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Changes in atmospheric oxidants
teleconnect biomass burning and
ammonium nitrate formation
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Open biomass burning has majorimpacts on the Earth system, including on air quality via the emission
of primary fine particulate matter (PM, s). Its effect on secondary inorganic PM, 5 formation is
comparatively little investigated. Simulations with the EMEP MSC-W WRF atmospheric chemistry
transport model reveal that global biomass burning emissions lead to elevated annual mean
ammonium nitrate (NH4NO3) concentrations in densely populated regions where biomass burning
mostly does not occur. These regions include eastern USA, northwestern Europe, the Indo-Gangetic
Plain and eastern China, where NH4;NO3; conditional on biomass burning emissions constitutes
between 29% and 51% of the annual mean PM, 5 conditional on biomass burning emissions. Biomass
burning emissions of CO, NO, (NO and NO,) and volatile organic compounds perturb the HO, (OH and
HO,) cycle globally, such that there is increased oxidation of anthropogenic NO, to HNOs. This results
in additional contributions to local-scale secondary NH4;NOs in areas with high emissions of
anthropogenic NO, and NH3. These teleconnections increase, by up to afactor of two, the contribution
of biomass burning emissions to long-term PM, 5 concentrations, which measurements alone cannot

identify as an impact of biomass burning activity. This may become relatively more important as
anthropogenic sources of PM, 5 are reduced and as the wildfire component of biomass burning

increases under climate change.

Wildfires and other forms of open biomass burning impact many facets of
the Earth system, from radiative forcing and biodiversity, to air pollution
and human health'~. Wildfires, in particular, are an increasingly important
influence on atmospheric composition. These are likely to increase in fre-
quency, magnitude and intensity as a consequence of changes in climate and
other factors such as population and land-use. Changes in their spatio-
temporal patterns are also expected"*”,

Here we use the terminology open biomass burning (BB) to refer to
wildfires, prescribed fires and agricultural fires collectively. BB emits a range
of trace gases, including carbon monoxide (CO), NO + NO, (NO,) and
ammonia (NH;)®. Of particular relevance to human health, BB is also a
major source of particulate matter with an aerodynamic diameter of less
than 2.5 pm (PM, 5). Due to its relatively short atmospheric lifetime (days to
weeks), pyrogenic primary PM, s is most abundant close to its source
regions, typically on a scale of several hundred kilometres. This has been well
explored on global and regional scales as part of fire inventories” '’ and
modelling and observational studies"*''. However, the formation of

secondary PM, 5 as a result of BB emissions — particularly in the context of
air quality — is considerably less well investigated. As nations strive to
comply with more stringent PM, 5 targets, including aspirations to the
WHO annual mean guideline'” of 5 pg m”, the relative importance of BB-
derived secondary PM, s is increasing.

Most studies on the influence of BB on secondary PM, 5 have focused
on the formation of secondary organic aerosol"’, which can be estimated
using marker compounds such as levoglucosan and potassium, or via
aerosol mass spectra or optical properties''>'*'*. Our focus here is on the
influence of BB on secondary inorganic ammonium nitrate (NH,NO;)
aerosol, which measurements cannot directly quantify. Previous work has
tended to consider this only as part of case studies of individual BB events.
For example, using in situ measurements and back-trajectory modelling of
an episode of wildfire smoke reaching Athens in 2010, Diapouli et al. found
elevated secondary inorganic aerosols, including a 0.26 pg m™ increase in
NH,NO;". In modelling studies, Xing et al. found that BB-derived
NH,NOj; contributed 32% and 78% to the total BB-derived PM, 5 in
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Fig. 1 | A simplified schematic of the HOx cycle in the context of BB emissions.

Yunnan Province, China, and other downwind areas respectively, during a
2015 episode of BB in peninsular Southeast Asia™’; and Agarwal et al. found a
5—50% NH,4NOj; contribution to BB-derived PM, 5 during a 2016 pollution
episode in the middle Indo-Gangetic Plain*'.

Central to the formation of secondary PM, s is the OH + HO, (HO,)
cycle. Figure 1 shows a simplified schematic of the cycle relevant to the
chemistry of BB emissions investigated here. BB primarily impacts the HO,,
cycle via emissions of CO, volatile organic compounds (VOCs) and NO,,
through Reactions (1), (2) and (3), respectively. (In Reaction (2), VOCs are
represented generically as RH, with R’ being a hydrocarbon intermediate
with one less carbon than R.)

0,
CO + OH = CO, + HO, 1
RH + OH—% — R’ 4+ CO, + HO, ()
HO, + NO — NO, + OH 3)

Changes in HO,, impact the oxidation of many compounds, including that
of NO, to nitric acid (HNOj3) (Reaction (4)), which in turn impacts on the
formation of NH,NO; (Reaction (5)).

OH + NO, -5 HNO, )

HNO, + NH, =NH,NO, (5)

The impact of BB on HO,, abundances has received only occasional
previous attention, and again only in the context of episodes. In a modelling
study of the 1997 Indonesian wildfires, Duncan et al. reported a net
reduction in hydroxyl (OH) radical over the tropical Indian Ocean, pri-
marily due to removal via CO”. Whilst the importance of this for sub-
sequent tropospheric chemistry was identified, it was not elaborated on
further.

Consequently, the aim of this study was to investigate the distribution
and chemical drivers for the BB-induced formation of NH,NO; globally,
and on an annual-mean basis given that the health burden of exposure to
PM, 5 is dominated by its long-term concentrations rather than by episodes.
We reveal the unexpected outcome that BB can enhance levels of NH,NO;
in densely populated areas considerably distant from locations of BB.

Results and discussion

BB, PM s and NH;NO;

The four panels of Fig. 2 show the 2019 global annual mean surface dis-
tributions of:

(a) PM, 5(BB): the concentration of PM, 5 conditional on BB emissions.

(b) PM, 5(BB)/PM, 5: the fraction of total PM, 5 (from all sources) that is
conditional on BB emissions.

(¢) NH4NO;(BB): the concentration of fine NH,NOj; conditional on BB
emissions.

(d) NH,NO;(BB)/PM, 5(BB): the fractional contribution of fine NH,NO;
conditional on BB, with respect to the concentration of PM,5
conditional on BB.

We use the phrasing “conditional on BB emissions” to emphasise that
these are aerosol components that would not exist without the BB but which
do not all derive directly from BB emissions.

The black rectangles in each panel of Fig. 2 demarcate four regions of
interest over (A) eastern USA, (B) northwestern Europe, (C) the Indo-
Gangetic Plain and (D) eastern China. The bounding coordinates and
surface area enclosed are listed in Supplementary Table C2. The selection of
these boxes is based on the spatial pattern observed in panel (d) and are used
simply to provide indicative average values for the magnitude of BB-derived
contributions to secondary inorganic PM, s surface concentrations over
locations of higher population density. As panels (c, d) show, the largest
contributions occur almost exclusively in the northern hemisphere. The
means, maxima and minima of the variable values across each region are
summarised in Supplementary Table C3.

Panels (a, b) of Fig. 2 highlight that BB activity in areas of western
Canada and Alaska, Central and South America, Central Africa, Siberia,
Southeast Asia and southeastern Australia made large contributions to
annual mean surface PM, 5 in 2019. This is consistent with the areas of high
BB emissions in 2019 shown in Supplementary Fig. A3. The concentrations
of PM, 5 conditional on BB in regions A-D on an annual mean basis range
between 1.2 ygm™ in region A and 3.1 ugm™ in region C, but are much
larger during individual pollution episodes”. The contribution of PM, 5
conditional on BB to total PM, s, again on an annual mean basis, ranges from
3.5% in region D to 8.7% in region B. Whilst these values are relatively small,
processes conditional on BB nevertheless contribute an important propor-
tion of PM, 5 when considering the need to reduce PM, 5 towards the WHO
2021 annual PM, 5 guideline value'” of 5 ug m™. As nations implement more
stringent air quality mitigation, the relative importance of PM, 5 conditional
on BB will increase, much of which is outside national policy control.

Panels (c, d) demonstrate that NH,NO;(BB) can be a major secondary
component of PM, 5(BB) but has a very different global spatial pattern
compared to panels (a, b). Regions A-D stand out in particular, with
NH,NOj; contributing 29%, 51%, 36% and 47% respectively, to the total
PM, 5 enhancement conditional on BB (PM, 5(BB)). (In all these regions the
other major components of PM, 5(BB) are primary and secondary organic
matter).

Our mean values for the contribution of NH,NOj; conditional on BB to
PM, 5(BB) over regions A-D are similar to the percentages reported by Xing
et al”’ and Agarwal et al.”". However, it must be remembered that these
authors investigate short pollution episodes linked to relatively local agri-
cultural burning, whereas we present annual averages and include the
impacts of BB at large distances from sources and occurring through dif-
ferent processes.

Both the spatial pattern and the magnitude of this secondary inorganic
component of PM, s conditional on BB is unexpected, particularly as
regions A, B and D are not areas of large-scale fire activity (see Supple-
mentary Fig. A3). We now explore the chemistry associated with these long-
range effects of BB emissions.

BB and HO,
Figure 3 shows the changes in 2019 annual mean surface concentrations of
the OH and hydroperoxyl (HO,) radicals attributed to all BB emissions
(column 1), NO,, emitted from BB (column 2), CO emitted from BB (col-
umn 3) and VOCs emitted from BB (column 4).

Figure 3a shows that BB emissions lead to both decreases (blue colours)
and increases (red colours) in annual mean surface OH concentrations. The
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Fig. 2 | 2019 annual mean surface PM, 5 concentrations conditional on BB.

a PM, 5(BB), the concentration of PM, 5 conditional on BB emissions. b The per-
centage contribution to total PM, 5 (from all sources) of PM, 5 conditional on BB.
¢ NH,NO;(BB), the concentration of fine NH,NOj; conditional on BB emissions.
d The percentage contribution of fine NH,NO; conditional on BB to PM, 5(BB). The
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numbers on each panel are the mean values (in the units of the relevant legend) for
the black rectangles positioned over high population areas in (A) eastern USA, (B)
northwestern Europe, (C) the Indo-Gangetic Plain, and (D) eastern China (see
Tables C2 and C3 for details).

decreases occur particularly over the oceans, and the increases occur over
areas associated with large-scale BB (see map in Supplementary Fig. A3) and
the highlighted regions B-D.

The decreases in OH surface concentrations due to BB are largely
explained by the impact of pyrogenic CO on OH shown in Fig. 3¢, in which
pyrogenic CO converts OH to HO, via Reaction (1). The resultant increase
in HO, is shown in Fig. 3g. This reaction dominates over the oceans, par-
ticularly shipping lanes, and illustrates the long-range impact of BB emis-
sions on HO, that is consequent on the relatively long lifetime (months) of
CO. This is consistent with the > 20% reduction in OH over the tropical
Indian Ocean through reaction with CO from BB and other BB-related
mechanisms reported by Duncan et al.””. In some areas, for example over
shipping lanes and large areas of the northern hemisphere, pyrogenic VOCs
also contribute to this reduction in OH via Reaction (2). This is shown in
Fig. 3d, with the resultant increase in HO, in Fig. 3h.

The increased OH surface concentrations shown in Fig. 3a are explained
by the cumulative effect of pyrogenic NO,, pyrogenic CO and pyrogenic
VOCs in high NO, areas (see maps of NO, emissions and concentrations in
Supplementary Fig. A2). The impact of pyrogenic NO, on OH is shown in
Fig. 3b, and is due to the reaction between BB emissions of NO and HO, to
form OH (Reaction (3)). Since atmospheric NO, itself has a relatively short
lifetime (hours to days), this effect is particularly evident in areas of high BB

emissions. However, pyrogenic NO,, can be transported via other species
such as peroxyacyl nitrate (PAN)> (see Supplementary Fig. C8), leading to
the BB-induced increases in OH distant from active fire regions.

In areas closer to substantial fire activity (see Supplementary Fig. A3),
increases in HO, concentrations occur as shown in Fig. 3f. This can be
explained by pyrogenic NO, causing increased production of photo-
chemical ozone (Os) and OH (solid grey arrow in Fig. 1), which in turn
increases the oxidation of OH to HO,. Elevated levels of OH in fresh wildfire
plumes have also been ascribed to the emissions of nitrous acid (HONO)
during BB*; however BB-derived HONO emissions were not included in
these simulations. Together with the increase in HO, shown in Fig. 3gand h,
this leads to an overall increase in BB-associated HO,, as shown in Fig. 3e.

There is also a contribution of pyrogenic CO and pyrogenic VOCs to
OH concentrations over high NO, areas like regions A-D (Fig. 3cand d). The
conversion of HO, to OH (Reaction (3)) in high NO, regimes occurs faster
than the conversion of OH to HO, (Reactions (1) and (2)), leading to the
increase in OH despite the presence of pyrogenic CO and pyrogenic VOCs.

The above cumulative effect explains the majority of the change in OH
concentrations caused by BB emissions shown over regions A-D in Fig. 3a.
However, NO,, CO and VOCs are intrinsically linked through the HO,
cycle, leading to non-linear interactions that the simple BASE - NBBNOx,
BASE - NBBCO and BASE - NBBVOC calculations cannot account for; i.e.
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Fig. 3 | 2019 annual mean changes in surface HO, concentrations conditional on
BB. Surface concentrations of OH (a-d) and HO, (e-h) attributed to all open

biomass burning (BB) emissions (a, e), NO, emitted from BB (b, f), CO emitted from
BB (¢, 8),and VOCs emitted from BB (d, h). The columns were calculated via BASE -

NBB, BASE - NBBNOx, BASE - NBBCO and BASE - NBBVOC respectively. The
four black rectangles are positioned over the same high population areas in eastern
USA, northwestern Europe, the Indo-Gangetic Plain, and eastern China shown in
Fig. 2.

superimposing panels (b-d) does not exactly reproduce panel (a). For
example, HO, produced via pyrogenic CO and VOCs can react with
pyrogenic nitric oxide (NO) as in Reaction (3), further enhancing the
production of OH attributed to BB. This is not observed in panels (b-d) as it
requires the presence of both pyrogenic CO and/or VOCs and pyro-
genic NO,.

From HO, to NH;NO3

Figure 3 shows that BB emissions lead to a global increase in HO, surface
concentrations, while OH surface concentrations generally decrease (with
the exceptions already highlighted). As the changes in HO, surface con-
centrations due to BB emissions are around two orders of magnitude greater
than those in OH, the net effect of BB emissions is to increase surface HO,
concentrations everywhere, as shown in Fig. 4a.

A distinction must again be made between regions with high BB
emissions (see Supplementary Fig. A3) and regions of high anthropogenic
NO, and NH; emissions such as the highlighted regions A-D (see Sup-
plementary Fig. A2). These are considered separately.

Over areas with substantial BB activity, Fig. 4b shows that BB causes a
net increase in NO, concentrations due to the direct NO, emissions from
the BB. Some of these direct BB emissions of NO, are oxidised to form
HNO; (Reaction (4)), as shown in Fig. 4c. Ammonia is also directly emitted
from BB, as Fig. 4d confirms.

Conversely, in many areas of concentrated population and agriculture
in the northern hemisphere, the effect of BB emissions is to decrease surface
NO, concentrations (Fig. 4b). These areas of decreased NO, include the four
regions of interest marked A-D on Figs. 2-4. In these areas, the increased
HO, brought about by BB emissions (Fig. 4a) enhances the oxidation of
anthropogenic NO, to HNO;, which, through its equilibrium with NH;
(Reaction (5)), yields the increased concentrations of NH;NO; shown in
Fig. 2d. Some of the additional HNO; formed remains as gaseous HNOj3 as
shown in Fig. 4c.

This effect of BB emissions on NH,NO; formation is particularly
evident in regions A-D, which are areas of simultaneously high anthro-
pogenic NO, and NH; emissions (see Supplementary Fig. A2). In regions B
and D the NH; emissions removed through the reaction with HNOj; are
predominantly anthropogenic, indicated by the reductions in NH; con-
centrations in Fig. 4d. Region C, while still an area of high anthropogenic
NH; emissions, shows a net increase in NH; conditional on BB. Here it must

be that removal of anthropogenic NHj is outweighed by increases in NH;
from local BB emissions. Region A shows a response of surface NH; con-
centrations to BB emissions that is intermediate to the responses in the other
regions highlighted.

Xing et al.”* have previously emphasised the importance of oxidant
concentrations for formation of NH,NO; conditional on BB emissions.
However, they also report that a major proportion of BB-derived NH,NO;
is attributed to direct pyrogenic NH; emissions, particularly in downwind
areas. While direct NH; emissions from BB may play a key role in NH,;NO;
formation at a regional scale, this is dependent on regional conditions such
as proximity to the BB source, and the proportion of NH; derived from BB
compared with other sources (predominantly agricultural). Globally, and on
anannual-mean basis, our results suggest that NH; emitted directly from BB
is only a minor contributor, especially over areas substantially removed
from BB activity. This is, firstly, because of the relatively short lifetime of
NH; (~1 day**°) and consequent little long-range transport, and secondly,
because of the very large agricultural NH; emissions in regions A-D.

Significance and caveats

Ultimately, it is the combination of global changes in atmospheric oxidant
concentrations induced by pyrogenic NO,, pyrogenic CO and pyrogenic
VOCs, interacting with anthropogenic NO, and agricultural NH; emissions
in regions strongly associated with both, that leads to the unexpected hot-
spots of NH;NO; conditional on BB revealed in Fig. 2c. This has direct
consequences on the efforts to reduce exposure to annual mean PM, 5 in
these highly populated areas. As the formation of this NH,;NO; depends on
the local emissions of NO, and NHj as well as the long-range transport of
BB-related emissions, it cannot be attributed to any single one of these three
contributors. This is why we use the phrasing “conditional on biomass
burning” rather than “from biomass burning” throughout this paper when
referring to those primary and secondary aerosol components that would
not exist without the BB.

Our findings illustrate the power of atmospheric chemistry transport
models (ACTMs) to reveal the complex relationship between source and
receptor regions that measurements alone cannot. Measurements would
attribute any NH,NO; exclusively to regional NH; and NO, emissions,
overlooking global BB as an important contributing factor. As a corollary,
this study emphasises the need to constrain regional ACTM runs with global
model runs that take into account global BB emissions.
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Fig. 4 | 2019 annual mean changes in surface concentrations conditional on BB.
The impact of BB emissions on a HO,, b NO,, ¢ HNO;, and d NH;. All con-
centration changes were computed by subtracting the NBB model run from the
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BASE model run. The four black rectangles are positioned over the same high
population areas in eastern USA, northwestern Europe, the Indo-Gangetic Plain and
eastern China shown in Fig. 2.

The chemistry of the atmosphere is complex so it is not possible to
account for all effects observed in the figures shown here via one simple
mechanism. Other changes in chemistry due to BB emissions will change
other aspects of atmospheric chemistry, for example via O3 chemistry.
Additional factors also play a role, such as meteorological influences on
precursor gas and particle deposition, atmospheric components such as
mineral dust and sea salt, and factors influencing gas-particle partitioning
such as water content, temperature and acidity”’.

The EMEP MSC-W model is a robust and well-tested model, but the
exact magnitudes of the simulated values are highly dependent on the
particular BB emissions dataset used (notably the ratio of NO,, CO and
VOCs), as well as the particular anthropogenic emissions, chemical scheme
and meteorological model. Sensitivity experiments suggest that whilst these
factors are important for precise quantification, the essential chemistry and
findings presented here remain the same. For example, using different
meteorological reanalysis data produced the same effects with different
numerical values. Reducing BB emissions (FINNv2.5) by 10% reduced
absolute values in Fig. 2a and ¢ by 8—11%. Using FINNv1.5 reduces the
absolute values in Fig. 2a and c¢ by about two-thirds (consistent with
FINNv1.5 emissions being > 50% lower than FINNv2.5 emissions’). Cru-
cially, however, in both cases the percentage contributions of NH,;NO;
shown in Fig. 2d remain the same.

It is also important to note that only plots of surface concentrations are
shown here, whereas in reality BB emissions impact concentrations in three
dimensions. However, vertical distributions of the species considered here
(Supplementary Fig. C8) indicate that the secondary NH,NO; formation we
report is predominantly a near-surface effect. This is because NH3 is emitted
from the surface, and the reaction with HNOj is fast, so the bulk of NH,NO;
is also formed close to the surface.

Overall, the model results presented here clearly demonstrate an
unexpected, yet important, long-range impact of BB emissions on a sec-
ondary inorganic component of PM, s which is not normally correctly
attributed when assessing the impact of global BB on particulate matter.

Methods
Model setup
Simulations for 2018 and 2019 were conducted using the global version of
the European Monitoring and Evaluation Programme Meteorological
Synthesizing Centre — West (EMEP MSC-W) rv4.36 Eulerian ACTM™.
Only output for 2019 was used, to allow for spin-up of long-lived species.
2019 was a typical year for BB globally, albeit with slightly greater than
average emissions (with the exception of temperate North America)’.

The ACTM was driven by meteorology from the Weather Research
and Forecast (WRF) model v4.2.2 at 1° x 1° horizontal resolution®, which
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used 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 at 1° resolution™.

Anthropogenic emissions were taken from the Task Force on Hemi-
spheric Transport of Air Pollution (HTAP) v2 inventory for 2010 (regrid-
ded to 1° x 1° resolution)’"”, which were the most recently available at the
time of this work. The impact of this is discussed in Supplementary Section
A. Emissions of isoprene and other biogenic VOCs from vegetation, NO,
from lightning and soil, marine dimethyl sulphide (DMS), and wind-
derived dust and sea salt are all linked to the meteorological year and
simulated as reported in Simpson et al.”* and model update reports®.

The EMEP MSC-W model uses the EmChem19 chemical scheme for
gas-phase chemistry” and the Model for an Aerosol Reacting System
(MARS) for inorganic aerosol thermodynamics™. The 1-D volatility basis
set approach is used for secondary inorganic aerosol (SOA) formation,
ageing and phase partitioning, with five volatility bins (effective saturation
concentration C~ mid-points = 0.1, 1, 10, 100, 1000 ug m*)***’, Primary
organic aerosol (POA) is treated as non-volatile and inert, as is assumed by
emissions inventories™.

Model output includes hourly gaseous and aerosol concentrations for
21 vertical levels between the surface and the tropopause. The lowest model
layer has a height of ~48 m, and modelled air pollutant concentrations
described here as surface concentrations have been adjusted to correspond
to 3 m above the surface™.

PM, 5 is calculated as the sum of the fine (< 2.5 pm) fractions of sulfate
(SOAZ[ ), nitrate (NO3 ), ammonium (NH} ), organic matter (OM), sea salt,
windblown dust, road dust, elemental carbon (EC), ash and a remaining
primary component. We do not include a water component to avoid
ambiguity about how much water is associated with each PM, 5 constituent.

BB emissions

BB emissions were obtained from the Fire INventory from NCAR (FINN)
v2.5, which uses fire detections from both Moderate Resolution Imaging
Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer
Suite (VIIRS)"*. The latter yields fire detection down to 375 m resolution.
FINNv2.5 provides daily estimates of aerosol and trace gas emissions from
BB globally at 0.1°x 0.1° resolution, calculated using burned area from
active fire detections. In EMEP MSC-W 1v4.36, these emissions are evenly
distributed over the lower model layers up to 800 hPa”.

Sensitivity experiments

The following five model experiments were carried out:
1. ‘BASE’: the base run with all emissions included.

. ‘NBB’: no BB emissions from FINNv2.5.

. ‘NBBNOXx’: no BB NO,, emissions from FINNv2.5.

. ‘NBBCO’: no BB CO emissions from FINNv2.5.

. ‘NBBVOC’: no BB VOC emissions from FINNv2.5.

[S20N SR S )

Concentrations conditional on BB emissions were computed by sub-
tracting the NBB run from the BASE run. Concentrations attributed to BB
emissions of CO, NO, and VOCs individually were calculated by sub-
tracting respectively the NBBCO, NBBNOx, and NBBVOC runs from the
BASE run.

The sensitivity of these results to both BB and anthropogenic emissions
was tested by carrying out model runs with a 33% reduction in anthro-
pogenic CO emissions, a 10% reduction in BB emissions, and with the older
FINNv1.5 BB emissions dataset (fire detections down to ~1 km resolution
and other significant changes in methodology compared to v2.5").

Model evaluation

The EMEP MSC-W model is widely used for air quality studies and its
performance is regularly evaluated against measurements™'"*. Its ability to
simulate NH,NO; and its precursors is discussed in Supplementary Section
B.1. Its ability to simulate CO, as a marker of long-range transport of

emissions relevant to this study, was additionally investigated here as
described in Supplementary Section B.2. The model captures the seasonal
cycles of CO well although it systematically overestimates CO by 20—100%
compared to measurements. The sensitivity experiments reducing anthro-
pogenic CO and BB emissions indicate that shortcomings in direct CO
emissions are not the main reason for this bias. Instead, it likely originates
from errors associated with other species involved in CO production such as
VOCs*. The sensitivity experiments with reduced anthropogenic CO
emissions had a negligible effect on the results presented here.

Data availability
EMEP MSC-W WREF model output presented in the figures of this paper is
available at https://doi.org/10.5281/zenodo.15969976.

Code availability

EMEP MSC-W model code is available from the Norwegian Meteorological
Institute GitHub pages (https://github.com/metno/emep-ctm). WREF
model code is available from the Weather Research and Forecasting Model
GitHub pages (https://github.com/wrf-model/ WRF).
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