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A B S T R A C T   

The UK is set to impose a stricter ambient annual mean fine particulate matter (PM2.5) standard than was first 
adopted fourteen years ago. This necessitates strengthened knowledge of the magnitude and sources that in
fluence urban PM2.5 in UK cities to ensure compliance and improve public health. Here, we use a regional-scale 
chemical transport model (GEOS-Chem), validated with national ground-based observations, to quantify the 
influence of specific sources within and transported to the mid-sized UK city Leicester. Of the sources targeted, 
we find that agricultural emissions of ammonia (NH3) make the largest contribution (3.7 μg m− 3 or 38 % of 
PM2.5) to annual mean PM2.5 in Leicester. Another important contributor is long-range transport of pollution 
from continental Europe accounting for 1.8 μg m− 3 or 19 % of total annual mean PM2.5. City sources are a much 
smaller portion (0.2 μg m− 3; 2 %). We also apply GEOS-Chem to the much larger cities Birmingham and London 
to find that agricultural emissions of NH3 have a greater influence than city sources for Birmingham (32 % 
agriculture, 19 % city) and London (25 % agriculture, 13 % city). The portion from continental Europe is 16 % 
for Birmingham and 28 % for London. Action plans aimed at national agricultural sources of NH3 and 
strengthened supranational agreements would be most effective at alleviating PM2.5 in most UK cities.   

Introduction 

UK ambient pollution of fine particulate matter with aerodynamic 
diameter < 2.5 μm (PM2.5) has steadily declined since the 1970s due 
mostly to policies targeting large point sources [1]. In the major cities 
London and Birmingham, PM2.5 has decreased by ~4–5 μg m− 3 over the 
past decade [2], but still exceeds the recently updated World Health 
Organization (WHO) annual mean guideline of 5 μg m− 3 [3]. Long-term 
exposure to annual mean PM2.5 in the UK may account for 
29,000–99,000 premature adult deaths each year [4–8]. PM2.5 is chal
lenging to regulate, due to a myriad of anthropogenic and natural pri
mary sources, complex chemical and physical processes forming 
secondary PM2.5, and its relatively long lifetime of 1–2 weeks resulting 
in long-range transport far from the emission source and over national 
and international regulatory boundaries [9]. 

Local authorities are tasked with measuring and developing action 
plans to ensure compliance with regulatory standards in the cities they 
govern. The standard for annual mean PM2.5 is 25 μg m− 3; consistent 

with the EU, but far more lenient than the WHO recommends. Following 
Brexit, the UK has the autonomy to set its own standards, but an updated 
PM2.5 standard of 10 μg m− 3 proposed in the Clean Air Strategy pub
lished in 2019 [10] has not been implemented. The Clean Air (Human 
Rights) Bill [11] making its way through the UK Houses of Parliament 
has defined a PM2.5 limit of 10 μg m− 3 to be met by 1 January 2030. 
Should this be adopted, the sparsely distributed network of reference 
measurements of PM2.5 in UK cities alone are insufficient to aid local 
authorities develop strategies to comply with a stricter standard [12]. 

Chemical transport models (CTMs) that simulate the sources and 
complex formation, transport, and loss pathways of PM2.5 have been 
used to determine the contribution of individual sources to national and 
regional PM2.5. Vieno et al. (2016b) determined with a high-resolution 
model (5 km) nested over the UK that a 30 % decrease in individual 
precursor emissions relative to those emitted in 2010 cause a decline in 
UK national mean PM2.5 from ammonia (NH3) emissions that is 1.5 times 
greater than that of sulfur dioxide (SO2), 1.6 times greater than primary 
PM2.5, 2.3 times greater than nitrogen oxides (NOx), and 4 times greater 
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than volatile organic compounds (VOCs). Since 2010, SO2 emissions 
have declined by 60 % and NOx by 33 %, whereas NH3 emissions have 
increased by 25 % [13]. Inference of regulatory action from studies that 
target chemicals rather than specific sources is also limited, as only 
agriculture overwhelmingly dominates (~90 %) UK anthropogenic NH3 
emissions [14]. The other precursors include a mix of sources currently 
dominated by road traffic (~30 %) for NOx, energy industries for SO2 
(~30 %) and residential and commercial small combustion sources 
(~50 %) for primary PM2.5 [13]. Other modelling studies conducted at 
regional and global scales have also identified the dominant contribu
tion of agricultural emissions of NH3 to PM2.5 pollution [15–17]. 
Modelling studies have also identified other potentially important 
transboundary sources of PM2.5 in the UK, such as pollution transported 
from continental Europe [9], the global shipping fleet [18], and dust 
from the Sahara Desert [19]. The influence of these sources on urban 
PM2.5 pollution in the UK to inform mitigation measures is uncertain. 

Observations from national networks and field campaigns have been 
used to determine the influence of sources within a city on PM2.5 
pollution. A study quantifying the roadside and urban increments in 
annual mean PM2.5 in London determined that road traffic PM2.5 is 50 % 
more than urban PM2.5, mostly due to direct (primary) emissions of 
PM2.5 from vehicle exhausts and non-exhaust emissions from tyre and 
brake abrasion, but that urban PM2.5 is only 18 % more than PM2.5 in 
rural areas surrounding London [20]. Another city source of PM2.5 is 
residential burning of solid biofuels (mostly wood). This source only 
accounted for 12 % (1.8 μg m¡3) of PM2.5 pollution in the peak burning 
season in winter 2010 at an urban site in central London [21]. This 
source has increased by 35 % since 2010, but remains a relatively small 
contributor to annual ambient PM2.5 [22]. London has 9-times more 
people and covers an area 6-times greater than the next largest UK city, 
Birmingham, so the relative contribution of city sources to PM2.5 
pollution in London may not apply to other UK cities. 

The UK city of Leicester, located in the East Midlands 160 km 
northwest of London, has a population of ~350,000 people; more 
representative of an average UK city (~217,000 [23] than London (8.9 
million). Leicester is among 594 areas in the UK declared Air Quality 
Management Areas due to routine exceedances of the nitrogen dioxide 
(NO2) annual mean standard of 40 μg m− 3 (https://uk-air.defra.gov. 
uk/aqma/list; last accessed 13 July 2022). As a result, the local au
thority targeted road traffic emissions of NOx [24], due to substantial 
contribution of traffic to urban NO2 pollution. Knowledge of the efficacy 
of similarly targeting city sources is vital for local authorities to develop 
strategies that address PM2.5 pollution in anticipation of a revised 
standard. 

Here we determine the contribution of emissions from select sources 
and regions to urban PM2.5. These include sources within the city limits 
that could be regulated by local authorities and sources originating 
outside the city at national, supranational and global scales. We focus on 
UK cities of distinct sizes: Leicester (73 km2), Birmingham (270 km2; 60 
km west of Leicester), and London (1,570 km2). We do this using the 
GEOS-Chem CTM, following assessment of the model with air quality 
network measurements distributed throughout the UK and a dense 
network of low-cost sensors in Leicester. 

Methods 

The majority of the analysis focuses on 2019 to avoid spurious results 
associated with dramatic reductions in traffic emissions [25] due to the 
national lockdown in spring 2020 in response to the COVID-19 
pandemic. The low-cost sensors were deployed in a different year, 
limited to winter (December 2020 to February 2021). This coincides 
with a second national lockdown, but decline in traffic and other 
anthropogenic activity was muted in comparison to the first lockdown 
[26]. We use reference monitor measurements of total PM2.5 at the long- 
term monitoring site in Leicester to assess the potential role of inter
annual variability in meteorology [9] on PM2.5 in the two distinct time 

periods. 

The GEOS-Chem chemical transport model 

We use GEOS-Chem version 12.1.0 (https://doi.org/10.5281/ 
zenodo.1553349) nested over Europe (32.75◦N–61.25◦N, 15◦W–40◦E) 
at 0.25◦ × 0.3125◦ (~25 km latitude × ~31 km longitude), with dy
namic (3-hourly) boundary conditions from a global simulation (4◦ ×

5◦). The model has 47 vertical levels, extending from the surface to ~80 
km and is driven with GEOS-FP assimilated meteorology provided by the 
NASA Global Modelling and Assimilation Office. 

Anthropogenic emissions for the UK are from the National Atmo
spheric Emission Inventory (NAEI) and those for the rest of Europe are 
from the European Monitoring and Evaluation Programme (EMEP). 
Implementation of these in GEOS-Chem is detailed in Marais et al. [14]. 
In brief, NAEI emissions of NH3 are increased by 50 % to match satellite- 
derived estimates [14] and NAEI and EMEP land-based emissions of SO2 
are decreased by a factor of 3 to address large model overestimate in SO2 
concentrations obtained with default EMEP and NAEI emissions 
compared to surface observations [14]. The NAEI and EMEP emissions 
are for 2016 and are adjusted in this work to match 2019 conditions 
using reported annual trends, as is standard [27,28]. These adjustment 
factors for the prominent gas-phase PM2.5 precursors are − 2.6 % a-1 for 
NOx, − 3.4 % a-1 for SO2, and − 2.0 % a-1 for primary PM2.5 [13]. No 
annual scaling is applied to anthropogenic NH3 emissions, as reported 
annual changes are small and uncertain [13]. Natural sources of primary 
PM2.5 and precursors of secondary PM2.5 are from the Global Emissions 
InitiAtive (GEIA) inventory [29] for soil and ocean NH3 and Riddick 
et al. [30] for seabird NH3, the Model of Emissions of Gases and Aerosols 
(MEGAN) version 2.1 [31] for biogenic VOCs, the Dust Entrainment and 
Deposition (DEAD) scheme for natural dust [32], and the parameteri
zation described in Jaeglé et al. [33] for sea salt. 

The model includes coupled gas- and aerosol-phase chemistry to 
simulate formation of the secondary PM2.5 components sulfate (SO4) 
[34], nitrate (NO3) [34], ammonium (NH4) [34], and secondary organic 
aerosols (SOA) [35]. In the model, SO4 is formed irreversibly from gas- 
phase oxidation of SO2 by OH, and in-cloud oxidation of SO2 by ozone 
(O3) and hydrogen peroxide (H2O2). Ammonia is semi-volatile, so par
titions reversibly to acidic aerosols, yielding NH4 and buffering aerosol 
acidity [36,37]. If NH3 is in excess, as is the case in the UK due to 
controls on SO2 and NOx emissions [14], additional NO3 forms from 
uptake of nitric acid (HNO3) generated from oxidation of NOx. 
ISORROPIA-II calculates the thermodynamic equilibrium of SO4-NO3- 
NH4 [38]. Primary OA is represented in the model as organic carbon 
(OC) and ages with a lifetime of 1.15 days [39]. SOA, represented as OA 
rather than OC in the model, is estimated with fixed mass yields from 
precursor emissions of natural and anthropogenic non-methane VOCs 
(NMVOCs) [35]. The model accounts for dry and wet deposition of gases 
and aerosols using a resistance-in-series scheme for dry deposition 
[40,41] and convective scavenging, washout, rainout, entrainment and 
detrainment for wet deposition [42,43]. 

Simulated PM2.5 concentrations consistent with the measurements, 
50 % relative humidity (RH) and ambient temperature and pressure 
[44], are calculated as the sum of individual components multiplied by 
representative hygroscopic growth factors: 

PM2.5 = 1.35(SO4 + NO3 + NH4)+BC+ 1.07OAPI+OAPO
+ 1.86SSA+DUST

(1) 

DUST is dust with aerodynamic diameter < 2.5 μm, SSA is 
accumulation-mode sea salt, OAPI is hydrophilic primary and secondary 
OA, and OAPO is hydrophobic primary OA. The portion of OA simulated 
by the model as OC is converted to OA for input to Equation (1) using an 
OA-to-OC ratio of 2.1, representative of aged OA [45]. 
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Contribution of targeted sources to urban PM2.5 

We use GEOS-Chem to determine the influence of specific sources on 
urban PM2.5 in Leicester, Birmingham and London to aid regulators in 
identifying effective measures for reducing urban PM2.5 pollution. The 
list of sources we target, summarized in Table 1, includes all sources 
within the city limits that can be directly regulated by local authorities, 
sources identified in past studies, as well as exhaust emissions from 
national road traffic currently regulated to address NO2 pollution to 
assess whether there are indirect benefits of existing measures. Poten
tially important sources identified in past studies include the global 
shipping fleet estimated to account for 10 % of UK PM2.5 pollution [18], 
national agricultural emissions of NH3 [46], anthropogenic emissions 
from neighbouring countries in continental Europe [9], and dust from 
uncertain anthropogenic sources [47] and transported from North Africa 
[19]. For Leicester, we determine the influence of all anthropogenic 
sources in Leicestershire, due to established coordination of air pollution 
mitigation strategies between city and county councils. Given the size 
and proximity of London and Birmingham to Leicester, we also assess 
the contribution of anthropogenic pollution from these cities to urban 
PM2.5 in Leicester. 

We perform 10 model simulations that differ only in the emissions 
used (Table 2). The base simulation includes all anthropogenic and 
natural emissions. In the other 9 simulations, individual sources iden
tified in Table 1 are set to zero, so that the difference in PM2.5 between 
the baseline and sensitivity simulations is the PM2.5 attributed to the 
emissions set to zero. This zero-out approach is a standard method for 
determining the contribution of precursor emissions [48–52,25,8], as 
non-linearities in annual mean PM2.5 are small (<5%) [53,49]. We 
output monthly means of chemical composition from the model in 
January to December 2019 following 2 months of model spin-up for 
chemical initialization and sample model grids overlapping with the 
extent of the cities of interest (1 grid for Leicester and for Birmingham, 6 
grids for London). 

Surface measurements 

CTMs such as GEOS-Chem include uncertainties in all components of 
the model that necessitates evaluation against reliable observations to 
support its use in estimating the influence of city, regional and global 
PM2.5 precursor emissions on urban PM2.5 pollution. For this, we use 
national air quality monitoring network measurements of concentra
tions of total and components of PM2.5 from the Department for Envi
ronment, Food, and Rural Affairs (DEFRA) UK-AIR data portal 
(https://uk-air.defra.gov.uk/data/data_selector, last accessed 16 
September 2021). This includes the Automatic Urban and Rural 

Network (AURN) of ratified hourly reference measurements of total 
PM2.5 concentrations across 72 sites classified as urban (38 sites), urban 
traffic (23), industrial (5), rural (4 sites), and suburban (2), and the UK 
Eutrophying and Acidifying Pollutants (UKEAP) network of monthly 
mean concentrations of the PM2.5 components NH4, SO4 and NO3 at 18 
rural sites. The UKEAP measurement technique and consistency with 
other measurements are detailed in Tang et al. [54]. The rural 
Auchencorth Moss site in Scotland, south of Edinburgh, includes UKEAP 
measurements of SO4, NO3, and NH4, as well as elemental carbon (EC) 
(that we use to assess simulated black carbon or BC) and organic carbon 
(OC). EC and OC are weekly measurements made with a thermal/optical 
carbon analyser [55]. Annual means are only estimated at sites with 
temporal coverage of at least 75 % for total PM2.5 and at least 65 % for 
components of PM2.5. Increasing the temporal data coverage threshold 
by 10 percentage points has negligible effect on the annual means. Lo
cations of relevant measurement sites are shown in Section 3. Some 
model grid cells contain multiple measurement sites, which we do not 
average, as this artificially improves the model-measurement statistics. 

The single GEOS-Chem grid that overlaps with Leicester is evaluated 
against a single AURN PM2.5 site in the city. Given this, we use PM2.5 
data from a network of low-cost sensors distributed throughout Leicester 
to assess consistency between monthly mean PM2.5 measured at the 
AURN site and averaged across all low-cost sensor sites. The network 
includes 19 EarthSense Zephyr® optical particle counters covering 7 size 
bins from 0.3 to 10 μm diameter with a 10-second sampling frequency. 
Particulate number concentrations are converted to mass concentrations 
using number density and volume representative of each size bin and the 
sum of the mass ≤ 2.5 μm used to calculate PM2.5. The well-known 
positive bias in low-cost sensor PM2.5 due to aerosol water from hy
groscopic growth of particles [56] is mitigated with the Zephyrs by in
ternal heating of the sampling cavity to reduce humidity prior to 
sampling. Any remaining high bias due to aerosol water is addressed 
with an interaction term between PM2.5 and RH as is now a standard 
approach to improve sensor accuracy for instruments that retrieve 
aerosol mass with light scattering techniques [57–59]. 

Results and discussion 

Spatial variability and seasonality of PM2.5 across the UK 

Fig. 1 compares observed (AURN) annual mean PM2.5 at individual 
sites to coincident gridboxes of simulated annual mean PM2.5 across the 

Table 1 
GEOS-Chem sensitivity simulations to assess PM2.5 sources in UK cities Leicester, 
Birmingham, and London.  

Simulation Policy Level Region Emission Source Species 
a 

1 City Leicester Anthropogenic All 
2 County Leicestershire Anthropogenic All 
3b National London & 

Birmingham 
Anthropogenic All 

4 National UK Road Traffic 
Exhaust 

All 

5 National UK Agriculture NH3 

6 National UK Anthropogenic Dust 
7 International Continental 

Europe 
Anthropogenic All 

8 International Global Ships All 
9 International Global Natural Dust  

a All is anthropogenic NH3, NOx, SO2, BC, OA, dust, and NMVOCs. 
b Results from simulation 3 are used to assess the contribution of local city 

sources to PM2.5 in London and Birmingham. 

Table 2 
Baseline total and sensitivity simulation decline in emissions of PM2.5 
precursors.  

Simulation a PM2.5 precursor emissions [Gg a-1] 

SO2 NOx NH3 BC OC Dust 

Baseline b 63 678 447 13 15 64 
1 0.2 2.7 2.2 0.1 0.1 0.3 
2 0.8 12 7.9 0.3 0.3 1.0 
3 1.3 42 7.2 1.1 1.2 5.7 
4 0.4 177 6.6 3.4 3.7 – 
5 – – 384 – – – 
6 – – – – – 64 
7 193 1909 1092 55 95 103 
8 398 2421 0.2 33 17 109c 

9 – – – – – 602  

a Sensitivity simulation numbers correspond to those detailed in Table 1. 
Values for simulations 1–9 are the difference between the baseline and sensi
tivity simulation emissions for the nested domain (Section 2.1). 

b Total anthropogenic and natural emissions for the UK National Atmospheric 
Emission Inventory domain that includes UK territorial waters and scaling fac
tors implemented in GEOS-Chem (Section 2.1). Percent contribution of 
anthropogenic emissions to total UK emissions: 72% for NOx, 87% for SO2, 95% 
for NH3, 92% for BC, and 93% for OC. 

c Dust as surrogate for ash. 
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UK. The total UK emissions of PM2.5 precursors in the model are given in 
Table 2. The mean of all AURN sites in Fig. 1 is 10 μg m− 3, and ranges 
from 4 μg m− 3 at the Auchencorth Moss rural site in Scotland to 15 μg 
m− 3 at urban traffic sites on Marylebone Road in London and Barnsley 
Road in Sheffield. In cities with a mix of urban and rural sites (London, 
Southampton and Edinburgh), urban PM2.5 is just 1.5–2.0 μg m− 3 (or 
20–50 %) more than rural PM2.5, reflecting the large influence of sources 
originating from outside the city [20]. The model captures the observed 
spatial pattern (r = 0.66) and variance (regression slope = 1.0 ± 0.1), 
but exhibits a low bias (normalized mean bias of NMB = -11 %) that is 
due to a 1.5 ± 0.8 μg m− 3 underestimate in PM2.5 (negative intercept in 
Fig. 1B). The model bias is greatest (NMB = -18 %) for urban traffic sites 
and is to be expected, as the influence of city sources on the measure
ments is diluted at the model resolution of 25–31 km. No measurements 
or model grids exceed the current standard of 25 μg m− 3, whereas the 
WHO annual mean guideline of 5 μg m− 3 is exceeded at all but 1 AURN 
site and all but 2 of the model grids coincident with the sites. Of all 
simulated UK grids, 79 % exceed the updated guideline. 

Fig. 1 also compares the measured and modelled components of 
PM2.5 at Auchencorth Moss. The measured components are 78 % of total 
PM2.5 mass (91 % if OC is converted to OA using an OA-to-OC ratio of 
2.1). The dominant measured component of PM2.5 is NO3 (accounting 
for 37 % of PM2.5), followed by NH4 (15 %), OC (13 %), SO4 (11 %), and 
BC (2 %). Generally, the model captures the observed order of impor
tance, except for OC. In the model, the order is 23 % NO3, 9 % NH4, 8 % 
SO4, 5 % OC, and 2 % BC summing to 47 %. The remaining modelled 
PM2.5 is dust (21 %), aerosol liquid water (19 %), and sea salt (<5 %). 
The large model underestimate for OC (-50 %) occurs in all seasons and 
is consistent with low model biases in OC across Europe from multiple 
CTMs [60] attributed to underestimated biogenic and anthropogenic 
SOA. The model exhibits a positive 23 % bias in total PM2.5 at the site, 
but negative bias for the measured components SO4 (-10 %), NO3 (–22 
%), and NH4 (-20 %). This points to a model overestimate in either dust, 
sea salt or aerosol water. Simulated annual mean dust PM2.5 is 1.1 μg 
m− 3, accounting for a large portion (21 %) of the simulated total PM2.5. 
This may be erroneous, as emissions of anthropogenic dust are uncertain 
[47]. The model overestimate in dust is at least a factor of ~3, using the 
difference between measured total and the sum of the components of 
PM2.5 as an upper limit estimate of dust PM2.5. The cause is most likely 

an overestimate in sources rather than transport or loss processes, sup
ported by consistency between modelled and observed BC, as BC 
abundance depends also on emissions, transport and loss processes 
dominated by wet scavenging [61]. According to our model sensitivity 
simulations (Table 1), 70 % of PM2.5 dust at Auchencorth Moss is from 
anthropogenic sources totalling 64 Gg a-1 in GEOS-Chem (Table 2). 

Fig. 2 compares observed and simulated concentrations of secondary 
inorganic aerosol components at rural UKEAP sites. Network mean 
observed values of SO4 (0.58 μg m− 3), NO3 (1.78 μg m− 3) and NH4 (0.75 
μg m− 3) are similar to those measured at Auchencorth Moss (Fig. 1C). 
The model captures the observed spatial distribution of all 3 components 
(r = 0.72–0.85) and variance of NO3 and NH4 (slope = 0.8–0.9). The 
underestimate in modelled SO4 variance (slope = 0.6 ± 0.1) may reflect 
overcorrection of the SO2 emissions (Section 2.1), particularly for model 
grids influenced by large point sources of SO2 in northeast England. The 
mean underestimate in modelled SO4 is 19 %. Because NH3 is in excess 
of acidic aerosols in the UK, formation of NH4 depends on abundance of 
SO4 rather than abundance of NH3. As a result, the low model bias in SO4 
contributes to model underestimate in the acid buffer NH4 that in turn 
contributes to a slight (15 %) underestimate in modelled NO3 (12 %). 
Also because NH3 is in excess, the emissions scaling applied to NH3 to 
resolve differences between top-down and bottom-up emissions esti
mates (Section 2.1) has limited effect on NH4 and PM2.5. Most of this 
additional NH3 settles to the Earth’s surface via dry and wet deposition. 

Fig. 3 assesses simulated seasonality of total and secondary inorganic 
PM2.5 concentrations. These peak in spring (March-May) and are at a 
minimum in summer (June-August). Total PM2.5 ranges from ~20 μg 
m− 3 in April to ~7.5 μg m− 3 in August. The spring peak is due to a 
combination of mild temperatures enhancing partitioning of gas phase 
precursors into the aerosol phase, easterlies importing pollution from 
mainland Europe, stagnant conditions over the UK limiting ventilation, 
and a peak in NH3 emissions due to March-April fertilizer application 
[62,63,9,64]. The model captures the observed seasonal cycle in PM2.5, 
but with a year-round underestimate averaging just under 1 μg m− 3 that 
is consistent with the range of the regression intercept (-1.5 ± 0.8 μg 
m− 3) in Fig. 1B. The model underestimate in Fig. 3 is larger (1–2 μg m− 3) 
in summer when SO4, NO3 and NH4 are all underestimated (Fig. 3B). 
This summertime underestimate may be due to a larger summertime 
underestimate in bottom-up NH3 emissions than the rest of the year that 

Fig. 1. Comparison of observed and 
simulated annual mean PM2.5 in 2019. 
Panels are (A) mapped observed (filled 
shapes) and modelled (background) 
total PM2.5, (B) regression of individual 
site measurements and coincident model 
grids, and (C) PM2.5 composition at 
Auchencorth Moss for measured com
ponents of PM2.5. OC is compared 
instead of OA due to uncertainties in 
converting measured OC to OA. Shapes 
in (A) and (B) discern site types. Values 
inset are the observed (OBS) and 
modelled (GC) annual means and model 
normalized mean bias (NMB) in (A), the 
Pearson’s correlation coefficient and 
reduced major axis (RMA) regression 
equation in (B), and mass concentrations 
of total PM2.5 above each pie and select 
components of PM2.5 for each piece of 
the pie in (C). Lines in (B) are the 1:1 
relationship (dashed) and RMA regres
sion (solid). Slope and intercept errors 
are obtained with bootstrapping.   
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has been identified from comparison to top-down satellite-derived NH3 
emissions [14]. Slow conversion of SO2 to sulfate in CTMs may also 
contribute to the summer low bias [65]. 

Domestic and distant source contributions to UK-wide PM2.5 

We use the model to identify the relative contribution of individual 

sources (Table 1) to UK-wide PM2.5, given the ability of the model to 
reproduce the variance and seasonality in annual mean total PM2.5 
(Figs. 1 and 3) and the dominant components SO4, NO3, and NH4 (Figs. 1 
and 2). The emissions totals for PM2.5 precursors are given in Table 2. 
Compared to national emissions, the contribution of Leicester and Lei
cestershire precursor emissions is < 1 %, road traffic NOx is 26 % of total 
NOx, and agriculture 86 % of total NH3. The spatial distribution of the 

Fig. 2. Evaluation of simulated annual mean secondary 
inorganic PM2.5 components. Panels compare mapped 
observed (filled circles) and modelled (background) 
SO4 (top), NO3 (middle), and NH4 (bottom) (A, C, E) 
and regression of the two (B, D, F). Lines are 1:1 re
lationships (dashed) and RMA regressions (solid). Inset 
values are observed (OBS) and modelled (GC) annual 
means, model normalized mean biases (NMB), Pear
son’s correlation coefficient (r), and RMA regression 
equations. Slope and intercept errors are obtained with 
bootstrapping. Locations of sites used to assess season
ality of SO4, NO3, and NH4 in Fig. 3 (Goonhilly (GH), 
Rothamsted (Ro), High Muffles (HM), and Forsinard 
(F)) are indicated in (A).   

Fig. 3. Seasonality in total and secondary inorganic PM2.5 components across the UK. Panels are time series of (A) observed and (B) modelled monthly mean total 
(black line) and secondary inorganic aerosol components (colored filled stacks: blue for SO4, orange for NH4, green for NO3). Observations are from all AURN sites 
shown in Fig. 1A and select UKEAP sites from Fig. 2A where sample collection occurs at or close to the start and end of the month (see text for details). Values inset 
are annual means of the observations in (A) and model in (B) and, in parentheses, the temporal correlation (Pearson’s correlation coefficient) in (B) between the 
measurements and model for the total and components of PM2.5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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influence of the sources targeted on annual mean total PM2.5 are shown 
in Fig. 4. Of the sources targeted, national agriculture has the greatest 
influence (2.2 μg m− 3 or 32 % of UK annual mean total PM2.5), followed 
by UK anthropogenic dust (1.1 μg m− 3 or 16 %) and transboundary 
anthropogenic pollution from continental Europe (1.4 μg m− 3 or 20 %). 
The influence of agriculture on UK PM2.5 may be conservative, as the 
model underestimates annual mean NH4 (Fig. 2E, Section 3.1) and 
summertime PM2.5 (Fig. 3, Section 3.1). Elevated concentrations of 
PM2.5 are regionally distributed over most of England for agriculture, 
and across the English Channel for transboundary sources. Anthropo
genic dust PM2.5 peaks in cities, as urban sources are dominant, ac
cording to the model, though there may be a potentially large positive 
bias in anthropogenic dust emissions in the model (Section 3.1). Sea
sonality in the key contributors, UK agriculture and transboundary 
pollution from Europe, shown as monthly means in Fig. 5, ranges from <
1 μg m− 3 in summer to 5–6 μg m− 3 in spring. The other sources (UK 
traffic, global ships, and natural desert dust) have similar annual con
tributions of 0.5–1.0 μg m− 3 (6–9 %) and also peak in spring, but at < 2 
μg m− 3. 

Interannual variability in meteorology impacts the relative influence 
of transboundary sources of PM2.5 in the UK. At a rural monitoring site in 
the UK, for example, the annual contribution of all non-UK sources to 
SO4 and NO3 aerosol mass varied from 20 to 90 % in 2001 to 2010 [9] 
due to shifts in meteorology [9]. According to the annual status report of 
UK climate [66], 2019 was 5 % warmer than the climatological 
(1981–2010) mean, mostly because February was 2–3 ◦C warmer. 
Rainfall in 2019 exceeded average conditions by 7 %, ranging from 
unusually dry in winter to unusually wet the rest of the year. The dry 
conditions in winter were associated with a higher-than-normal pressure 
system over the UK and the western portion of mainland Europe that 
favoured transport of air from mainland Europe. This transport pattern 
was sustained in most of spring [66] and suggests that the 2019 
contribution of anthropogenic pollution from Europe in winter and 
spring (Fig. 5) was more than normal. Regardless, the annual PM2.5 
contributions we obtain in 2019 using GEOS-Chem are broadly consis
tent with results from other models targeting different years. Specif
ically, 33 % from agriculture in 2010 [46,16], 20 % from transboundary 
sources in 2003 [9], and < 5 % from traffic in 2021 [20]. 

Fig. 4. Spatial distribution of simulated source contributions to annual mean total PM2.5 concentrations. These are (A) traffic, (B) agriculture, (C) anthropogenic 
dust, (D) continental Europe, (E) ships, and (F) natural dust (see Table 1 for details). Inset values are UK means and, in parentheses, ranges (min to max) for UK land 
grids. Locations of Leicester, Birmingham, and London city centres are indicated in A. 
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Sources of PM2.5 pollution in Leicester, London and Birmingham 

According to GEOS-Chem, annual mean PM2.5 was 9.5 μg m− 3 in 
Leicester in 2019; 17 % less than 11.4 μg m− 3 measured at the urban 
AURN site in Leicester. This is consistent with the model NMB obtained 
from comparison to all AURN sites (Fig. 1). Fig. 6 shows the contribution 
of individual sources to simulated total and components of PM2.5 in 
Leicester. The sum of all sources targeted (11.4 μg m− 3) exceeds the 
annual mean due to overlap in source locations (city, county, national) 
and interdependence of sources. The latter includes dependence of NO3 
formation from NOx emissions on agricultural NH3 emissions that causes 
the 45 % mass contribution of NO3 for PM2.5 from agricultural emissions 
of NH3 in Fig. 6. The contribution of national agriculture is largest at 3.7 
μg m− 3 (39 %), as expected from its widespread influence over England 
(Fig. 4). Transboundary pollution from continental Europe contributes 
1.8 μg m− 3 (19 %). In spring, the monthly contribution from each of 
these sources can exceed 6 μg m− 3. Anthropogenic dust is slightly more 
than long-range transport from Europe, but emission estimates of this 

source are uncertain and lack of direct observations of surface concen
trations of dust prevents validation of GEOS-Chem. Only 0.2 μg m− 3 or 2 
% of total PM2.5 is due to all city sources, and only 1.0 μg m− 3 (11 %) to 
all county sources. London and Birmingham together contribute 0.4 μg 
m− 3; double that from all sources in Leicester. 

Traffic exhaust emissions, one of the most regulated sources in the 
UK due to the impact on NO2 pollution, is only 1.0 μg m− 3 (11 %) of 
Leicester PM2.5 pollution. This is only 0.4 μg m− 3 more than the 
contribution from distant ship traffic (0.3 μg m− 3; 6 %). NO3 is the 
dominant component from ship emissions, so this source contribution 
should steadily decline due to an anticipated 4 % a-1 decrease in ship
ping NOx emissions from stricter controls on emissions from new ships 
[67]. 

Uncertainties in the simplistic scaling factors we apply to NH3 and 
SO2 emissions have limited effect on the contribution of targeted sources 
to concentrations of PM2.5 in Fig. 6. Most of the additional UK-wide 50 % 
increase in NH3 emissions deposits to the surface of the Earth via dry and 
wet deposition, as formation of NH4 is limited by availability of acidic 

Fig. 5. Seasonality in UK mean PM2.5 from dominant sources agriculture and continental Europe. Solid lines are monthly mean PM2.5 from UK agriculture (red) and 
European anthropogenic sources (blue). Shading indicates spatial variability (±1σ standard deviation). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. Source contributions to annual mean total and components of PM2.5 in Leicester. These are obtained as the difference between baseline and sensitivity 
simulations (Table 1). Bar colors distinguish the PM2.5 components SO4 (red), NO3 (blue), NH4 (orange), BC (black), OA (green), dust (brown), and aerosol liquid 
water (ALW) (cyan). Solid vertical lines separate local, national, and international sources (see Table 1 for details). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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aerosols in the UK [14]. If we had applied the original NAEI SO2 emis
sions to GEOS-Chem and if we account for the influence of this addi
tional SO2 on SO4, NO3 and NH4, the city sources contribution to PM2.5 
would be at most ~0.09 μg m− 3 more secondary inorganic aerosols and 
~0.03 μg m− 3 more associated aerosol liquid water than is shown in 
Fig. 6. This would lead to 3 % rather than 2 % contribution of city 
sources to Leicester PM2.5. 

Fig. 7 shows the distribution of monthly mean observed PM2.5 across 
Leicester in December 2020 to February 2021 from the Zephyr® 
network of low-cost sensors. Network mean PM2.5 is 8.4 ± 0.6 μg m− 3 

during the measurement period, similar to the Leicester AURN site mean 
of 8.2 μg m− 3. This suggests that PM2.5 at this site is representative of 
mean PM2.5 for the city and so is appropriate for assessing GEOS-Chem 
simulation of Leicester PM2.5 pollution. Two low-cost sensors are 
missing in February 2021, but the network is dense enough that, when 
these two sites are excluded, network mean PM2.5 changes by 1 % in 
December 2020 and 3 % in January 2021. PM2.5 measured at the 
Leicester AURN site in winter months in 2019 (the target year for GEOS- 
Chem simulations) is 50 % more than it is in December 2020 to February 
2021 (the low-cost sensor measurement period). This is likely because 

Fig. 7. Monthly mean PM2.5 concentrations in Leicester from EarthSense low-cost sensors (circles) and AURN (upside down triangle). Values inset are the monthly 
mean and spatial variability (±1σ standard deviation) across the low-cost network and the monthly mean at the AURN site. 

Fig. 8. Source contributions to annual mean PM2.5 in Birmingham (green) and London (purple). Shading and vertical lines distinguish local, national, and inter
national sources (see Table 1 for details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the meteorological conditions in January-February 2019 promoted 
long-range transport of pollution from continental Europe (Section 3.2). 

In Fig. 8, we extend application of GEOS-Chem to Birmingham and 
London to determine the contribution of all but the county-level sources 
to PM2.5 in these cities. According to the model, annual mean PM2.5 in 
2019 was 10.1 μg m− 3 in Birmingham (0.6 μg m− 3 more than Leicester) 
and 10.9 μg m− 3 in London (1.4 μg m− 3 more than Leicester). The model 
values are similar to the city mean of the AURN sites in Birmingham (9.6 
μg m− 3) and the same as those in London (10.9 μg m− 3). All three cities 
have similar contributions from natural dust (0.5–0.6 μg m− 3), traffic 
(0.9–1.0 μg m− 3), and ships (0.6–0.7 μg m− 3). Agriculture is 0.4 μg m− 3 

less, anthropogenic dust 0.4 μg m− 3 more, and city sources 1.7 μg m− 3 

more for Birmingham than for Leicester. Due to the proximity of London 
to continental Europe, the contribution from European pollution (Fig. 4) 
in London is 28 %; 1.2 μg m− 3 more than Birmingham and 1.4 μg m− 3 

more than Leicester. London city sources are 1.2 μg m− 3 more and 
agriculture 1.0 μg m− 3 less than these are in Leicester. The relative 
contribution of city sources we obtain for London of 13 % is less than the 
18 % inferred from differences in urban and rural measurements of total 
PM2.5 [20]. The city source contribution increases to 24 % for the model 
grid overlapping with Central London. 

Conclusions 

In this study, we quantified the influence of targeted emission 
sources on urban PM2.5 in the UK using the GEOS-Chem chemical 
transport model validated with UK-wide measurements of total and 
components of PM2.5 and a dense network of low-cost sensors of total 
PM2.5 in the mid-sized UK city Leicester. According to the model, 79 % of 
the UK exceeds the new WHO guideline of 5 μg m− 3. Across the size 
gradients of cities investigated, from Leicester to Birmingham to Lon
don, our results suggest that city sources for almost all cities in the UK 
account for considerably less than 20 % of PM2.5 pollution. Addressing 
PM2.5 pollution in cities to meet an anticipated stricter standard and 
improve public health would require a shift from local action plans to 
national-scale measures focusing on agricultural sources of ammonia 
(NH3) that account for 25–39 % of urban PM2.5 pollution and ongoing 
and strengthened internationally agreed regulations to reduce long- 
range transport of pollution from continental Europe that accounts for 
16–28 % of urban PM2.5 pollution. The ability to reliably estimate the 
influence of anthropogenic dust sources on urban PM2.5 is impeded by 
lack of observations to quantify, diagnose and address biases likely 
originating from uncertain emissions. 
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