2 and RO2 radical species also change slightly in winter, but exhibit an opposing response to 

that of OH, that is similar or greater in magnitude. There are many formation and loss processes affecting oxidant levels that 

may be influenced by climate change. In summer, the primary influence on OH changes across continental Europe is likely 

to be higher abundances of biogenic VOCs, whose oxidation acts as a OH sink that enhances HO2 and RO2 levels. In winter, 305 

the small uniform OH increases may be a consequence of greater OH formation as a result of higher O3 destruction due to 

humidities.  

Annual-mean soil NOx emissions increase under this large climate signal by up to a factor of two (not shown) across almost 

all of Europe, potentially influencing land summer NOx concentrations (Fig. 2i), but unlike isoprene, this natural soil 

emission source is minor compared to current anthropogenic NOx emissions. In response to climate change, surface NOx 310 

mixing ratios show distinct patterns of change over Europe in winter that are most prominent over major source regions. NOx 

increases strongly over the UK, Benelux region and northern France (~4 ppbv) but generally decrease elsewhere, most 
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notably over northern Italy (4 ppbv; Fig. 2d,i), although these changes are not found to be statistically significant. In contrast, 

in summer there are small but significant NOx increases over Europe, with large increases apparent in a few emission 

regions, and notably over the Mediterranean coincident with OH reductions. The most prominent changes in NOx mixing 315 

ratios over land are more localised than the O3 and PM2.5 responses reflecting the shorter atmospheric lifetime of NOx.  

In winter, the areas of largest change are coincident with strong NOx emission source locations. Winter NOx increases in 

northern European source regions are consistent with the findings of previous studies that highlight the reduced role of 

peroxyacetylnitrate (PAN) with warmer temperatures. Using a global model, Doherty et el. (2013) found a widespread 

increase in annual mean surface O3 of up to 1 ppbv over Europe under a global warming signal of 3°C, as a result of higher 320 

NOx concentrations over source regions due to greater PAN decomposition. However, winter NOx decreases in southern 

Europe suggests photochemistry or mixing effects may be more important. In summer, reduced formation of PAN and OH 

decreases may increase NOx lifetimes and promote higher NOx over sources regions in Europe and the Mediterranean.  

Higher latitude increases in surface NOx suggest titration of O3 by NO in winter, that leads to reduced O3 mixing ratios, as 

photochemistry is less active to replenish O3 in northern Europe. (Fig 2a, e). In southern Europe, reduced surface NOx in 325 

winter is coincident with lower O3 mixing ratios. To investigate the O3 chemical environment the changes in NOx/VOC 

concentration ratios are depicted in Fig. S1.  There is a strong contrast between northern and southern Europe in winter with 

the highest ratios, indicating most VOC-limited conditions, over Benelux and the UK. In summer marine regions with heavy 

shipping in the North Sea, English Channel/North Atlantic and the northern Mediterranean display the highest NOx/VOC 

ratios.  NOx/VOC ratios increase in winter in northern Europe due to higher NOx suggesting climate change would lead a 330 

more VOC-limited regime in future here, and decrease elsewhere suggesting more widespread NOx-limited regimes (Fig. 

1c). Conversely, in summer NOx/VOC ratios decrease over continental Europe because of higher biogenic VOC levels due to 

climate change, implying a more NOx-limited regime, but increase over the Mediterranean due to higher NOx (Fig. S1f). The 

different seasonal and latitudinal responses in the NOx/VOC ratio highlight the challenge for designing future O3 mitigation 

strategies across Europe when considering the impacts of climate change. Overall, it is clear that climate-driven changes in 335 

isoprene emissions, O3 dry deposition and chemistry have impacts on oxidant levels and surface O3 right across Europe, as 

reported in previous studies. 

Climate change may also influence local mixing and transport patterns. Mean mixing heights over the 10-year present-day 

and future periods show distinct patterns of change over Europe. In winter, mixing heights decrease significantly over 

western Europe and ocean regions and increase over central, eastern and northern Europe by up to ~100 m (Fig. 3b). In 340 

summer a strong land-ocean contrast is evident, with significant increases over continental Europe (up to 150 m) and 

decreases over oceans (Fig. 3e). In winter, over central Europe, the spatial pattern of surface O3 and NOx decreases 

resembles that of mixing height increases, suggesting that changes in mixing height may influence their responses to climate 

change. In summer, O3 and PM2.5 responses do not appear to be impacted by changes in boundary layer mixing height. 

Precipitation in winter exhibits a similar east-west contrast, with increases in central and northern Europe and decreases in 345 

western Europe that are statistically significant (~10 mm and up to 30 mm; Fig 3c). Summer precipitation changes are mixed 

https://doi.org/10.5194/egusphere-2025-6407
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



13 
 

across Europe with increases in eastern areas and larger reductions over mountainous regions (Alps/Pyrenees) (Fig 3f). 

These precipitation changes may also influence PM2.5 concentrations e.g., increases over the Alps in summer (Fig 2g). 

Several previous global model studies have suggested that reduced large-scale precipitation over northern hemisphere 

midlatitudes land regions under climate change especially in summer may lead to increases in surface PM2.5 due to less wet 350 

deposition (Allen et al. 2016; Banks et al. 2022). 

3.2 PM composition changes 

In the absence of anthropogenic emission changes, climate change impacts PM2.5 through changes in natural aerosols and/or 

aerosol precursor emissions, oxidising capacity and secondary aerosol formation pathways, and/or aerosol sink processes. In 

this section we assess how the composition of annual and seasonal mean PM2.5 may change in the future, and the key driving 355 

processes. The present-day (1996-2005) spatial distribution of annual-mean PM2.5 components in Fig. 4 highlights that the 

inorganic contribution to PM2.5 is dominated by sulphate from energy generation in south east Europe and shipping in the 

Mediterranean, as well as nitrate (and to a lesser extent ammonium) in the Alps/Po valley region. Primary black and organic 

carbon emission hotspots are responsible for a strong urban/anthropogenic fingerprint and a large natural Saharan dust 

component is also evident in overall PM2.5 levels, particularly over south-west Europe. A substantial widespread secondary 360 

organic source of PM2.5 is evident almost everywhere. In winter, the abundances of sulphate, nitrate and primary PM2.5 are 

larger over land, whilst in summer sulphate is higher over the Mediterranean and SOA levels are substantially higher 

(exceeding 10 µg m-3) over all of continental Europe and the Mediterranean (not shown).  

 

 365 
Figure 4: present-day (1996-2005) spatial distributions of annual mean a) PM2.5 and its secondary components: b) sulphate (SO4), 
c) nitrate (NO3), d) ammonium (NH4), e) secondary organic aerosol (SOA); and primary components: f) primary organic matter 
and elemental carbon, g) sea salt and h) desert dust aerosol; all in µg m-3. 
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The seasonal changes in these PM2.5 components in the 2090s compared with 2000s are shown in Fig. 5. Numerous climate 370 

sensitive processes influence the concentrations of inorganic aerosol in the atmosphere. Of the inorganic components of 

PM2.5, sulphate displays the largest response to climate change under RCP8.5. Sulphate aerosols exhibit a large and 

statistically significant wintertime decrease (> 2 µg m-3) over central Europe and an increase over ocean regions (Fig 5a). A 

smaller significant summertime decrease in sulphate occurs over the Balkan regions with more widespread increases 

(notably in the Mediterranean) or no change elsewhere (Fig. 5h).  375 

 

 
Figure 5: Top panels show changes in spatial distribution of PM2.5 components in winter due to climate change: a) sulphate (SO4), 
b) nitrate (NO3), c) ammonium (NH4)), d) SOA e) primary organic matter and elemental carbon, f) sea salt and g) desert dust 
aerosol, all in µg m-3 in future (2090-2099) compared with present day (1996-2005) conditions. The lower panels (h-n) show the 380 
corresponding changes in summertime. Statistically significant changes between the 10-year periods are indicated with dots 
(student t-Test with p value < 0.05).      

A key driver of winter changes in sulphate levels in the 2090s is changes in its deposition. Both wet deposition of sulphur 

dioxide (SO2) and dry deposition of SOx (SO2+SO4) and increase prominently in winter over central Europe (Fig. S2a, b), 

whilst SO2 concentrations decrease significantly, and hence there is less sulphate formation. Greater washout of SO2 seems 385 

likely associated with higher precipitation over this region (Fig. 3c). In addition, the winter increase in mixing height may 

reduce sulphate aerosol levels at the surface (cf. similar spatial features Fig. 3b, Fig. 5a). Similar wet deposition (Racherla 

and Adams 2006) and precipitation responses over continental land regions have been reported in previous studies (e.g., 

Allen et al. 2016). Other studies have noted winter sulphate decreases in Northern Hemisphere industrialised regions 

associated with oxidant limitation (Berglen et al. 2004; Shindell et al. 2009). As noted in section 3.1, OH increases slightly 390 

in winter in the future (Fig. 2e), suggesting oxidant limitation does not worsen in the future. However, O3 is also important 

for in-cloud oxidation of SO2 to SO4 and lower O3 concentrations in winter suggest this could be important in limiting SO4 

formation. In summer, the decreases in wet and dry deposition of SO2 and SOx respectively (Fig. S2e, f) over the Balkans 
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coincide with lower sulphate concentrations (Fig. 5h), suggesting that deposition is not the main driver of this sulphate 

response. Under a warmer climate, an increase in sulphate loading could be expected as the oxidation of SO2 to sulphate is 395 

faster at higher temperatures. However, as both SO2 and OH (Fig. 2j) decrease in summer in this region, a reduced level of 

reactants may explain the sulphate decreases. Over the Mediterranean region, a combination of processes, such as faster 

oxidation with higher OH in eastern seas, seems likely to cause elevated sulphate aerosol concentrations in both seasons.  

The response of nitrate aerosol to climate change in winter is mixed across Europe but with more widespread decreases (0‑1 

µg m-3) than increases; in summer, nitrate decreases in some hotspot emissions source locations (Fig. 5 b, i). In the future, 400 

dry deposition of oxidised nitrogen increases over the European continent in winter; with a more mixed response in summer 

(Fig. S2c, g). Wet deposition of nitric acid (HNO3) is similarly influenced by climate-driven changes in precipitation in 

winter but only increases slightly over central and northern Europe and decreases elsewhere (Fig. S2d). Hence winter nitrate 

decreases across Europe seem influenced mainly by dry deposition increases than wet deposition responses. The response of 

this semi-volatile species to climate change may also be driven by enhanced partitioning into the gas phase with higher 405 

temperatures in both winter and summer reducing nitrate aerosol concentrations, as noted in other studies (Dawson et al. 

2007, Pye et al. 2009).  Ammonium concentrations (up to 1 µg m-3) and wet deposition of reduced nitrogen) also decrease 

mostly strongly in winter over the European continent (Fig. 5j) reflecting concomitant reductions in sulphate and nitrate 

aerosol loadings.  

SOA shows by far the largest and most widespread summertime increase across Europe of all the PM2.5 components (>5 µg 410 

m-3) in the 2090s driven by the response of its natural isoprene and monoterpene precursor sources to climate change (Fig. 

5k). Increases are also found in winter across continental Europe that are largest over western Europe (up to 2 µg m-3). 

Primary PM2.5 sources are also influenced by climate change. There are notable wintertime future increases in primary fine 

organic matter and fine elemental carbon concentrations in source regions which can be related to reductions in precipitation 

over certain regions (cf. Fig. 3c, Fig. 5e), but little change in summer.  415 

Sea salt and dust, that contribute a small fraction of their mass to PM2.5, are sensitive to changes in wind speed and transport 

patterns. Sea salt aerosol loadings increase slightly in the future (up to 0.5 µg m-3 across Europe) whilst desert dust from the 

Sahara strongly decreases (by more than 2 µg m-3) in both seasons in the future (Fig. 5f-g,m-n). Both components primarily 

affect oceanic and maritime regions. These modified distributions in sea-salt and dust aerosols can be explained by changes 

in wind speed under RCP8.5 in the 2090s. Wind speeds generally increase by up to 1 m s-1 in the Atlantic in both seasons 420 

and by >2 m s-1 polewards of 60°N in winter, aiding sea-salt aerosol formation; whilst wind speeds are reduced over the 

Mediterranean in both seasons, hindering Saharan dust transport (by up to 1 m s-1; Fig. S3c, f). Similar responses were seen 

in a study by Turnock et al. (2022) under SSP3-7.0, which found enhanced sea salt aerosols in maritime parts of northern 

Europe and a reduction in fine dust aerosol across North Africa. 

Primary organic matter and elemental carbon replaces sulphate (and to a lesser extend nitrate) to become the dominant 425 

component of wintertime PM2.5 in the 2090s over central northern Europe (Fig 6a, d). Across the Iberian Peninsula SOA 

replaces dust as the dominant winter PM2.5 component (Fig 6a, d). In summer, across all of continental Europe, SOA remains 
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the dominant PM2.5 constituent in the future, whilst over certain oceanic locations (e.g., the Atlantic), the spatial dominance 

of Saharan dust decreases, and that of sea-salt increases in the future (Fig. 6b, e). Considering annual average PM2.5, the most 

evident changes are an increase in SOA as the dominant PM2.5 component driven by the reduction in sulphate over Central 430 

Europe, the reduction in nitrate and sulphate over the North Sea and the reduction in Saharan dust over the Iberian Peninsula 

(Fig 6. c,f). 

 

 
Figure 6: Dominant components of PM2.5 for present-day (1996-2005) for a) winter, b) summer, c) annual and for future (2090-435 
2099) d) winter, e) summer, f) annual.  

4. Climate change impacts over the UK and for London 

This section examines simulated surface O3 and NO2 mixing ratios and PM2.5 concentrations across the UK from the finer-

scale regional EMEP4UK model at 5 km resolution. It then compares the seasonal cycles of these air pollutants between 

EMEP4UK and the street-scale ADMS-Urban models and examines the diurnal variation of these species simulated by 440 

ADMS-Urban over London.  
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4.1 UK distributions  

The finer-scale 5 km ×5 km simulations show significant surface O3 decreases across the UK of ~2-4 ppbv in winter in the 

2090s compared to the 2000s with the largest decreases over eastern parts of the UK (Fig. 7a). Surface O3 decreases of a 

similar magnitude occur in summer, except in the southern UK (including London) where there are O3 increases of up to 1 445 

ppbv in future (Fig. 7d).  These patterns of change are similar to those seen in the European 50 km × 50 km resolution model 

domain in Fig. 2a, f; and largely due to background O3 reductions. The magnitudes of winter and summer mean O3 simulated 

over the UK at the finer resolution are about 2 ppbv (~5%) higher than at the coarser resolution (Table A1). However, the 

changes between present-day and future climate at the two resolutions are only very slightly different (0.1/0.4 ppbv in 

DJF/JJA; Table A1). The magnitudes of the O3 decreases are consistent with estimates of annual-average reductions from 450 

global models by Zanis et al. (2022), as reported in RS (2021), although Colette et al. (2015) report smaller summer O3 

decreases, likely due to the larger areal extent of their UK region that includes surrounding oceans.  

 

 
Figure 7:  Top panels show changes in winter due to climate change in a) surface O3 mixing ratios (ppbv) b) surface PM2.5 455 
concentrations (µg m-3) c) surface NO2 mixing ratios (ppbv) from EMEP4UK over the UK domain at 5 km × 5 km resolution in 
future (2090-2099) compared with present-day (1996-2005). The lower panels (d-f) show the corresponding changes in 
summertime. Statistically significant changes between the 10-year periods are indicated with dots (student t-Test with p value < 
0.05).      

Surface PM2.5 concentrations simulated within the 5 km × 5 km UK domain increase moderately in winter over much of the 460 

UK (~1-2 µg m-3) and show smaller (up to 1 µg m-3) but mixed responses for summer with slight increases over 

southernmost UK in the future (Fig. 7 b, e). These patterns of changes again resemble those simulated over the UK with the 
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50 km × 50 km European domain (Fig 2c, d). However, these changes are not statistically significant at the 95 % confidence 

level. In both seasons, the magnitudes of PM2.5 simulated over the UK at the finer 5 km resolution are slightly lower (up to 

2.1 µg m-3; ~10%) than at the coarser 50 km resolution, and the changes between present-day and future from the two 465 

resolutions for winter/summer differ marginally (~0.2 /0.5 µg m-3; Table A1).  

Surface NO2 increases by ~2 ppbv in winter over the southern UK and the English Channel, but changes elsewhere in the 

UK are small (Fig. 7c, f). Smaller and mixed NO2 responses are seen in summer. These differences are generally not 

statistically significant. Like the other two air pollutants, the patterns of NO2 changes are very similar to those simulated at 

the coarser resolution, with the magnitudes slightly lower (~1 ppbv; ~5%; Table A1) as found for PM2.5 changes at the 470 

coarser resolution. In summary, differences in horizontal resolutions employed by EMEP4UK model do not seem to 

influence the patterns, and only minorly influence the magnitudes, of changes in simulated concentrations of surface O3, 

PM2.5 and NO2 between present-day and future.  

4.2 Regional- and Urban-scale Seasonal cycles for London  

To explore the changes in key pollutants at an urban scale, concentrations at 56 receptor sites representing UK reference air 475 

quality measurement network locations across London are considered. Statistics based on these 56 locations for the ADMS-

Urban model, are compared these with those from 10 model grid cells that span these locations from the EMEP4UK model 

simulations at 5 km × 5 km resolution. Surface O3, PM2.5 and NO2 distributions across London from both models are shown 

in Fig. 8, and median values are summarised in Table A2. 
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 480 
Figure 8:  Seasonal cycles for present-day and future across London from EMEP4UK and ADMS-Urban for (a, b) surface O3, 
mixing ratios (ppbv) (c, d) PM2.5 concentrations (µg m-3) and (e, f) NO2 mixing ratios (ppbv) respectively. Monthly mean values, 
calculated as averages over the respective 10-year periods for each of 10 EMEP4UK grid boxes and 56 ADMS-Urban locations, 
are used to produce spatial statistics represented by box (the interquartile range) and whisker plots. The blue star denotes months 
where surface distributions are significantly different between present-day and future according to a student t-Test with a p value 485 
< 0.05.    

The seasonal cycles of O3 across London, from both the regional and urban street-scale models, have very similar amplitudes 

of ~20 ppbv; with the lowest median mixing ratios in winter of ~10 ppbv and highest in summer of ~30 ppbv (Fig. 8a, b). 

Differences in magnitudes of present-day values between the two models are relatively small (less than 1.5 ppbv; Table A2) 

and differences in future changes are also small (0.1-0.9 ppbv). Decreases in future O3 mixing ratios (Sect 4.1) are largest in 490 

November and December, up to ~3 ppbv for both models. Surface O3 over London has a springtime peak, and the amplitude 
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of this decreases significantly in future by up to 5 ppbv in April in both regional and urban-scale model simulations. This is 

in agreement with global model results for northern Europe by Schnell et al. (2016), who also noted changes in climate-

sensitive BVOC precursor emissions could also impact seasonal cycles. In all months except January, July and September 

(and August for ADMS-Urban) surface O3 distributions simulated by the two models differ significantly between present-495 

day and future.   

Both models simulate an autumn/winter peak in the seasonal cycles of PM2.5 concentrations across London (median values 

~20 µg m-3 in November and ~15 µg m-3 in December/January) that significantly increases in the future by as much as 5 µg 

m-3 in November (Fig. 8c, d; Table A2). In spring and summer, median surface PM2.5 concentrations (7-11 µg m-3) only 

marginally change in the future. Comparing the two models, differences in both present-day values (up to 2 µg m-3 between 500 

November-February) and present-day and future changes (less than 1.1 µg m-3) are small. A previous street-scale modelling 

study for London using the ADMS-Urban model found different results because they neglected the processes affecting 

background O3 (Athanassiadou et al. 2010).  

NO2 seasonal cycles also exhibit an autumn/winter peak (median value of ~30 ppbv in November) for both models with 

median values between 15-26 ppbv in other seasons (Fig 8e, f; Table A2). Unlike for O3 and PM2.5, median monthly NO2 505 

values are consistently 3-5 ppbv higher (~15%) for the ADMS-Urban compared to the EMEP4UK model. This difference is 

likely to be due to the inclusion of near-road locations in the ADMS-Urban model, where NO2 concentrations are strongly 

influenced by NOx emissions from the nearest road. In the future, the largest increases in NO2 mixing ratios, exceeding 4 

ppbv for both models, occur in October, November and February and are statistically significant in both models. 

Overall, the magnitudes of the median monthly concentrations, and changes between present-day and future, are in good 510 

agreement between both models for all three air pollutants, although NO2 values are higher. However, considerably larger 

spatial variability across the 56 locations is simulated by the urban street-scale (ADMS-Urban) model compared to the 10 

fine-scale EMEP4UK regional model grid cells, and this is most prominent for NO2. There are also fewer months with 

significant differences between present-day and future distributions simulated for all three air pollutants simulated by the 

street-scale model as compared to the high-resolution regional model. The sensitivity of the street-scale model outputs to the 515 

number of sampling sites employed was examined by randomly sampling 10 of the 56 locations to produce distributions for 

London. Small changes between the results for 10 compared to 56 locations were found, adding confidence to the conclusion 

that the street-scale simulation exhibits larger spatial variability in air pollutant concentrations due to its ability to explicitly 

represent road emissions sources as compared to the grid-box representation in the regional model that can lead to the 

dilution of emissions.  520 

4.3 Urban-scale Diurnal cycles for London  

The diurnal variation in surface O3, PM2.5 and NO2 concentrations simulated at 56 locations across London with the street-

scale model is shown in Fig. 9.  The diurnal cycle of surface O3 mixing ratios is much more pronounced in summer than in 

winter due to longer daylight hours and higher temperatures increasing its photochemical formation, with daytime median 
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values exceeding 30 ppbv between 12 and 5 pm, and nighttime median values below 15 ppbv for present-day (Fig. 9b). In 525 

winter, the diurnal variation of surface O3 is much flatter than in summer, with a slight afternoon peak (median value ~15 

ppbv at 12‑1 pm) and evening to nighttime median levels of 6-13 ppbv (Fig. 9a). Across the 56 locations, the largest 

variability occurs in summer during afternoon to early evening hours (up to 10 ppbv for the interquartile range). A 

statistically significant decrease in winter surface O3 in the future is apparent for early morning and afternoon hours. In 

summer, surface O3 is significantly higher by up to 3 ppbv in the morning but significantly lower by up to 4 ppbv in the 530 

afternoon and evening in the future. This leads to a small shift in the diurnal cycle of summertime surface O3, with the peak 

occurring about one hour earlier, although the amplitude of the diurnal cycle remains very similar.  
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Figure 9: Diurnal cycles for present-day and future from ADMS-Urban for (a, b) surface O3 mixing ratios (ppbv) (c, d) PM2.5 535 
concentrations (µg m-3 ) and (e, f) NO2 mixing ratios (ppbv)  for winter and summer respectively for London over 56 ADMS-
Urban receptor locations sites. Data are hourly mean values averaged over the respective 10-year periods at each location to 
produce box (interquartile ranges) and whisker plots depicting the spatial variation across London. *Denotes months where 
surface distributions are significantly different between present-day and future according to a student t-Test with a p value < 0.05.      

For surface PM2.5 concentrations the diurnal variation in both seasons is relatively small with median concentrations between 540 

11-16 µg m-3 in winter and ~8 µg m-3 in summer for present-day (Fig. 9c, d). The spatial variability across the 56 locations is 

largest for winter daytime hours (up to 4 µg m-3 for the interquartile range). Higher median wintertime levels (by up to 3 µg 

m-3) are evident at all times of day in the future, with statistically significant differences between present-day and future for 

most hours (Fig 9c). Additionally in winter, PM2.5 increases are considerably larger at night-time leading to reduced diurnal 

variability in the future, with similar spatial variability. Summertime median levels are slightly higher during daytime with 545 

significant increases between 10 am and 6 pm of about 1 µg m-3 in the future.  

The diurnal variation of NO2 mixing ratios is similar to that of PM2.5 concentrations in winter, highlighting similar 

anthropogenic emissions sources, but is more pronounced with median values around 20 ppbv between 2-5 am and 

increasing at 7 am and from 3 pm, reaching 42 ppb at 6 pm for present day (Fig 9e, f). Summer NO2 mixing ratios 

additionally exhibit an early afternoon dip, likely related to the surface O3 peak. In both seasons there is substantial spatial 550 

variability, notably for daytime hours, across the 56 locations (up to 20 ppbv for the interquartile range) driven by 

differences in dispersion reflecting the differing proximities of the sites to road NOx emissions sources (as noted in Hood et 

al. 2018). In the future, larger significant winter NO2 increases (median values up to 7.6 ppbv) in the early morning lead to a 

flatter distribution, although significantly higher NO2 also occurs in early afternoon (Fig 9e, f). In the summer, significant 

higher mid-afternoon NO2 values also cause a flattened distribution in the future. The spatial variability for NO2 across the 555 

56 locations is similar for the two time periods. Fewer hours show statistical differences between present-day and future for 

NO2, as compared to O3 and PM2.5, again due to the dominance of unchanged road emissions in NO2 concentrations.  

The broad changes in the diurnal cycles of surface O3, PM2.5 and NO2 concentrations are consistent with the changes in the 

described in Sect 4.2 for the seasonal cycles of these air pollutants. Here, the effect of night-time/early morning changes in 

winter for the three air pollutants, and changes either side of peak levels for summer O3 is additionally highlighted 560 

Distributions of winter O3, and PM2.5 and NO2 in both seasons, flatten in the future. 

5. Implications for achieving long-term and short-term WHO guidelines. 

These regional and street-scale results can be used to evaluate the likelihood of achieving the latest WHO air quality 

guidelines (WHO 2021), under the RCP8.5 climate change signal as compared to present-day. These guidelines are based on 

two averaging periods to reflect the health effects associated with both acute and chronic exposures to air pollutants. For 565 

long-term exposure, peak season daily maximum 8-hour mean (MDA8) values are used for O3 and annual mean 

concentrations for PM2.5 and NO2. Short-term exposures utilise the 99th percentile value of MDA8 for O3 and the 24-hour 
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mean for PM2.5 and NO2. Interim target values towards achieving these more stringent air quality levels are also outlined. For 

present-day and future, long-term exposures are evaluated across Europe whilst short-term exposures are assessed for 

London− as hourly outputs are only retained from the ADMS-Urban model simulations for this study. For peak season O3 570 

results over Europe (Fig. 10), MDA8 was estimated based on fitting a relationship between MDA8 and daily maximum and 

daily mean O3 (the EMEP4UK outputs available) over London as follows:  

MDA8 O3= 2/3 × daily maximum O3 + 1/3 × daily mean O3. 

 

 575 
Figure 10: a) peak season (April to September) daily maximum 8-hour average (MDA8) O3 and annual average b) PM2.5 c) NO2 
concentrations for present-day (1996-2005) and d) MDA8 O3 and annual average e) PM2.5 and f) NO2 concentrations for future 
(2090-2099) calculated from monthly mean values for each year averaged over the respective ten-year periods. Scales depict 
interim target values and the air quality guidelines for each of these air pollutants. For MDA8 interim targets are 100 and 70 µg m-

3and the air quality guideline (AQG) is 60 µg m-3. For PM2.5 interim targets are 35, 25, 15, 10 µg m-3 and the AQG is 5 µg m-3. For 580 
NO2 interim targets are 40, 30, 20 µg m-3 and the AQG is 10 µg m-3 (see WHO, 2021). 

The immediate and future challenges for Europe, and especially southern Europe, to attain these interim targets and 

guidelines for long-term O3 exposure based on the regional model simulations are clear. The peak season first interim target 

is largely met except over southern Europe but the second interim target is only achieved in northernmost Europe, whilst the 

air quality guideline is only met in northern Scandinavia and a few locations in the UK and Benelux region (Fig. 10a). In the 585 

future, fewer areas of continental Europe meet the first interim target and smaller parts of northern Europe meet the second 

interim target (Fig. 10d). As for present-day, the air quality guideline value of 60 µg m-3 is only met in parts of northernmost 

Europe in the future. However, the areal extent of attainment of this air quality guideline value expands and extends to larger 

https://doi.org/10.5194/egusphere-2025-6407
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



24 
 

parts of the UK, due to background surface O3 decreases within parts of this region. Examining extreme O3 episodes (87th 

percentile), Schnell et al (2016) found qualitatively similar results with higher O3 levels, implying less attainment of these air 590 

quality guidelines in the future under RCP8.5 for southern Europe for 3 out of 4 global models; as well as small reductions in 

percentile values, aiding attainment of air quality guidelines, for northern Europe. 

For PM2.5, for present-day, the first interim target is met across Europe except in a few hotspot regions, and the second 

interim target is also largely achieved (Fig. 1c, Fig. 10b). In contrast, much of continental Europe does not meet the third 

interim target for present-day in these simulations. Very limited parts of Scandinavia and the UK meet the fourth interim 595 

target and even fewer locations achieve the 5 µg m-3 air quality guideline (Fig. 10b). In the future, the first interim target 

remains largely achieved, fewer areas in southern and Central Europe achieve the second interim target, the third interim 

target is exceeded across almost all of continental Europe, less of Scandinavia achieves the 4th interim target and only 

northernmost Scandinavia meets the air quality guideline (Fig. 10e). 

For NO2 for present-day and future, the first and second interim targets are achieved everywhere except in a few hotspot 600 

locations such as in the Po valley and the Netherlands (Fig. 10c). The third interim target is also largely met except in parts 

of western and central Europe and the southern UK. Much of western, easternmost and northern Europe achieve the NO2 air 

quality guideline, but western-central Europe does not. Differences in attainment of this air quality guideline between 

present-day and future are small (Fig. 10f) due to large anthropogenic contribution to NO2 levels. 

 Overall, the current WHO air quality guidelines for long-term exposure to peak season MDA8 O3 and annual average PM2.5 605 

are challenging to achieve across most of Europe in the present-day; based on the 2012 anthropogenic emission dataset 

employed in this study. They become increasingly difficult to achieve in the future under the effects of a changing climate 

except in a few northern locations, meaning that future mitigation of anthropogenic emissions will need to go further to 

achieve benefits to human health. As noted above, these findings are sensitive to anthropogenic emissions levels. For NO2, 

under these 2012 anthropogenic emissions, central Europe fails to achieve the long-term air quality guideline value, but the 610 

influence of climate change is small.   

The influence of climate change under RCP 8.5 on achieving the WHO guidelines and interim targets for annual short-term 

exposure over London is shown in Table 1. Averaged over London, the 99th percentile MDA8 value increases by 3 µg m-3 in 

the future (Table 1). For both periods, the first interim target is achieved, but the second interim target and the air quality 

guideline for short-term exposure are not met. Considering the 10-year periods, the first interim target is not met on ~2 days, 615 

on average, while the air quality guideline is not met on about 20 days for both present-day and future. 

 
 

 

 620 
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Table 1: Short-term 99th percentile values of MDA8 O3, and 24-hour mean PM2.5 and NO2 calculated annually from hourly data 
for the respective present-day and future 10-year periods for each of the 56 locations over London. Mean values across all 56 
locations are given in the 2nd column. The WHO short-term averaging period interim target and air quality guideline (AQG) 
values (WHO 2021) are shown in bold.  Exceedance days per year are calculated over the full 10-year period and divided by 10 to 625 
estimate exceedance days per year for the WHO interim target values and the relevant air quality guideline value (rightmost 
column). The spatial variation in exceedance days across the 56 locations are represented by the standard deviation.  

 Short-term  
MDA8/ 
24-hour mean (µg m-3) 
 

Exceedance days for different targets (days per year) 

O3 Interim target/AQG 160 120   100 

PD 127.6 1.5±0.9 7.8±4.7   18.0±8.9 

Future  130.8 1.7±1.1 7.7±4.7   17.8±9.8 

PM2.5 Interim target/AQG 75 50 37.5 25 15 

PD 42.1 0.1±0.1 1.4±1.2 7.7±4.0 33.5±12.8 97.2±27.1 

Future  48.3 0.5±0.3 4.6±1.8 14.5±5.1 43.2±14.1 110.8±30.1 

NO2 Interim target/AQG 120 50   25 

PD 124.5 17.0±32.4 183.7±92.7   305.7±56.5 

Future  147.8 24.8±36.9 200.5±84.9   313.4±50.4 

 

The 99th percentile of 24-hour mean surface PM2.5 concentrations averaged over London suggest that the first and second 

interim targets are achieved for both time periods (Table 1). The number of exceedance days of the PM2.5 air quality 630 

guidelines increases from ~97 days for present-day to ~111 days in the future. For NO2, the 99th percentile values averaged 

over London increase from 125 to 148 µg m-3 between present-day and future; both values exceed the first interim target for 

short-term NO2 exposure (Table 1). The air quality guideline is exceeded on ~306 days for present day and ~313 days in the 

future 10-year periods, with differences in exceedances of ~50 days over the different London locations for both periods. 

Hence, for the three air pollutants, the short-term air quality guideline values are not met for present-day or in the future 635 

when utilising 2012 anthropogenic emissions in these simulations. 

6. Conclusions 

Climate change alone is likely to worsen O3 and PM2.5 air quality over much of continental Europe but improve O3 air 

quality over parts of northern Europe including the UK. This study uses an innovative coupled and nested approach to 

determine the importance of key processes in governing the responses of surface ozone (O3), fine particulate matter (PM2.5) 640 

and nitrogen dioxide (NO2) to climate change in the 21st century across a range of spatial scales: the continental scale across 

Europe, regional scale across the UK and at the street scale across London. The one-way nested WRF-EMEP4UK regional 

https://doi.org/10.5194/egusphere-2025-6407
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



26 
 

atmospheric chemistry transport model (50 km × 50 km resolution over Europe; 5 km × 5 km over the UK) is driven by 

climate change projections from the Representative Concentration Pathway (RCP) 8.5 from the UK Earth System Model 

HadGEM2-ES, which produces annual-mean temperature increases exceeding 4°C across Europe. The regional WRF-645 

EMEP4UK model is coupled to the street-scale ADMS-Urban model. This methodology allows for a consistent assessment 

of the impacts of large-scale climate change on air quality to be simulated over Europe, the UK and in London.  

Changes in O3 and PM2.5 over Europe due to a large climate change signal show good agreement with previous findings 

using RCP8.5 or SSP3-7.0. There is a strong contrast in the summer and winter-mean O3 responses to climate change.  

Surface O3 decreases (up to 8 ppbv) in winter over most of Europe, and in summer, large O3 increases are found over 650 

southern Europe (up to 10 ppbv) but O3 reductions occur over northern Europe. Lower hemispheric background O3 levels are 

highlighted as the driver of future O3 decreases over northern Europe in numerous studies (e.g., Colette et al. 2015; Turnock 

et al. 2022). In addition, higher NOx concentrations in winter over parts of northern Europe under climate change, lead to 

greater titration of O3 by NO reducing surface O3 levels. Larger O3 dry deposition velocities and a higher mixing layer may 

also contribute to winter surface O3 decreases. Higher temperatures lead to a doubling of natural biogenic isoprene emissions 655 

in summer over Europe, and this likely dominates the increases in summer O3 in southern Europe. Reductions in O3 dry 

deposition in summer may also contribute to summer surface O3 increases.  This O3 increase has been referred to as the O3 

climate penalty (e.g., Wu et al. 2008; Colette et al. 2015). However, these simulations do not consider the posited CO2 

inhibition effect on isoprene emissions or represent detailed isoprene nitrate chemistry. The size of the O3 climate penalty 

remains uncertain because of uncertainty in the magnitude of isoprene and monoterpene emissions and their sensitivity to 660 

climate and associated atmospheric CO2 and vegetation changes and the interplay of these factors (e.g., Lin et al. 2016). 

Annual-average surface PM2.5 concentrations increase by 5-10 µg m-3 (up to 30%) over most of Europe by the 2090s. This 

increase is also driven by higher biogenic isoprene and monoterpene emissions, promoting secondary organic aerosol (SOA) 

formation, most notably in summer. Changes in climate-sensitive biogenic emissions are the dominant driver of both surface 

O3 and PM2.5 responses to climate change in summer over continental Europe in this study; therefore, uncertainties in 665 

biogenic emission processes represents a major limitation for the findings of this study.  

Increased wintertime precipitation over Central Europe promotes more wet deposition of sulphur dioxide (SO2) which 

reduces sulphate aerosol loadings in the 2090s; a similar but much smaller response is found for nitrate. For both species, 

increases in dry deposition of SOx (SO2+SO4) and oxidised nitrogen in winter are prominent across Europe. Primary organic 

matter also shows larger changes in winter with increases over emission source locations. Summer responses of inorganic 670 

and primary organic matter PM2.5 components are more muted. Wind-driven increases in sea-salt aerosol are found over 

much of Atlantic whilst Saharan dust transported to Europe is reduced. However, the impact of climate change on dust is 

highly uncertain due to uncertainties in changes to meteorological and soil properties. Winter increases in mixing layer 

height over Central Europe also influence surface O3, NOx and, via sulphate, PM2.5 levels.  
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Over the UK, the spatial patterns and magnitudes of O3, PM2.5 and NO2 responses to climate change simulated over the UK 675 

domain at 5 km ×5 km resolution are similar to those simulated at 50 km × 50 km resolution over the European domain, 

suggesting that our results are not strongly sensitive to model resolution.  

Examining the seasonality of urban air pollution across London, the O3 peak amplitude is reduced in the 2090s under climate 

change. In contrast, PM2.5 and NO2 concentrations exhibit a more pronounced wintertime peak. For all air pollutants, the 

urban model simulates substantially greater spatial variability than the regional model over London due to its representation 680 

of local concentration gradients close to road sources. The diurnal cycle of urban O3 for London in winter is flatter and in 

summer displays a shift towards higher morning and lower afternoon values under climate change. Higher PM2.5 and NO2 

levels and reduced diurnal variability are found in both seasons in the future, with larger night-time increases evident in 

winter. Whilst monthly mean NO2 magnitudes are ~10% higher at the street scale using ADMS-Urban compared to the 

regional EMEP4UK model, both models show consistent responses to climate change for all three air pollutants.   685 

The changes in O3, PM2.5 and NO2 concentrations under climate change have implications for achieving the 2021 WHO long 

and short-term air quality guidelines in the 2000s and 2090s under RCP8.5. For peak season (April-September) maximum 

daily 8-hour (MDA8) surface O3, whilst much of Europe meets the first interim target of 100 µgm-3, the air quality guideline 

of 60 µg m-3 is exceeded except in parts of northern Europe in the present-day. While the reduction in hemispheric 

background O3 due to climate change benefits attainment of these guidelines in northern Europe, it hinders attainment 690 

elsewhere in Europe. Hence, under this high warming scenario, without concurrent emission reductions, WHO air quality 

guidelines for peak season O3 will be even more challenging to meet, except in parts of northern Europe. Annual-average 

PM2.5 concentrations meet the first and second interim targets for much of Europe. Very limited areas of northern Europe 

meet the stringent WHO guidelines for annual mean PM2.5 of 5 µg m-3 for present-day. Under climate change alone, this 

target will be extremely difficult to meet. However, Turnock et al (2022) showed that implementing future O3 precursor 695 

emission reductions alongside climate change mitigation reduced exceedances of both these long-term WHO air quality 

guideline values across the globe.  The long-term air quality guidelines of annual-average NO2 ≤ 10 µg m-3 are viable for 

much of Europe for present-day and, despite climate-induced changes in NOx, remain unaltered in the future. Considering 

short-term air quality guidelines over London, whilst the first interim target is achieved for the 99th percentile values of 

MDA8 O3 and 24-hour mean PM2.5, it is not for 24-hour mean NO2. None of these air pollutants met the short-term air 700 

quality guidelines for present-day or future under this climate change scenario and fixed 2012 anthropogenic emissions.  

This study finds that robust projections of the magnitude of the impact of climate change on surface O3 and PM2.5 for Europe 

crucially rely on accurate representation of climate-sensitive biogenic emissions. Climate driven changes in dry and wet 

deposition and mixing layer height also have an important influence on surface O3 and PM2.5 concentrations. Changes in 

other climate-sensitive natural emissions sources including lighting and wildfires are neglected in these simulations; 705 

wildfires in particular, are likely to become a much more important source in the future. Whilst the focus of the model 

simulations is to isolate the climate change response, the assumption of present-day levels for anthropogenic emissions, 

atmospheric methane and CO2 concentrations means the chemical environment and the resulting atmospheric chemistry 
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kinetics and atmospheric composition changes would be different if emission changes under RCP8.5 (or another 

scenario/pathway) were also employed. Notably, large methane increases projected for high warming RCP8.5 and SSP3-7.0 710 

scenarios would substantially increase background O3 levels (by ~50%; Turnock et al. 2022).  Therefore, both emissions and 

climate change need to be considered in relation to future mitigation policies.  

Whilst horizontal resolution effects are found to be less relevant for calculations of long-term WHO air quality guidelines, 

for short-term guidelines, and in particular for attainment of NO2 air quality guidelines, high resolution and explicit 

representation of its emission sources are crucial. However, it is noted, that these results are based on one climate scenario 715 

and present-day anthropogenic emissions, which is a major caveat of this study. Dynamical downscaling studies to achieve 

finer spatial representation of atmospheric composition change, as presented here, limit the use of multiple models with 

ensemble members that would be required for a comprehensive quantification of uncertainties (scenario, structural, internal 

climate variability) related to climate change. Such high-resolution projections are largely only available from climate 

models, such as CORDEX at the regional-scale for Europe or UKCP18 at the local-scale for the UK, but these do not include 720 

projections of atmospheric composition. New variable resolution modelling capabilities will enhance two-way nested high-

resolution simulation of future atmospheric composition, but extension to the urban street-scale remains challenging, despite 

its importance for air quality guideline assessment and for health effects.  Nevertheless, this study adds to the evidence that 

although parts of northern Europe may benefit from lower hemispheric background O3, strong future mitigation measures 

will need to be implemented for continental Europe to meet the ambitious WHO air quality guidelines, especially for short-725 

term exposure, in the future. 
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 7. Appendix A: Additional Figures and tables 

 
Figure A1: Surface NOx/VOC mixing ratios as indicators of O3 chemical environments for present day (1996-2005) in a) winter 
and d) summer, and for future (2090-2099) in b) winter and e) summer and differences in chemical environments between future 730 
and present-day in c) winter and f) summer. VOC concentrations are represented as the sum of isoprene (C5H8) and formaldehyde 
(HCHO).  

 

  
Figure A2. Differences in dry deposition of SOx (SO2+SO4) in a) winter, e) summer, in wet deposition of SO2 in c) winter, f) 735 
summer, in dry deposition of oxidised Nitrogen (largely HNO3) in c) winter and g) summer and in wet deposition of HNO3 in d) 
winter and h) summer between present day (1996-2005) and future (2090-99).  
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Figure A3: Wind speed and directions (uas, vas) for present day (1996-2005) for a) winter, d) summer and for future (2090-2099) 
for c) winter and e) summer and differences between present-day and future for e) winter and f) summer from the HadGEM2-ES 740 
model. Model outputs from WRF-EMEP4UK were not available for U and V winds, but 6-hourly nudging propagates this climate 
change signal across the WRF-EMEP4UK model domains.  

 

 

 745 
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Table A1: Winter and summer mean O3 (ppbv), PM2.5 (µg m-3) and NO2 (ppbv) concentrations simulated over the UK at 50 × 50 
km and 5 × 5 km resolution averaged over the whole UK, and North (above 54°N) and South (below 54°N) UK.  755 

DJF O3 PM2.5 NO2 

50 × 50 km:  All UK/North/South  

UK PD 42.6/47.9/38.7 12.3/8.3/15.3 17.8/11.3/22.6 

Future 37.4/42.9/33.4 13.2/8.7/16.5 18.7/11.0/24.4 

5 × 5 km: All UK/North/South 

UK PD 43.8/48.2/40.6 10.9/7.7/13.2 17.2/11.7/21.2 

Future 38.7/43.4/35.2 11.5/7.9/14.1 18.0/11.2/23.0 

JJA O3 PM2.5 NO2 

50 × 50 km: All UK/North/South 

UK PD 48.1/47.2/48.7 7.1/5.6/8.3 8.1/3.7/11.3 

Future 45.3/41.8/47.8 7.0/5.3/8.3 8.2/3.4/11.7 

5 × 5 km: All UK/North/South 

UK PD 50.1/49.2/50.7 6.2/4.9/7.2 7.5/3.6/10.3 

Future 46.9/43.6/49.4 6.1/4.6/7.2 7.5/3.3/10.6 
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Table A2: Median monthly values over London for surface O3 (ppbv), PM2.5 (µg m-3) and NO2 (ppbv) concentrations for present-
day (PD) and future from the EMEP4UK 5 × 5 km UK domain (10 grid-boxes) and from the ADMS-Urban (56 receptor locations) 
models. Month 1= January etc.  

Month 1 2 3 4 5 6 7 8 9 10 11 12 

O3 PD EMEP4UK 9.9 13.5 22.6 29.0 29.9 28.6 23.2 20.2 15.2 10.7 7.8 10.0 

ADMS 9.8 13.4 21.2 28.3 28.5 27.3 22.6 18.7 14.6 10.1 7.6 9.4 

Future EMEP4UK 9.4 10.9 18.4 24.4 28.2 26.7 24.0 21.3 16.1 8.9 4.8 6.7 

ADMS 9.0 10.3 17.4 22.8 26.7 25 22.1 19.6 14.8 8.2 4.5 6.5 

PM2.5 PD EMEP4UK 15.8 16.0 10.4 9.7 8.6 9.7 7.2 7.5 8.9 15.1 21.0 15.8 

ADMS 14.0 13.6 11.2 9.7 8.3 9.0 7.5 7.5 9.0 14.4 18.8 13.8 

Future EMEP4UK 14.6 17.3 10.6 10.1 7.7 9.4 8.1 7.7 11.7 17.6 26.3 18.4 

ADMS 13.6 16.0 10.3 10 7.8 9.4 8.2 8.0 11.8 17.3 24.4 16.9 

NO2 PD EMEP4UK 25.8 26.0 20.7 18.1 18.3 17.5 14.8 18.7 22.7 28.6 29.7 27.9 

ADMS 30.0 29.5 25.8 22.6 21.7 20.6 18.4 22.6 26.5 32.4 33.7 32.5 

Future EMEP4UK 26.6 30.0 23.5 20.9 17.1 15.8 16.2 18.3 25.7 35.2 35.1 30.7 

ADMS 31.2 34.7 26.9 25.2 20.8 19.9 20.3 22.9 30.2 38.6 39.8 34.9 
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