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Abstract.

Open biomass burning impacts air quality through direct emissions of fine particulate matter (PMs 5) and its role in secondary
PM, 5 formation. Here the interest is in the long distance and cumulative influences of biomass burning on annual mean
concentrations of PMj, 5 in a country far removed from major biomass burning regions: the UK. A novel, globally nested setup
of the EMEP4UK atmospheric chemistry transport model is used to isolate contributions to UK PM, 5 from global biomass
burning activity. Long-range influences are found to be considerable, with 0.99 ug m—2 of UK-averaged PMj 5 in 2019 being
conditional on biomass burning emissions. Of this, 97% and 73% are associated with biomass burning outside the UK and
outside the model’s European domain, respectively — notably from Russia, Asia and boreal North America — which highlights
the importance of boundary conditions on regional modelling setups. The simulations suggest some influences of biomass
burning have lags of several weeks. The long-range component is enhanced by the role of biomass burning in secondary
aerosol formation (58% of PMs 5 conditional on biomass burning), of which 55% is organic; the inorganic component (mainly
ammonium nitrate) derives from increased oxidation of local emissions, which may be mitigated through local emissions
reductions. The PM3 5 conditional on biomass burning is highly policy relevant for the UK, constituting (for 2019) 20%
of the current WHO target and 10% of the contribution from all sources. This relative contribution is likely to increase as

anthropogenic PM; 5 declines and as climate change increases northern-hemispheric extratropical biomass burning.

1 Introduction

Open biomass burning (BB) impacts many fundamental aspects of the environment, including biodiversity, radiative forcing
and air pollution (Keywood et al., 2013; Bowman et al., 2020; Jiang et al., 2016; Kelly et al., 2020; Lasslop et al., 2019; Voul-
garakis and Field, 2015; Xu et al., 2024). Sources of BB include prescribed fires, agricultural fires and wildfires (UNEP, 2022).
Whilst agricultural burning is a major concern in some areas, globally much attention is focused on wildfires, as anthropogenic
changes in climate, population and land-use are increasing their frequency and intensity across the globe (UNEP, 2022; Cun-

ningham et al., 2024; Seydi et al., 2025); for example, climatic factors are linked to increased wildfires, in the extratropics
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particularly (Jones et al., 2024b), while reductions in historic re management practices are also linked to increased wild re
frequency and severity (Hessburg et al., 2021; Moura et al., 2019).

With respect to its impact on air quality, BB is a large source of particulate matter with an aerodynamic diameter of less than
2.5 m (PM2:s), both directly via primary PMls emissions and indirectly via the formation of secondary,BNLim et al.,

2019; Ahern et al., 2019; Vakkari et al., 2014; He et al., 2024; Hodshire et al., 2019; Tan et al., 2025). Long-term exposure
to PMy:s is the air pollutant measure of greatest concern to human helaighto its wide-ranging contributions to morbidity

and premature mortality (Whaley et al., 2022; Garcia et al., 2023; Xu et al., 2024). In response to this, the World Health
Organization (WHO) has set a challenging annual mean air quality guideline fog BM6 g m 2 (WHO, 2021).

The UK and Europe have relatively low incidence of BB compared to other world regions (Wiedinmyer et al., 2023), and
this is mainly from wild res because agricultural burning is largely prohibited (since 1993 in the UK (Ciais et al., 2010)) and
prescribed burning is likewise tightly regulated (Harper et al., 2018). The contribution of BB4g B&& therefore tended to be
ignored in these locations whilst policy attention has focused on mitigation of anthropogenic sources of air pollutants. However,
as anthropogenic emissions contributing toJ2Nh the UK, Europe and elsewhere continue to decline, other sources, such as
those associated with BB, are becoming relatively more important. In addition, there is increasing recognition of the relevance
of intercontinental-scale transport of wild re plumes (Witham and Manning, 2007; Diapouli et al., 2014; Cottle et al., 2014;
Vaughan et al., 2018; Zhang et al., 2025; Masoom et al., 2025). It is therefore timely to quantify the in uence of BB locally and
globally on countries such as the UK in more detail — particularly in the context of achieving the WHO air quality guideline.

BB enhances concentrations of RMat distance via the long-range transport and chemical reactions of its emissions. The
aging of primary organic aerosols and the formation of secondary organic aerosols from BB emissions have been subject
to many laboratory, eld and modelling studies (Lim et al., 2019; Ahern et al., 2019; Vakkari et al., 2014; He et al., 2024,
Hodshire et al., 2019). However, BB emissions can have more subtle indirect long-range impacts on secondary pollutants that
only modelling studies can reveal. Tan et al. (2025) demonstrated the role of BB in the long-distance formation of ammonium
nitrate (NH,NOg3), a component of secondary inorganic aerosol (SIA). BB emissions of carbon monoxide (CO), NQ + NO
(NOy) and volatile organic compounds (VOCSs) perturb the OH + H®IOy) cycle at the global scale, leading to increased
local-scale oxidation of NQand hence increased NNO3 formation in regions with high local emissions of anthropogenic
NO, and ammonia (Nk). The phrasing ‘PMs conditional on BB', and its associated short-hand ;RKBB)', is therefore
used in this paper to refer to BM and its constituents that are consequent on BB. The terminology “conditional on' emphasises
the fact that some of the mass making up these concentrations does not derive directly from BB emissions, but that this
component of PMls would not exist without the BB emissions.

The aim of this study, therefore, is to quantify the local and long-range, and direct and indirect, impacts of BB on annual mean
PM,.5 in the UK, as an example of a country that is distant from areas of major BB. The focus is on the cumulative in uences
on the annual mean, as long-term exposure tg.PNas much greater public health burden than short-term exposures. Previous
work has considered the short-term impacts on UK air quality of individual wild re events (Graham et al., 2020; Witham and
Manning, 2007), but to the authors' knowledge no studies quantify the long-term contributions of long-range transport of BB

globally on UK PM5. It is shown that a global nested model is needed to accurately account for long-range transport. The
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results from the 2019 model year (chosen because of the relatively high BB activity in the UK that year (Perry et al., 2022))
are also set in the wider context of global BB emissions from 2012 to 2023. Although the UK is used as a case study, the
methodology applied, and the qualitative insight generated, are general.

2 Methodology
2.1 Model setup

This work used a novel, globally nested setup of the EMEP4UK atmospheric chemistry transport model (ACTM), consisting
of the three domains shown in Figure 1. In its standard setup (Vieno et al., 2016b), EMEP4UK operates over the two domains
labelled B and C in the gure, with mostly prescribed boundary concentrations for domain B, and is a UK application of
the European Monitoring and Evaluation Programme Meteorological Synthesizing Centre - West (EMEP MSC-W) Eulerian
ACTM (Simpson et al., 2012). As the standard setup of EMEP4UK cannot accurately account for the transient in uences of
pollutant transport into domain B, the model was extended to full global coverage. The global domain (A) provides hourly
boundary conditions for the intermediate European domain (B), which provides hourly boundary conditions for the inner
domain (C) covering the UK and Republic of Ireland (ROI). Simulations were carried out with EMEP MSC-W model version
5.0.

Figure 1. Domains of the globally nested con guration of the EMEP4UK model used here: (A) outer global domain, (B) intermediate
European domain, and (C) inner domain covering the UK and ROI. Only domains B and C are used in the standard con guration of
EMEP4UK.

Meteorology to drive the ACTM was calculated with the Weather Research and Forecast (WRF) model v4.2.2 (Skamarock
et al., 2019) at spatial resolutions of 11 , 27 km 27 km and 3 km 3 km for domains A-C respectively. There



75

80

85

90

95

100

105

are 21 vertical layers extending up to 100 hPa. Reanalysis data from the US National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research (NCAR) Global Forecast System (GFS) and Newtonian nudging of wind
vectors and temperature every 6 hours atelolution (Saha et al., 2010) were used. WRF parameterisations are as described
by Ge et al. (2021).

Model runs were conducted for the year 2019 and included a full year of spin-up (2018). Global domain simulations used
anthropogenic emissions from the Task Force on Hemispheric Transport of Air Pollution (HTAP) v3 inventory for 2018 (Crippa
of BB emissions. European domain simulations used 2019 anthropogenic emissions from the Centre for Emission Inventories
and Projections (CEIP) (CEIP, 2021). In the innermost domain, simulations used 2019 anthropogenic emissions from the
NAEI (2021) for the UK and MapElre from the Department of Environmental Science at Aarhus University with the Irish
EPA (2021) for ROI. Emissions of isoprene and other biogenic VOCs from vegetatignfid@ lightning and soils, marine
dimethyl sul de (DMS), and wind-derived dust and sea salt are linked to the meteorological year and simulated as reported in
Simpson et al. (2012) and model update reports (Fagerli et al., 2024).

Gas-phase chemistry and inorganic aerosol thermodynamics are simulated with the EmChem19 chemical scheme (Bergstror
et al., 2022) and the Model for an Aerosol Reacting System (MARS) (Binkowski and Shankar, 1995), respectively. Secondary
organic aerosol (SOA) formation, ageing and phase partitioning are parameterised using a 5-bin 1-D volatility basis set with
effective saturation concentration C* mid-points of 0.1, 1, 10, 100, 1000 % r(Ots et al., 2016; Donahue et al., 2006;
Bergstrom et al., 2012). Primary organic aerosol (POA) is treated as non-volatile and chemically inert, as is assumed by emis-

et al. (2012); Vieno et al. (2014); Ge et al. (2021).

Model output includes hourly gaseous and aerosol concentrations for all vertical model layers. The lowest model layer has
a thickness of 48 m, and modelled air pollutant concentrations described here as surface concentrations have been adjustec
to correspond to 3 m above the surface (Simpson et al., 2012)s P\talculated as the sum of the ne (< 2:5 m diameter)
fractions of sulfate (SQ) ), nitrate (NG, ), ammonium (NH ), organic matter (OM), sea salt, windblown dust, road dust,
black carbon (BC), ash and a remaining primary component. A water component is not included to avoid ambiguity about how
much water is associated with each Pjconstituent.

2.2 BB emissions

BB emissions for 2018 and 2019 were obtained from the Fire INventory from NCAR (FINN) v2.5 dataset, which uses re de-
tections from both Moderate Resolution Imaging Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite
(VIIRS) (Wiedinmyer et al., 2023; UCAR/NCAR/ACOM, 2023). The latter yields re detection down to 375 m resolution.
FINNv2.5 provides daily estimates of aerosol and trace gas emissions from BB globally &d:Q.1 resolution, calculated

using burned area from active re detectiohsrv5-0; BB emissions are regridded to model resolution and evenly distributed
eup.to 800hPa(Fagerli et al., 2023).



2.3 Sensitivity experiments
The following model experiments were carried out:

1. "BASE": the base run with all emissions included.
110 2. "NBB'" No BB emissions globally.
3. 'NEBB': No European BB emissions anywhere in domain B in Figure 1, including in the UK.

4. "NUBB'": No UK BB emissions within domain C in Figure 1. Note that BB emissions in ROl were retained in this model

run.

5. "NRxBB': No Region x BB emissions, where x refers to the region numbers de ned in Figure 2. For example, 'NR1BB'
115 denotes the model run with no BB emissions in Region 1 of Figure 2. This set of simulations were carried out in the
global domain only, and for 2019 only, because of the computational expense and to provide an estimate of the time
taken for the spin-up of BB-derived species.

The regions 1 to 8 are based on those proposed for perturbation experiments under the "HTAP3 Fires' model intercomparison
project (Whaley et al., 2025), which were derived from the 14 Global Fire Emissions Database (GFED) regions frequently used
120 in re emissions datasets (Giglio et al., 2013). These regions were chosen to allow comparison to experiments carried out under
the "HTAPS3 Fires' project. Some minor changes were made to increase the relevance for the UK.
Concentrations conditional on BB emissions globally were calculated by subtracting the NBB run from the BASE run.

125 model run. Concentrations conditional BB in the UK Werecalculatecby subtractlnghe NUBB modelrun from the BASE

each NRxBB run from the BASE run. Population-weighted concentration means for the UK were calculated following the

methodology described by Reis et al. (2018). Gridded 2021 UK population data were obtained from Carnell et al. (2025)

(Figure Al of Appendix A), which uses data from the 2022 (Scotland) and 2021 (rest of the UK) Censuses and a 2021 Land
130 Cover Map.

2.4 Model evaluation

The EMEP4UK model in its standard con guration is regularly evaluated against measurements and is widely used for air
quality studies (Lin et al., 2017; Ots et al., 2016; Vieno et al., 2016a; Purser et al., 2023; Nemitz et al., 2020; LiSka et al., 2024;
Macintyre et al., 2023a, b). To evaluate the globally nested con guration of the model, the BASE model run was repeated using
135 the standard con guration of EMEP4UK, the setup of which is described in Vieno et al. (2010, 2014, 2016b) and Appendix B.
The globally nested version of EMEP4UK is compared in Appendix B both to the standard con guration of EMEP4UK and
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Figure 2. The eight source regions used for source-receptor experiments with the UK as the receptor region. The legend shows the assignec
numbers. The percentage value superimposed on each source region is the relative contribution made by that region's BB emissions to the
2019 UK annual mean PM conditional on biomass burning. The percentages do not sum to 100% because of contributions from BB

emissions in 2018 and non-linear interactions not captured by these “brute force' model experiments.

to UK supersite measurements, focussing on annual mean Bdmponents. Secondary inorganic and total organic aerosol
components of Pls are generallyerywell represented in the globally nested version, particularly at sites most in uenced by
PM,.5(BB). The major instance of global model overestimation is sea salt, which is not relevant to this study and is linked to
changes made in recent versions of the EMEP MSC-W model edure a larger percentage of the seaugglitt is attributed

to the ne fraction to improve model performance for Continental Europe (Fagerli et al., 2021).

3 Results

UK-Table 1 provides 2019 UK annual mean quantities related tofBB).
Figure 4 provides 2019 UK daily mean time series of the quantities related o, (8B). Total PMy.5 (all sources) is

plotted in Figure 4a (left y-axis), with the contribution of RMBB) in blue andthe remainingeentributionin-grey- andall
othercontributiongto PM,:5 in grey stackecbn top; the right y-axigpurpie)-shewsandpurpleline showthe daily percentage

contribution of PM.5(BB) to total PM.s. Table 1a shows that, on an annual-mean basis,f#BB) contributes 10% to the



Figure 3. The 2019 UK annual mean BM conditional on BB (PM:s (BB)). Values outside the UK af@-coloured grey in order to focus
attention on the areas that contribute to calculations of UK statistics. The bins used in the grey shading align with those in the colour legend
enabling their values to be extrapolated from the latter.

150 2019 UKarea-weighte@nnual mean Plk. This contribution will vary greatly geographically, with the relative contribution

being lower at PMi5s concentration hotspots and higher at background locations.
Figure 4b shows the Ukkrea-weightedaily mean PM;5(BB) in 2019 (blue line), with the 25th to 75th percentile envelope

155

population-weighted annual mean concentrations of.P8B) are 0.99 and 1.1 g n¥ , respectively (Table 1b).
Figure 4c shows the percentage contribution to 2019 UK daily meansPBB) by BB emissions from the UK, the European
domain (de ned in Figure 1) and the global domain. The corresponding contributions of BB emissions to the 2019 UK annual
160 mean PM:s(BB) are 3%, 24% and 73%, respectively (Table 1c).
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Table 1. UK-wide 2019 annual means of the corresponding time series shown in Figure 4a-e. (a) Percentage contributighsofi@M
tional on biomass burning (PM (BB)) and PM:s from all other sources to total Ukrea-weightednnual mean Pk . (b) Area-weighted

o biomass burning 10%
(@) Contribution to total 2019 annual mean PM
other 90%
max 1.3 gm?3
min 0.66 gm?®
(b) UK 2019 annual PMs (BB) 3
mean 0.99 gm
population-weighted mean 1.1 grh
PMz:s (BB) contribution by:
C, excl. ROI 3%
(¢) model domain B, excl. UK 24%
A, excl. domain B 73%
. primary 42%
(d) primary/secondary
secondary 58%
primary organic matter (prim OM) 31%
black carbon (BC) 3%
remaining primary (rem prim) 8%
(e) chemical composition nitrate (NQ, ) 17%
ammonium (NH ) 6%
sulfate (5@ ) 3%
secondary organic matter (sec OM) 32%

Figure 4d apportions the chemical composition of the 2019 UK daily meansFBB) into primary and secondary compo-
nents, with a more detailed chemical composition shown in Figure 4e. The annual mean values corresponding to the quantities
plotted in Figures 4d and e are provided in sections Table 1d and e respectively.

Figure 4f shows the percentage contributions to 2019 UK daily meamsFBB) from BB emissions in the 8 source regions
de ned in Figure 2. The grey colour is the contribution to UK daily mean,RiBB) from BB emissions in 2018 (source-
receptor experiments were only carried out for 2019). This illustrates that long-range impacts of BB on the UK have timescales
of several weeks. A minor contribution to the grey colour also derives from non-linear interactions of BB-related species
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2. The percentages on this gure do not sum to 100% for the two aforementioned reasons in relation to the grey colour in
Figure 4f.
4 Discussion

Annual mean surface concentrations of BjMtonditional on biomass burning (PM(BB)) are considered here because annual
mean surface P is the metric of air pollution associated with the greatest human health burden, and is consequently subject

1760 air quality guidelines and standards.

4.1 The need for global-scale modelling

Data in Table 1c reveal that a majority (73%) of the 2019 UK annual meansFBB) derives from BB emissions outside

insuf cient to capture the full contribution of BB and that a global nesting approach is needed to provide realistic and spatially
and temporally resolved boundary conditions to regional ACTMs in order to accurately capture the very long-range impacts
of BB emissions. These long-range contributions from episodic emissions, such as from BB, would not be accurately captured
through the prescribed boundary conditions of the standard con guration of EMEP4UK.

4.2 Biomass burning contributions to UK PM,.5

In 2019, the annual mean BM|(BB) associated with all BB emissions globally is 0.99 gim(averaged over the UK), which

is a signi cant proportion (10%) of total annual mean UK RMfrom all sources (Table 1). To the authors' knowledge, no other
studies quantify the long-term contributions of the long-range transport of BB globally on Ul Rblallow comparison here.

The equivalent population-weighted BMBB) value associated with all BB emissions globally is 1.1 g*m or 22% of the

WHO PM,.5 annual mean guideline concentration (WHO, 2021). Averaged over the UK and the full year, th&B®BYI
comprises of more secondary aerosol than primary aerosol (58% and 42%, respectively) (Table 1d). The dominant primary
comprises just 3% of Pk (BB) (7% of the primary PMs5(BB)). Within the secondary component of UK annual mean
PM,.5(BB), 55% is SOA and 45% is SIA, the latter dominated by ND; (Table 1e). The enhanced WNO3 formation is

a subtle but important indirect consequence of BB emissions: the BB emissions change global oxidant concentrations which
react with the large anthropogenic emissions ofN@d NH; in the UK (and elsewhere) (Tan et al., 2025). The extent to which

this component is reproduced by a standard regional implementation of a model such as the EMEP MSC-W model depends
on the concentrations of oxidant drivers, such as CO, used as boundary concentrations. The standard setup of the EMEP4UK
model uses prescribed boundary concentrations for CO (with a latitudinal gradient); these long-range chemical in uences are
another reason why a global version of the model is required. Other models such as GEOS-Chem (The International GEOS-






