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Abstract. Open biomass burning impacts air quality through direct emissions of fine particulate matter (PM; 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 PM» s 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 PMj; 5 from global biomass burning activity. Long-range influences are found to be
considerable, with 0.99 uygm—3 of UK-averaged PM; 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 PM> 5 conditional on biomass burning), of which 55 % is organic; the inorganic com-
ponent (mainly ammonium nitrate) derives from increased oxidation of local emissions, which may be mitigated
through local emissions reductions. The PM, s 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.

tion and land-use are increasing their frequency and inten-

Open biomass burning (BB) impacts many fundamental as-
pects 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; Voulgarakis and Field, 2015; Xu et al., 2024). Sources
of BB include prescribed fires, agricultural fires and wild-
fires (UNEP, 2022). Whilst agricultural burning is a major
concern in some areas, globally much attention is focused
on wildfires, as anthropogenic changes in climate, popula-

sity across the globe (UNEP, 2022; Cunningham et al., 2024;
Seydi et al., 2025); for example, climatic factors are linked
to increased wildfires, in the extratropics particularly (Jones
et al., 2024b), while reductions in historic fire management
practices are also linked to increased wildfire 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 diame-
ter of less than 2.5um (PM; s), both directly via primary
PM, 5 emissions and indirectly via the formation of sec-
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ondary PM; 5 (Lim et al., 2019; Ahern et al., 2019; Vakkari
et al., 2014; He et al., 2024; Hodshire et al., 2019; Tan et
al., 2025b). Long-term exposure to PM> 5 is the air pollutant
measure of greatest concern to human health, due to 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 for PM; 5
of 5ugm™— (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 wildfires because agricultural burn-
ing 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 BB to PM> 5 has
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 con-
tributing to PM3 5 in 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 wildfire 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 influence of BB locally and
globally on countries such as the UK in more detail — partic-
ularly in the context of achieving the WHO air quality guide-
line.

BB enhances concentrations of PM» 5 at 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, field 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.
(2025b) demonstrated the role of BB in the long-distance
formation of ammonium nitrate (NH4NO3), a component
of secondary inorganic aerosol (SIA). BB emissions of car-
bon monoxide (CO), NO + NO, (NO,) and volatile organic
compounds (VOCs) perturb the OH + HO, (HO,) cycle at
the global scale, leading to increased local-scale oxidation
of NO, and hence increased NH4NOj3 formation in regions
with high local emissions of anthropogenic NO, and ammo-
nia (NH3). The phrasing “PM; s conditional on BB”, and its
associated short-hand “PM; 5(BB)”, is therefore used in this
paper to refer to PM» 5 and its constituents that are conse-
quent on BB. The terminology “conditional on” emphasises
the fact that some of the mass making up these concentra-
tions does not derive directly from BB emissions, but that
this component of PMj 5 would not exist without the BB
emissions.
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The aim of this study, therefore, is to quantify the local and
long-range, and direct and indirect, impacts of BB on annual
mean PMj 5 in the UK, as an example of a country that is
distant from areas of major BB. The focus is on the cumu-
lative influences on the annual mean, as long-term exposure
to PM> 5 has much greater public health burden than short-
term exposures. Previous work has considered the short-term
impacts on UK air quality of individual wildfire events (Gra-
ham et al., 2020; Witham and Manning, 2007), but to the
authors’ knowledge no studies quantify the long-term contri-
butions of long-range transport of BB globally on UK PM, 5.
It is shown that a global nested model is needed to accurately
account for long-range transport. The results from the 2019
model year (chosen because of the relatively high BB activ-
ity 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 wused a novel, globally nested setup of
the EMEP4UK atmospheric chemistry transport model
(ACTM), consisting of the three domains shown in Fig. 1.
In its standard setup (Vieno et al., 2016b), EMEP4UK op-
erates over the two domains labelled B and C in the figure,
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 accu-
rately account for the transient influences of pollutant trans-
port 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.

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 1° x 1°,
27km x 27km and 3km x 3km for domains A-C respec-
tively. There are 21 vertical layers extending up to 100 hPa.
Reanalysis data from the US National Centers for Environ-
mental Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) Global Forecast System (GFS) and New-
tonian nudging of wind vectors and temperature every 6 h at
1° resolution (Saha et al., 2010) were used. WRF parameter-
isations are as described by Ge et al. (2021).

Model runs were conducted for the year 2019 and in-
cluded a full year of spin-up (2018). Global domain simu-
lations used anthropogenic emissions from the Task Force
on Hemispheric Transport of Air Pollution (HTAP) v3 in-
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Figure 1. Domains of the globally nested configuration of the EMEP4UK model used here: the outer global domain A, an intermediate
European domain B, and an inner domain C covering the UK and ROI. Only domains B and C are used in the standard configuration of

EMEP4UK.

ventory for 2018 (Crippa et al., 2023; HTAP, 2024). The
agricultural waste burning sector was not included to avoid
the double counting of this source of BB emissions. Eu-
ropean domain simulations used 2019 anthropogenic emis-
sions from the Centre for Emission Inventories and Projec-
tions (CEIP) (CEIP, 2021). In the innermost domain, simu-
lations used 2019 anthropogenic emissions from the NAEI
(2021) for the UK and MapElre from the Department of En-
vironmental Science at Aarhus University and the Irish EPA
(2021) for ROI. Emissions of isoprene and other biogenic
VOCs from vegetation, NO, from lightning and soils, ma-
rine dimethyl sulfide (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 thermodynam-
ics are simulated with the EmChem19 chemical scheme
(Bergstrom et al., 2022) and the Model for an Aerosol Re-
acting System (MARS) (Binkowski and Shankar, 1995), re-
spectively. Secondary organic aerosol (SOA) formation, age-
ing 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, IOOOpgm’3 (Ots et al.,
2016; Donahue et al., 2006; Bergstrom et al., 2012). Primary
organic aerosol (POA) is treated as non-volatile and chemi-
cally inert, as is assumed by emissions inventories (Simpson
et al., 2012). The model quantifies dry and wet removal pro-
cesses as described by Simpson et al. (2012), Vieno et al.
(2014), and Ge et al. (2021).

Model output includes hourly gaseous and aerosol con-
centrations for all vertical model layers. The lowest model
layer has a thickness of ~48m, and modelled air pollu-
tant concentrations described here as surface concentrations
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have been adjusted to correspond to 3 m above the surface
(Simpson et al., 2012). PM3 5 is calculated as the sum of the
fine (< 2.5 um diameter) fractions of sulfate (SOi_), nitrate
(NO3'), ammonium (NHI), organic matter (OM), sea salt,
windblown dust, road dust, black carbon (BC), ash and a re-
maining primary component. A water component is not in-
cluded to avoid ambiguity about how much water is associ-
ated with each PM» 5 constituent.

2.2 BB emissions

BB emissions for 2018 and 2019 were obtained from the
Fire INventory from NCAR (FINN) v2.5 dataset, which
uses fire detections from both Moderate Resolution Imag-
ing Spectroradiometer (MODIS) and Visible Infrared Imag-
ing Radiometer Suite (VIIRS) (Wiedinmyer et al., 2023;
UCAR/NCAR/ACOM, 2023). The latter yields fire detec-
tion down to 375 m resolution. FINNV2.5 provides daily esti-
mates of aerosol and trace gas emissions from BB globally at
0.1° x 0.1° resolution, calculated using burned area from ac-
tive fire detections. BB emissions are regridded to model res-
olution and evenly distributed from the surface up to 800 hPa
(Fagerli et al., 2023).

2.3 Sensitivity experiments

The following model experiments were carried out:
1. “BASE”: the base run with all emissions included.
2. “NBB”: no BB emissions globally.

3. “NEBB”: no European BB emissions anywhere in do-
main B in Fig. 1, including in the UK.
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4. “NUBB”: no UK BB emissions within domain C in
Fig. 1. Note that BB emissions in ROI were retained
in this model run.

5. “NRxBB”: no Region x BB emissions, where x refers
to the region numbers defined in Fig. 2. For example,
“NRIBB” denotes the model run with no BB emissions
in Region 1 of Fig. 2. This set of simulations were car-
ried 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 per-
turbation experiments under the “HTAP3 Fires” model in-
tercomparison project (Whaley et al., 2025), which were de-
rived from the 14 Global Fire Emissions Database (GFED)
regions frequently used in fire emissions datasets (Giglio et
al., 2013). These regions were chosen to allow comparison
to experiments carried out under the “HTAP3 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. Concentrations conditional on BB in the European do-
main illustrated in Fig. 1 were calculated by subtracting the
NEBB model run from the BASE model run. Concentrations
conditional on BB in the UK were calculated by subtracting
the NUBB model run from the BASE model run. Concen-
trations conditional on BB emissions in each Region x de-
fined in Fig. 2 were calculated by subtracting each NRxBB
run from the BASE run. Population-weighted concentration
means for the UK were calculated following the methodol-
ogy described by Reis et al. (2018). Gridded 2021 UK popu-
lation data were obtained from Carnell et al. (2025) (Fig. Al
of Appendix A), which uses data from the 2022 (Scotland)
and 2021 (rest of the UK) Censuses and a 2021 Land Cover
Map.

2.4 Model evaluation

The EMEP4UK model in its standard configuration is reg-
ularly 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 configuration of the model, the BASE
model run was repeated using the standard configuration
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 configuration of EMEP4UK and to UK
supersite measurements, focussing on annual mean PM s
components. Secondary inorganic and total organic aerosol
components of PM» 5 are generally well represented in the
globally nested version, particularly at sites most influenced
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by PM; 5(BB). The major instance of global model overes-
timation 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 code, where a larger percentage of the sea
salt uplift is attributed to the fine fraction to improve model
performance for Continental Europe (Fagerli et al., 2021).

3 Results

The 2019 UK annual mean surface distribution of PM» 5 con-
ditional on BB, referred to here as PM; 5(BB), is shown in
Fig. 3. Table 1 provides 2019 UK annual mean quantities re-
lated to PM» 5(BB).

Figure 4 provides 2019 UK daily mean time series of the
quantities related to PM, s(BB). Total PM> 5 (all sources)
is plotted in Fig. 4a (left y axis), with the contribution of
PM; 5(BB) in blue and all other contributions to PM» 5 in
grey stacked on top; the right y axis and purple line show the
daily percentage contribution of PM> 5(BB) to total PM3 5.
Table 1a shows that, on an annual-mean basis, PM, 5(BB)
contributes 10 % to the 2019 UK annual mean PMj 5. This
contribution will vary greatly geographically, with the rela-
tive contribution being lower at PMj3 5 concentration hotspots
and higher at background locations.

Figure 4b shows the UK daily mean PM> 5(BB) in 2019
(blue line), with the 25th to 75th percentile envelope (dark
shading) and the 5th to 95th percentile envelope (light shad-
ing) of the daily mean PM; 5(BB) values across all the model
grid cells over UK landmass. The maximum and minimum
model grid cell annual mean PM; s(BB) concentrations are
1.3 and 0.66 ugm 3, respectively (Table 1b). The UK-wide
annual mean and population-weighted annual mean concen-
trations of PMy 5(BB) are 0.99 and 1.1 ugm™3, respectively
(Table 1b).

Figure 4c shows the percentage contribution to 2019 UK
daily mean PM> 5(BB) by BB emissions from the UK, the
European domain (defined in Fig. 1) and the global domain.
The corresponding contributions of BB emissions from these
three domains to the 2019 UK annual mean PM, 5(BB) are
3%, 24 % and 73 %, respectively (Table 1c).

Figure 4d apportions the chemical composition of the
2019 UK daily mean PM; 5(BB) into primary and secondary
components, with a more detailed chemical composition
shown in Fig. 4e. The annual mean values corresponding to
the quantities plotted in Fig. 4d and e are provided in sections
Table 1d and e respectively.

Figure 4f shows the percentage contributions to 2019 UK
daily mean PM> 5(BB) from BB emissions in the 8 source
regions defined in Fig. 2. The grey colour is the contribu-
tion to UK daily mean PM5 s(BB) 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 contribu-
tion to the grey colour also derives from non-linear interac-
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Region 5

] W2 Em3 4 Es Bmo Emcv 8

Figure 2. The eight source regions used for source-receptor experiments with the UK as the receptor region. The legend shows the assigned
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 PMj 5 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.

PM, 5(BB) (g m™)

- 0.2

0.0

Figure 3. The spatial distribution of 2019 UK annual mean PMj 5 concentrations conditional on BB (PM; 5(BB)). Values outside the UK
are 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.
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Figure 4. Time series of daily mean values (for 2019) of quantities related to UK-average PM; 5(BB), i.e. to PM, 5 conditional on biomass
burning emissions. (a) Left y axis: UK daily mean PM; 5, with the contribution of PM; 5(BB) in blue, and all other contributions in grey
stacked on top; right y axis (purple): percentage contribution of PMj 5(BB) to total PM, 5 (all sources). (b) Daily mean PM; 5(BB), with
shading showing the 25th to 75th and 5th to 95th percentiles of PMj 5(BB) values across all the model grid cells over UK landmass. (c—
f) The percentage contributions to daily mean PM; 5(BB), split by (¢) BB emissions in the UK, the European domain (Fig. 1) and globally,
(d) primary and secondary components, (e) chemical composition (legend abbreviations defined in Table 1), and (f) BB emissions in the
source regions 1-8 defined in Fig. 2. The grey area in panel (f) represents contributions from BB emissions in 2018 and a minor contribution
from non-linear interactions between model experiments. The absolute PM; 5(BB) concentrations shown in panel (b) should be noted when
considering the relative contributions to PM» 5(BB) in panels (¢)—(f) to avoid over-interpretation of contributions to negligible absolute
concentrations.
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Table 1. UK-wide 2019 annual means of the corresponding time series shown in Fig. 4a—e. (a) Percentage contributions of PM, 5 conditional
on biomass burning (PMj 5(BB)) and PM, 5 from all other sources to total UK annual mean PM 5. (b) Annual mean and population-
weighted annual mean PM, 5(BB) concentrations, and the maximum and minimum PM» 5(BB) concentrations across all the model grid
cells over UK landmass. (¢, d, ) Percentage contributions to the UK annual mean PM; 5(BB) concentration split by (c) BB emissions in the
UK, the European model domain and the global model domain (as defined in Fig. 1), (d) primary vs. secondary components, and (e) chemical
composition. Percentage contributions to UK annual mean PMj 5(BB) corresponding to Fig. 4f are shown in Fig. 2.

. biomass burning 10 %
(a) Contribution to total 2019 annual mean PM> 5 other 90 %
max 1.3pug m—3
min 0.66 ug m~3
(b) UK 2019 annual PM, 5(BB) _3
mean 0.99 ugm
population-weighted mean 1.1pg m—3
PM; 5(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 (NOS_ ) 17 %
ammonium (NH‘J{) 6 %
sulfate (SO3 ™) 3%

secondary organic matter (sec OM) 32%

tions of BB-related species not captured by the “brute force”
model experiments — in which all relevant BB emissions are
switched off in a given model perturbation run. The annual
contributions of the BB emissions from each source region
to UK PM; 5(BB) are shown in Fig. 2. The percentages on
this figure do not sum to 100 % for the two aforementioned
reasons in relation to the grey colour in Fig. 4f.

4 Discussion

Annual mean surface concentrations of PM; 5 conditional on
biomass burning (PMj; 5(BB)) are considered here because
annual mean surface PM> 5 is the metric of air pollution as-
sociated with the greatest human health burden, and is con-
sequently subject to 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 mean PM, 5(BB) derives from BB emissions out-
side the EMEP4UK model’s European domain. This clearly
demonstrates that continental-scale modelling is insufficient
to capture the full contribution of BB and that a global nest-
ing 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

https://doi.org/10.5194/acp-26-3973-2026

BB emissions. These long-range contributions from episodic
emissions, such as from BB, would not be accurately cap-
tured through the prescribed boundary conditions of the stan-
dard configuration of EMEP4UK.

4.2 Biomass burning contributions to UK PM> 5

In 2019, the annual mean PMj; 5(BB) associated with all
BB emissions globally is 0.99 uygm™3 (averaged over the
UK), which is a significant proportion (10 %) of total annual
mean UK PM, 5 from all sources (Table 1). To the authors’
knowledge, no other studies quantify the long-term contri-
butions of the long-range transport of BB globally on UK
PMj; s, to allow comparison here. The equivalent population-
weighted PM; 5(BB) value associated with all BB emis-
sions globally is 1.1 pgm™3, or 22% of the WHO PM 5
annual mean guideline concentration (WHO, 2021). Aver-
aged over the UK and the full year, the PM; 5(BB) comprises
of more secondary aerosol than primary aerosol (58 % and
42 %, respectively) (Table 1d). The dominant primary com-
ponent is primary OM, constituting a proportion of 31/42,
or 74 %, of the primary PMj;5(BB). BC from BB emis-
sions comprises just 3 % of PM» 5(BB) (7 % of the primary
PM; 5(BB)). Within the secondary component of UK annual
mean PM; s5(BB), 55 % is SOA and 45 % is SIA, the latter
dominated by NH4NOj3 (Table le). The enhanced NH4NO3

Atmos. Chem. Phys., 26, 3973-3993, 2026
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formation is a subtle but important indirect consequence of
BB emissions: the BB emissions change global oxidant con-
centrations which react with the large anthropogenic emis-
sions of NO, and NH3 in the UK (and elsewhere) (Tan et
al., 2025b). The extent to which this component is repro-
duced 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 concen-
trations. The standard setup of the EMEP4UK model uses
prescribed boundary concentrations for CO (with a latitudi-
nal gradient); these long-range chemical influences are an-
other reason why a global version of the model is required.
Other models such as GEOS-Chem (The International Chem
User Community, 2025; Marvin et al., 2024) and CHIMERE
(Menut et al., 2013; Mazzeo et al., 2022) often pick up their
boundary concentrations from global model outputs, and if
these include BB emissions should take account of this con-
tribution. In contrast to NH4NO3, the model output indicates
that the UK SOA conditional on BB is formed through the
oxidation of pyrogenic VOC emissions, rather than through
oxidation of locally emitted VOCs via a mechanism simi-
lar to that underpinning the BB-induced NH4NOs3 formation
(Tan et al., 2025b).

The above discussion is based on UK averages for the
whole year. The PM; s(BB) concentrations vary spatially
across the UK (Fig. 3) and temporally during the year
(Fig. 4). Largest values of PM> 5(BB) occur in the south-
east (maximum model grid cell annual mean value of
1.3 ugm™3), and lowest values in the northwest (miniumum
grid cell annual mean value of 0.66ugm™3). Meteorology
plays a major role in explaining this southeast-northwest gra-
dient, with the majority of contributions to PM; 5(BB) aris-
ing from BB emissions in Regions 1, 2 and 3 to the east of
the UK (Fig. 2). South, east and central England also have
large anthropogenic emissions of NO, and NH3, as do other
densely populated areas of the UK such as central Scotland
(see Figs. Al and A2 in Appendix A). As a result, SIA for-
mation conditional on BB is particularly enhanced in these
areas (Tan et al., 2025b), which contributes to the southeast-
northwest gradient and to the superposition of spatial patterns
of UK anthropogenic emissions on this gradient.

The greater population-weighted 2019 annual UK mean
PM, 5(BB) of 1.1 uygm~3, compared with the annual mean
PM;5(BB) of 0.99pug m~3, shows that larger absolute
PM, 5(BB) exposures coincide with more densely populated
areas of the UK (see Fig. Al in Appendix A). This is a conse-
quence of both meteorology and higher anthropogenic emis-
sions of NH3 and particularly of NO, in highly populated re-
gions, resulting in enhanced NH4NO3 formation conditional
on BB in the higher populated regions (Tan et al., 2025b).

With respect to the temporal variabilities in BB contri-
butions to UK PM; s, Fig. 4 shows that the colder months
of October to March are generally characterised by low
concentrations of PM» 5(BB) (daily mean values less than
1 ugm™3). For the year of study here — 2019 — this period of
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low PM; 5(BB) concentrations is interspersed with episodes
of higher concentrations in February, March and April, which
can be attributed to sources closer to the UK. Highest
PM, s(BB) concentrations occur during a prolonged episode
in April when daily mean PM> 5(BB) exceeds 5ugm— for
6d and contributes between 13 % and 42 % of daily mean
PM; 5 from all sources. The PM; 5(BB) contribution is su-
perimposed on an already elevated episode of PM» 5 pollu-
tion caused by the easterly air flow conditions that increase
long-range transport of PMj 5 and its precursors from con-
tinental Europe into the UK, together with reducing disper-
sion, as per analyses of previous spring-time episodes (Vieno
et al., 2014, 2016a). Particulate nitrate in particular is of-
ten found to peak in early spring in the UK due to easterly
air flow (Charron et al., 2013; Abdalmogith and Harrison,
2005) and increased agricultural emissions of NH3 at this
time (Vieno et al., 2016a). The majority of the PM, s(BB)
component during this episode is associated with BB in the
model’s European domain (predominantly from eastern Eu-
rope and the western areas of Russia also included in that
domain). Similar episodic peaks in PM, 5(BB) occur at the
end of February and March 2019, with values exceeding
1ugm™3 on 13d, and 2ugm™3 on 5d. Notably, there is a
larger contribution from BB in the UK here, as revealed in
Fig. 4c, as well as contributions from southern Europe in the
February episode. This is consistent with Copernicus Atmo-
sphere Monitoring Service (CAMS) reports of notable BB
activity in the UK, northern Spain, southern France, Portu-
gal and southeastern Europe in February 2019 (Copernicus,
2019).

Although there are no large variations in the proportions of
primary and secondary PM; 5(BB) during the year (Fig. 4d),
there is a notable trend for the secondary component to
consist more of SIA in winter and more of SOA in sum-
mer (Fig. 4e); the lower temperatures in winter shift the
NH4NOj3 equilibrium to the particle phase (Stelson and Sein-
feld, 1982). Figure 4b and d show a tendency for the lowest
concentrations of PM; 5(BB) to have a larger proportion of
secondary aerosol (confirmed by a scatter plot of daily per-
centage secondary contribution vs. daily mean PM; 5(BB),
not shown). This is because PM, 5(BB) concentrations are
lowest when the associated BB sources are further removed
from the UK receptor region, but the longer transport dis-
tances provide more time for secondary chemical transfor-
mations.

The warmer months of May to September are char-
acterised by a continuous period of moderately elevated
PM; 5(BB), with daily mean values ranging between 0.4 and
4.1 ugm™3. The mean (&1 standard deviation) daily value
over this period is 1.44 0.7 ugm™3. This occurs at a time
of lower total PM» 5 concentrations (all sources), resulting
in a contribution of PM; 5(BB) ranging between 6 and 36 %.
In this period, the contribution from SIA is lower due to the
increased NH4NOj3 dissociation constant at warmer temper-
atures (Stelson and Seinfeld, 1982). There is a higher con-
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tribution of SOA relative to the primary component due to
increased oxidation and emission of VOCs at higher temper-
atures and greater sunlight. The majority of this PM; 5(BB) is
attributed to BB outside the model’s European domain, with
larger contributions from Regions 1 (2019 Siberian wildfires;
Bondur et al., 2020; Cho et al., 2025), 3 and 4 of Fig. 2.

The extended period of elevated PM, s(BB) during the
warmer months dominates the annual mean values in Ta-
ble 1. The largest contributions to PM; 5(BB) are ascribed
to BB in Regions 1 (Russia), 2 (Europe), 3 (Asia exclud-
ing Russia) and 4 (boreal North America), with respective
contributions of 43 %, 19 %, 15 % and 11 % (Fig. 2). Only
3 % is attributed to BB within the UK. Southern hemispheric
BB makes negligible contribution to UK PM; 5(BB) (< 2 %).
Approximately 5 % of PMj 5(BB) is attributed to BB in the
previous year (2018), for which the NRxBB experiments
were not performed due to the computational expense in-
volved. However, whilst its geographic origin has not been
identified, it provides useful information about the spin-up
time of BB-related species, which Fig. 4f shows is approxi-
mately 3 months. Although only global model runs were used
for the NRxBB experiments — and therefore the exact per-
centages shown in Fig. 2 would likely differ slightly if these
had been followed by additional European and UK nesting —
these experiments nevertheless provide a good indication of
the relative contribution of BB emissions in Regions 1-8 to
UK PM; 5(BB) values.

4.3 Biomass burning contributions in 2019 compared to
other years

Figure 5a compares the annual total global BB emissions
of PM; 5 for 2019, split by Regions 1-8 (Fig. 2), with the
emissions from all other years from 2012 to 2023 accord-
ing to the FINNv2.5 dataset. The spatial distribution of BB
emissions for 2019 is shown in Fig. C1 in Appendix C. Al-
though 2019 has the highest global emissions in the 2012—
2023 period, this is driven by anomalously high emissions in
the southern hemisphere (especially Region 8 of Fig. 2 — the
Australian “Black Summer” of 2019-2020; Davey and Sarre,
2020; Zhang et al., 2020), which our modelling shows do not
impact the UK.

Figure 5b provides an estimate of how much PMj 5 in the
UK would likewise have been conditional on BB emissions
from each Region 1-8 in each of the other years from 2012
to 2023, based on the assumption that the source-receptor
relationships calculated for 2019 are applicable also to the
other years. Annual BB emissions of PMj; 5 from each re-
gion were weighted according to the impact of the 2019 BB
emissions from that region on UK PM; 5(BB) in 2019, us-
ing the following method. First, the multiplication factor re-
quired to convert the 2019 BB emissions of PM> 5 (Fig. 5a)
into the UK 2019 annual mean PM; 5(BB) for Regions 1-
8 was calculated. This was applied to the annual BB emis-
sions of PM» 5 for 2012 to 2023 to give the corresponding
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values in Fig. 5b. The component attributed to BB in the pre-
vious year (grey stack in Fig. 5b) was obtained by calculating
a separate multiplication factor, relating the component of
2019 UK annual mean PM; 5(BB) attributed to BB in 2018
(grey stack in the 2019 bar in Fig. 5b) with the estimated UK
annual mean PM> 5(BB) for 2018 (excluding the remaining
component from 2017) (non-grey stacks in the 2018 bar in
Fig. 5b). This factor was then applied to each year, n — 1, be-
tween 2012 and 2022, to give the component of UK annual
mean PM» s(BB) in year n attributed to BB in year n — 1.
The value for the year 2012 is an average of the years 2013—
2023, as this is the earliest year for which the BB emissions
data used here were available.

This methodology makes the assumptions that: (i) most
importantly, annual source-receptor relationships hold across
each year, i.e. the combination of the locations and times of
the BB emissions and the long-range meteorological trans-
port in other years is similar to that in 2019; (ii) emissions
of other species from BB, for example CO, are proportional
to the trends in PMj 5 emissions; (iii) anthropogenic emis-
sions remain sufficiently similar across the time period that
variations in oxidant fields and secondary aerosol formation
depend principally on changes in magnitudes of BB emis-
sions.

Whilst the values in Fig. 5b include these assumptions,
the figure provides an indication of the contributions of BB
emissions globally to UK PM5 5 in all these other years with-
out running an unfeasibly large number of sensitivity exper-
iments. The 2023 estimate for Region 4 (0.5pugm™>) can
be validated by comparison to literature values of European
PM; s exposure from the 2023 Canadian wildfires (Zhang
et al., 2025). It is within the 95 % confidence interval of
0.32-0.50 uygm—3, providing confidence that the assumptions
made here are not unreasonable.

The mean contribution calculated across these years is
0.87 +0.17 ugm™3, where the uncertainty range is the asso-
ciated standard deviation of the annual values. This weight-
ing method suggests that 2019 is not an exceptional year for
UK PM, 5(BB) (within 1 standard deviation of the mean), de-
spite this year having high BB emissions globally. This is
because inter-annual variability of UK PM» s(BB) is domi-
nated by variability in northern hemispheric BB emissions,
particularly Regions 1, 2 and 4 (Fig. 2), which are not excep-
tionally high in 2019. The contribution of BB in Region 4
(boreal North America), in particular, is expected to be sig-
nificantly larger in recent years, with intense wildfire activity
in 2023 (Jones et al., 2024a; Zhang et al., 2025), 2024 and
2025 (Kelley et al., 2025).

4.4 Study caveats

This study uses a single model — a novel, globally nested ver-
sion of the EMEP4UK model. Model output will vary with
the associated chemical and deposition schemes and meteo-
rological model used, and the spatial resolution of the global
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Figure 5. (a) The contributions from Regions 1-8 to annual global BB emissions of PM, 5 from 2012 to 2023, using data from FINNv2.5
(Wiedinmyer et al., 2023). Regions are defined in Fig. 2. (b) An estimate of the contributions of the source region emissions shown in panel (a)
to UK annual mean PMj 5(BB) in 2012 to 2023, using 2019 as a reference year. The methodology and its assumptions are described in the
main text. The bar for 2019 in panel (b) shows the absolute annual means corresponding to the relative contributions shown in Fig. 4f.

model run. It will also vary with the choice of anthropogenic
and BB emissions datasets (which may have different spa-
tial patterns, timings and magnitudes of emissions). For ex-
ample, FINNv2.5 has generally larger emissions than other
BB datasets (Wiedinmyer et al., 2023) such as FINNvl.5
(Wiedinmyer et al., 2011), GFED4 (Giglio et al., 2013) or
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Global Fire Assimilation System (GFAS)v1.2 (Kaiser et al.,
2012). Choice of the BB emissions dispersion scheme is also
an important factor, particularly on a regional scale, though
this has been found to be less important when considering
long-range transport and longer time-scales (Whaley et al.,
2025; Field et al., 2024), as are being considered in this
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work. These caveats apply to any similar study using an at-
mospheric model.

The comparison between modelled and measured PM> 5
components for the model setup used here is discussed in
Appendix B. Although, on an annual-mean scale the model
overestimates total PM» s compared to measurements, the
predominant contributor to this is the overestimation of sea
salt, which has no influence on this study. It is not pos-
sible directly to validate model results of PM, s(BB) and
its components because measurement-based source appor-
tionment approaches cannot distinguish between domestic
wood burning and open BB, as their levoglucosan and potas-
sium marker compounds are common to both sources. Mea-
surements also cannot distinguish the portion of inorganic
NH4NOj3 that depends on the BB impact on atmospheric ox-
idants. This illustrates the advantages of using ACTMs to re-
veal the complex relationship between source and receptor
regions which measurements alone cannot.

While the specific numerical values of model output
presented here are inevitably subject to much uncertainty,
the use of a long-standing and well-validated ACTM and
internationally-accepted input datasets provides confidence
that these findings are broadly correct.

5 Conclusions

This study has highlighted that BB emissions can have sig-
nificant impact on annual mean surface PMj 5 in locations
such as the UK, that are generally well removed from the
main regions of BB. The 2019 UK annual mean PM, 5(BB)
of ~1ugm™3 is highly policy relevant since it constitutes
10 % of the annual mean total PM, 5 concentration, and 20 %
of the Sug m~3 WHO guideline value for PMjy 5 (WHO,
2021). The impact of BB emissions therefore needs to be
considered when seeking to reduce PM» 5 concentrations to-
wards the WHO guideline value. Since 97 % and 73 % of
UK PM; 5(BB) are respectively associated with BB emis-
sions outside the UK and outside the European model do-
main (Table 1c and Fig. 1), it may appear at first sight that
most of the PM; 5(BB) lies outside national, and even Euro-
pean, policy control. However, reducing local anthropogenic
NH3 and NO, emissions may contribute to mitigation of the
SIA component conditional on BB emissions (which, for the
UK in 2019, constituted 26 % of PM; 5(BB), see Table 1le).
These long-range impacts of BB can only be fully revealed
with models that simulate atmospheric chemistry and trans-
port processes at the global scale (or at least at the scale of
the relevant northern or southern hemisphere). The need for
a global-scale approach is particularly important when con-
sidering components of PM» s(BB) that cannot be identified
as a consequence of BB using measurements alone, for ex-
ample the NH4NO3 conditional on BB emissions that are a
long distance from the receptor location (Tan et al., 2025b).
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The influence of PM3 5(BB) is likely to become relatively
more important as nations seek to reduce local anthropogenic
emissions, such that smaller transboundary contributions to
PM; s pollution become more relevant. The proportion of
PMj; 5 in UK and Europe that is conditional on BB emissions
is also likely to increase in future because literature sug-
gests that this region will experience increases in wildfire fre-
quency, magnitude and intensity (UNEP, 2022; Fernandez-
Anez et al., 2021; Perry et al., 2022; Arnell et al., 2021; Bur-
ton et al., 2025; Albertson et al., 2010), whilst conventional
anthropogenic sources will likely remain static or decrease
further. (It remains unclear, however, if, or to what extent,
any potential associated reductions in the SIA component
conditional on BB may mitigate the increase in the non-SIA
component.) There is indication that extratropical wildfires,
which this study has shown to dominate the BB impacts on
the UK, are particularly strongly influenced by climatic fac-
tors compared with human activity (Jones et al., 2024b; Cun-
ningham et al., 2024; Garroussi et al., 2024; Xie et al., 2022).
This provides additional impetus for limiting climate change.

Appendix A: UK population and emissions

A1 UK population map

Figure Al shows the gridded 1km x 1 km UK population
map from Carnell et al. (2025), which uses data from the
2022 (Scotland) and 2021 (rest of the UK) Censuses and a
2021 Land Cover Map. This population data was used to cal-
culate the population-weighted mean of PM5 5 conditional
on biomass burning (PM> 5(BB)) in Table 1 in the main text.

A2 UK emissions and related concentrations

Figure A2 shows maps of total annual emissions from all
sources of (a) NO, and (b) NH3 used in the model’s domain
C, and the model simulated annual mean surface concentra-
tions of (c) NO, and (d) NH3. These maps confirm that areas
of largest PM» 5(BB) concentrations in the UK correspond
to areas of large NO, and NH3 emissions. This is because of
the localised contribution of in situ NH4NO3 formation con-
ditional on changes in oxidant concentrations brought about
by BB emissions (Tan et al., 2025b).
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Figure A1. Gridded 2021 UK population data obtained from Carnell et al. (2025), which uses data from the 2022 (Scotland) and 2021 (rest
of the UK) Censuses and a 2021 Land Cover Map.
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Figure A2. Total 2019 annual emissions (all sources) of (a) NOy and (b) NH3 used in the BASE model run over domain C, and the resultant

2019 annual mean surface concentrations of (¢) NO, and (d) NH3.

Appendix B: The globally nested EMEP4UK model

EMEP4UK is a UK application of the EMEP MSC-W Eu-
lerian ACTM (Simpson et al., 2012). In its standard config-
uration, EMEP4UK operates over the two domains labelled
B (199 x 169 grid cells) and C (369 x 447 grid cells) in Fig. 1
of the main paper. It utilises prescribed initial and bound-
ary conditions for long-lived species, as described by Simp-
son et al. (2012). These derive from simple functions that
vary with altitude, time, and in some cases with latitude.
They apply to many components of PMj 5 such as SO?[,
NOj, NHI and sea salt, as well as species which influence
PM3 5 components such as some VOCs, CO, NO,, nitric acid
(HNO3) and peroxyacyl nitrate (PAN). These boundary con-
dition concentrations vary sinusoidally with time, and their
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magnitudes decay exponentially with height down to a min-
imum value. Ozone (O3) is treated differently, using the
“Mace-Head correction”: climatological O3 data are adjusted
to measurements at the Mace Head measuring station on the
west coast of Ireland. Adjustments are made to all prescribed
boundary conditions to account for long-term trends.

This study uses a different setup for the initial and bound-
ary conditions of domain B, with the introduction of an addi-
tional global model run (domain A in Fig. 1 of the main text).
This provides boundary conditions for domain B which are
based on 2019 BB emissions and the 2019 meteorological
year. Initial conditions are provided by running the model
over domain A for the previous year (2018) to allow for the
spin-up of long-lived species. This setup is required when
considering the impact of BB emissions, as the majority of
BB occurs outside the standard EMEP4UK domains (see

Atmos. Chem. Phys., 26, 3973-3993, 2026



3986

Fig. 5 in the main text), and the initial and boundary con-
ditions of the standard EMEP4UK setup cannot capture the
highly episodic nature of these emissions.

Figure B1 compares the 2019 annual mean concentra-
tions of the SOi_, NO3, NHI, BC, organic matter (OM),
dust and sea salt components of PM> 5, from the standard
(left bar) and globally nested (middle bar) model setups,
and from measurements (right bar), at the (a) Auchencorth
Moss, (b) London Honor Oak Park, and (c) Chilbolton Ob-
servatory sites. The locations of these sites are shown in
the bottom right panel of the figure. Auchencorth Moss and
Chilbolton Observatory are rural background sites, whilst
London Honor Oak Park is an urban background site. These
are the only background sites in the UK at which the ma-
jority of the components of PM; s are measured simultane-
ously. Only background sites were chosen to assess the per-
formance of long-range transport for both model setups be-
cause sites near to sources contributing to PM» 5 concentra-
tions show strong spatial gradients that cannot be resolved by
regional ACTMs. Sites (b) and (c) are located in the part of
the UK that is most strongly influenced by PM> 5 conditional
on BB (see Fig. 3 of the main text). Measurements were
taken from the UK Air data archive (DEFRA, 2025), using all
available measurements for a given component to calculate
a “best possible” annual mean concentration for that com-
ponent at that site. Site (b) did not have BC measurements
for 2019, so this component has been omitted in all bars of
Fig. B1b to allow a like-for-like comparison. Both measure-
ments (where available) and modelling agree that concentra-
tions of BC are small in comparison to the concentrations of
other components considered here.

OM at sites (a) and (c) was calculated from measurements
of organic carbon by transmittance, using a rural background
organic mass upscaling factor of 2.1 (Font et al., 2024). A
conversion factor was not required for site (b), as this site has
an Aerosol Chemical Speciation Monitor (ACSM) that pro-
vides concentrations of OM directly. The measured sea salt
concentration was calculated from measurements of sodium
(Na*) in PM, s, using known mass ratios to sea salt and
its ionic components (Seinfeld and Pandis, 2016; Twigg et
al., 2015). Values for measured dust were derived by scaling
measured calcium (Ca®t) concentrations under the arbitrary
assumption that dust comprises one-third calcium carbonate.
There were no measurements of crustal elements such as Fe,
Al, Si and Ti with which to attempt a more sophisticated esti-
mation of dust concentrations. The uncertainty in quantifying
a measured dust component is not important, however, since
Fig. B1 shows that both modelling and measurement agree
that dust is a minor component of PM3 5 at these sites. In ad-
dition to all the uncertainties inherent in the methodologies
used to derive the modelled and measured concentrations for
each of these components, any model-measurement compar-
ison is also subject to uncertainties associated with incom-
plete temporal coverage in the measurements and compar-
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ison between a point measurement and a 3km x 3 km grid
average.

Figure B1 shows that the major components at each
site are the secondary inorganic components (SOZ_, NO5,
NHI), OM and sea salt. Although at first glance it appears
that the globally nested version of EMEP4UK overestimates
compared to measurements, the majority of the overestima-
tion lies within the sea salt component (for all three sites), as
well as the contribution from OM at site (a). The percentage
overestimations of the modelled estimates of sea salt com-
pared with the measurements at the three sites are (a) 109 %,
(b) 193 % and (c) 44 %. This overestimation of sea salt for
UK sites is due to changes made in recent versions of the
EMEP MSC-W model code to attribute a larger percentage
of the sea salt to the fine particulate matter fraction (Fagerli
et al., 2021). This was done to improve model performance
over Continental Europe, a long way from the sea, but has
had the consequence of increasing modelled concentrations
of sea salt over the UK, situated on the edge of the Atlantic
Ocean and experiencing predominantly westerly air flow. In
contrast, the global model inorganic components generally
compare very well with the measurements, with percentage
differences of (a) 36 %, (b) 10% and (¢) —1 %. The OM
component derived using the globally nested model com-
pares well at sites (b) and (c), with percentage differences
of 6 % and 10 % respectively, but is overestimated at site (a)
by 121 %.

The standard configuration of EMEP4UK generally under-
estimates somewhat compared to measurements at all three
sites, with the exception of the sea salt component; for the
same reasons as for the globally nested setup of the model,
sea salt is overestimated at sites (a) and (b) by 38 % and 81 %,
respectively. The sea salt overestimation is smaller in this
model setup because of the lower amount of ocean surface
contained within the standard configuration of EMEP4UK,
especially for the southwest wind direction which tends to
be associated with the largest wind speeds and sea salt con-
centrations. There is good agreement for sea salt at site (c)
with a model-measurement difference of —12 %. The OM in
the standard model configuration compares well with mea-
surements at site (a) with a percentage difference of —6 %,
but underestimates at the other sites with percentage differ-
ences of —45 % at site (b) and —49 % at site (c) (these are
the two sites most influenced by PMj 5 conditional on BB).
This is explained by the standard model’s failure to capture
OM from very long-range transport which originates from
beyond model domain B and is also not accounted for in
the boundary concentrations. On the other hand, the inor-
ganic components are again well represented by the standard
configuration of the model, with percentage differences of
7%, —11 % and —20 % at sites (a), (b) and (c) respectively.
This indicates that, in general, long-range transport of SIA
from outside model domain B is less of an issue due to its
shorter atmospheric lifetime. The standard model setup will
not, however, accurately capture the SIA component condi-
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Figure B1. Comparison between modelled and measurement-derived SOi_, NO3, NHI, BC, OM, dust and sea salt components of PM, 5 at
(a) Auchencorth Moss, (b) London Honor Oak Park and (c) Chilbolton Observatory measurement sites. Sites (a) and (c) are rural background
sites, site (b) is an urban background site. Site locations are shown in the bottom right panel. The left and middle bar of each panel show the
2019 annual modelled mean concentrations calculated using the standard and globally nested configurations of EMEP4UK, respectively, for
the model grid containing the measurement site. The concentrations for each component in the right bar are the averages calculated using all
available measurements in 2019 for that component at that site. Measurements were taken from the UK Air data archive (DEFRA, 2025).
There were no measurements of BC at site (b) in 2019, so BC has also been omitted from the modelled data at this site.

tional on BB, which is dependent on the long-range transport
of oxidant drivers emitted by BB, but any underestimation is
within the range of uncertainty associated with this model-
measurement comparison.
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Appendix C: Biomass burning emissions

The global distribution of annual BB emissions of PMj 5 for
2019, as estimated by FINNv2.5 (Wiedinmyer et al., 2023),
are plotted in Fig. C1. The map highlights Central and South
America, Central Africa, Siberia, Southeast Asia, and south-
eastern Australia as regions with large BB emissions. The
FINNV2.5 dataset is the source of the data plotted in Fig. 5a
in the main text.
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Figure C1. The spatial distribution of 2019 global BB PM; 5 emissions as reported in the FINNv2.5 dataset (Wiedinmyer et al., 2023).
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