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Abstract

Wildfires are widely known to increase atmospheric pollutant concentrations, deteriorating air
quality. However, several studies have reported that wildfires can also reduce the concentrations
of certain gaseous species. This study investigated the impacts of smoke plumes from wildfires
that occurred in late July 2014 in Siberia, Russia, on downwind gaseous pollutants such as car-
bon monoxide (CO), nitrogen oxides (NO,), volatile organic compounds (VOCs), and ozone
(O3). The Community Multi-scale Air Quality model was employed for air quality simulations,
and wildfire emissions were obtained from the Fire INventory from the National Center for
Atmospheric Research. Wildfire-induced CO, VOCs, and O3 were transported to Northeast China
(NEC), the Yellow Sea (YS), and the Korean Peninsula (KP), resulting in elevated pollutant levels
in these downwind regions. Interestingly, despite the transport of plumes, surface-level NO,, con-
centrations over NEC, YS, and KP even decreased. Such reductions were not evident near the
Siberian source areas but became apparent after the plumes reached the NEC region. In these
regions, NO was converted through reactions with wildfire-induced VOCs (84.54%) and NO;
radicals (13.18%), while NO, was primarily transformed into NO; radicals via reactions with

05 (90.08%) or into organic nitrates through reactions with VOCs (9.92%). We found that the
observed conversions in NO, concentrations were attributable to anthropogenic sources, as the
conversion patterns varied depending on the level of anthropogenic NO, emissions in the sensit-
ivity experiments. These results suggest that wildfire-driven NO,, concentration changes in down-
wind regions cannot be fully explained by wildfire emissions alone. This study underscores the
importance of accurately characterizing anthropogenic emission sources in regions affected by
smoke plume transport to predict changes in gaseous pollutant concentrations following wildfire
events. We expect that this study will enhance future wildfire-related research by improving the
prediction of the spatial distribution and atmospheric behavior of gaseous pollutants.

© 2025 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

In late July 2014, numerous wildfires occurred across
the Siberian region of Russia (Li et al 2017, Zhu
et al 2019). These wildfires are one of the primary
contributors to global air pollution, emitting sub-
stantial amounts of gaseous pollutants such as car-
bon monoxide (CO), nitrogen oxides (NO,), sul-
fur dioxide (SO,), ammonia (NHj3), and volatile
organic compounds (VOCs), as well as particulate
matter (Urbanski et al 2008, Dreessen et al 2016).
NO, and VOCs contribute to the formation of ozone
(Os3) through photochemical reactions in the atmo-
sphere (Baylon et al 2015, Kim et al 2022a), and
NO,, SO,, and NHj act as precursors of particu-
late matter, thereby deteriorating air quality (Majdi
et al 2019, Li et al 2023). According to Jung et al
(2016), smoke plumes induced by the Siberian wild-
fires were transported more than 3000 km to down-
wind regions including Mongolia, Northeast China
(NEC), and the Korean Peninsula (KP). These smoke
plumes caused high PM, s concentrations in NEC,
exceeding 100 pug m~>, which is approximately 3—
6 times higher than the background levels (Li et al
2017). The plumes were continuously transported
through China and contributed to increased PM, 5
concentrations in Daejeon, South Korea (Jung et al
2016). This indicates that air pollutants emitted from
Siberian wildfires can undergo long-range transport
to regions such as China, the KP, and Japan under
northerly or northwesterly synoptic meteorological
conditions, potentially leading to air quality deterior-
ation (Jeong et al 2008, Ikeda et al 2015, Trieu et al
2023).

Previous studies have primarily focused on ana-
lyzing the contribution of the 2014 Siberian wildfires
to the increase in PM, 5 concentrations. However, sev-
eral studies have reported that the concentrations of
certain gaseous pollutants in downwind regions can
exhibit a decreasing pattern. Kang et al (2014) found
that the Quebec wildfire plumes increased O3 con-
centrations over major cities and rural areas, while
O3 concentrations decreased near the wildfire spots
due to NO, titration effects. Souri et al (2017) showed
that O; and VOCs induced by wildfires in the U.S.
were transported into urban areas, resulting in reduc-
tions in regional NO concentrations through atmo-
spheric chemical reactions. These gaseous pollutants
from wildfires are involved in complex chemical reac-
tions in the atmosphere, which can lead to reductions
in the concentrations of certain species depending on
the characteristics of the regions affected by the trans-
ported smoke plumes. Therefore, the impact of emis-
sions from the Siberian wildfires on gaseous pollut-
ant concentrations in downwind regions, including
China and the KP, warrants further investigation.

In this study, we analyzed the concentration
changes of major gaseous pollutants emitted from
wildfires that occurred in late July 2014 in Siberia,
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Russia, as smoke plumes were transported down-
wind. The analysis was performed using the three-
dimensional photochemical model Community
Multi-scale Air Quality (CMAQ) and high-resolution
wildfire emissions data obtained from Fire INventory
from National Center for Atmospheric Research
(FINN). In addition, to investigate the mechanisms
of chemical reactions involved in the production and
loss of gaseous pollutants, we employed the integ-
rated reaction rate (IRR) module provided by the
CMAQ model.

2. Methodology

2.1. Numerical simulation setup

We utilized the CMAQ (v5.3.2, Appel et al 2021)
model, developed by the U.S. Environmental
Protection Agency, to investigate the changes in
gaseous pollutant concentrations during the trans-
port of smoke plumes from the Siberian wildfires in
July 2014. The simulation domain was configured to
encompass the Siberian region and Northeast Asia,
with a spatial resolution of 27 km. According to the
forest cover database by Hansen et al (2013), the
Siberian region within the domain is densely covered
with trees, and substantial wildfires occurred in July
2014 (figure 1).

Meteorological input data for the CMAQ model
were generated using the Weather Research and
Forecasting (WRF) (v4.1.1, Skamarock et al 2019)
and the Meteorology—Chemistry Interface Processor
(v5.1, Otte and Pleim 2010). The initial and bound-
ary conditions for the WRF model were derived
from ERA5 data provided by the European Centre
for Medium-Range Weather Forecasts, with a hori-
zontal resolution of 0.25° x 0.25° and a tem-
poral interval of 6 h. The WRF model was con-
figured with the following physical schemes: the
WSM 3-class simple ice scheme for microphys-
ics, the RRTM scheme for long-wave radiation, the
Dudhia scheme for short-wave radiation, the Monin—
Obukhov similarity scheme for the surface layer, the
Noah land surface model, the YSU scheme for plan-
etary boundary layer processes, and the Kain—Fritch
(new Eta) scheme for cumulus parameterization. For
the CMAQ model, daily average hemispheric CMAQ
outputs from the CMAS data warehouse were util-
ized to minimize errors in initial and boundary con-
ditions during the simulation (Appel et al 2021,
Mazzeo et al 2022). Anthropogenic emission input
data were generated using the Emissions Database
for Global Atmospheric Research (v6.1, Crippa et al
2022), while biogenic emissions were estimated using
the Model of Emissions of Gases and Aerosols from
Nature (v2.1, Guenther et al 2012). Wildfire emis-
sions for the Siberian region were extracted from
the FINN (v2.5, Wiedinmyer et al 2023) data, which
provides daily high-resolution biomass burning emis-
sions data. The chemical mechanisms CB6r3 and
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Figure 1. Simulation domain for community multi-scale air quality model and tree cover data for 2010. The circles indicate fire
spots in Siberia during July 2014, obtained from the Fire INventory from national center for atmospheric research, with colors
representing fire radiative power observed by moderate resolution imaging spectroradiometer.
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AERO7 were applied in the CMAQ model for the
gaseous and aerosol phases. The simulation was con-
ducted from 13 July—9 August 2014, when Siberian
wildfire emissions were transported to Northeast
Asia. The detailed configurations of the WRF and
CMAQ models used in this study are presented in
tables S1 and S2, respectively.

To evaluate the contributions of chemical reac-
tions to the production and loss of gaseous pollutants
induced by the Siberian wildfires, we utilized the IRR
module provided by the CMAQ model (Byun and
Ching 1999, Park et al 2021, 2022, Jo et al 2023, Kim
et al 2024). The IRR quantifies the contributions of
individual chemical reactions in the mechanism used
in the CMAQ simulation, allowing for the identific-
ation of precursor species involved in the formation
and destruction processes of specific materials.

2.2. Vertical allocation of wildfire emissions

The smoke plume height of pollutants emitted from
wildfires is significantly influenced by various factors,
including meteorological conditions and terrain in
the region where the wildfire occurred (Val Martin
et al 2010, Paugam et al 2016). Accordingly, the ver-
tical allocation of wildfire emissions in the CMAQ
model is critical for improving the accuracy of air
quality simulation results (Jeon et al 2018, Kim et al
2022a). Numerous studies have been conducted to
determine the most suitable plume height for the ver-
tical distribution of wildfire emissions (Bieser et al
2011, Raffuse et al 2012, Sofiev et al 2012, Huang

et al 2023). In this study, we employed the method
proposed by Sofiev et al (2012) and Pouyaei et al
(2025) to estimate the smoke plume height of Siberian
wildfires. This method requires input parameters:
the height of the atmospheric boundary layer (ABL)
(Hapy), fire radiative power (FRP), and Brunt—Viisila
frequency (N), to calculate the injection height (H,).
The detailed equation is as follows:

FRP\” OSN3y
o (o ().

Here, Py represents the reference FRP (=~10° W),
Np is the reference N (N3~ 2.5 x 107*s72), Ngr
denotes the N in the free troposphere. The constants
are defined as follows: « is the portion of the ABL
that is freely crossed (o« = 0.24), 3 represents the
weighting factor for the fire intensity (8 = 170 m),
~ indicates the degree of power-law dependence on
FRP, and § characterizes the dependence on FT sta-
bility (6 = 0.6).

For the calculation of injection heights of the
Siberian wildfires, we used FRP data observed
by the moderate resolution imaging spectrora-
diometer onboard the National Aeronautics and
Space Administration (NASA)’s Terra and Aqua satel-
lites at a spatial resolution of 1 km. This resolution is
identical to that of the FINN dataset; however, dis-
crepancies exist in the locations of the detected fire
points between the two datasets. Therefore, wildfire
emissions were allocated to the nearest CMAQ grid
cell, and the FRP value observed at the closest location
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and time was used to calculate the injection height.
The meteorological variables required for calculat-
ing Hyp and N were derived from simulation results
performed using the WRF model in this study.

Since the FINN (v2.5) provides wildfire emissions
as daily data, each fire was assumed to have occurred
entirely on the day it was observed. We conducted an
experiment including wildfire emissions (SIB) by uni-
formly distributing the Siberian wildfire emissions
over the observed day and the corresponding injec-
tion heights for each fire event. This SIB simulation
was compared with a baseline experiment without
wildfire emissions (BASE) to quantitatively assess the
air quality changes caused by the Siberian wildfires.

2.3. Ground and satellite observation data

To assess the accuracy of the numerical simulation
results from the WRF and CMAQ models used in this
study, ground-based meteorological observation data
(94 sites in South Korea and 83 sites in China) and air
quality observation data (316 sites in South Korea and
754 sites in China) within the domain were utilized.
The evaluation was performed for surface temperat-
ure, wind speed, and O3 concentration. The statistical
parameters include root mean squared error (RMSE)
and mean bias error (MBE) to evaluate the differ-
ences between observations and model simulations,
and index of agreement (IOA) to assess the model’s
accuracy. The statistical metrics used for the verifica-
tion are as follows,

N
1 2
RMSE = | T > (M;—0)

i=1

25:1 (Mi - Oi)z

I0A =1- — - —.
>i=1 (IMi = 0| +[0; = O])

In the above equations, N represents the number
of observation data, M denotes the modeled values,
O indicates the observed values, and O is the mean of
the observed values.

NO, and VOCs are key gaseous pollutants that
play important roles in forming and destroying O;
in the atmosphere. Therefore, we conducted an addi-
tional evaluation of the model performance by com-
paring CMAQ-simulated concentrations of NO, and
formaldehyde with satellite observations. The Ozone
Monitoring Instrument (OMI) onboard NASA’s Aura
satellite provides observations of NO, and formalde-
hyde column concentrations (Chance 2007, Krotkov
et al 2024). To align the OMI level 2 observational
data with the CMAQ model grid, the oversampling
techniques proposed by Sun et al (2018) were applied.
The NO; and formaldehyde simulated by the CMAQ
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model were converted into column densities for com-
parison with satellite observations. Through this pro-
cess, we evaluated the model performance. The simu-
lated temperature, wind speed, and O3 well captured
the temporal variability observed at surface monit-
oring sites in South Korea and China (figure S1). In
addition, the CMAQ model successfully reproduced
the spatial distributions of NO, and formaldehyde
emitted from anthropogenic, biogenic, and wildfire
sources (figure S2).

We additionally assessed the simulation perform-
ance of the SIB experiment, which includes wildfire
emissions, for the spatial distributions of CO, NO,,
and O3 (figure S3). The CMAQ-simulated NO, and
O; generally reproduced the observed spatial distri-
butions well, whereas CO was substantially underes-
timated. This is considered to be attributable to the
underestimation of CO emissions in global anthro-
pogenic emissions inventories, including EDGAR, as
highlighted in previous studies (Feng et al 2020,
Tang et al 2022, Kim et al 2022b, Xie et al 2025).
Overall, these evaluation results demonstrate that the
model effectively captures not only the observed tem-
poral variability but also the horizontal and vertical
distributions.

3. Results and discussion

3.1. Concentration changes in gaseous pollutants
due to Siberian wildfires

During the simulation period, Siberian wildfires
emitted large amounts of gaseous pollutants into the
atmosphere (table S3). These pollutants increased CO
and O3 concentrations in the downwind regions,
including NEC and South Korea. To quantify the
wildfire impacts, we compared observations from
wildfire plume-affected sites (234 in China and 144
in South Korea) with the simulated results from
the BASE and SIB experiments. The wildfire influ-
ence was evident between 24 July and 30, 2014,
during which the observed CO concentrations aver-
aged 750.99 ppb, representing an increase of approx-
imately 265.01 ppb compared to unaffected days
(485.99 ppb). The CMAQ simulations showed that
CO concentrations increased by up to 155.33 ppb,
with an average increase of 56.53 ppb in the SIB exper-
iment compared with the BASE experiment (figure
S4(a)). Although the wildfire plume slightly elevated
CO levels over these downwind regions, the model
did not adequately reproduce the observed variabil-
ity, primarily due to the underestimation of anthro-
pogenic CO emissions, as discussed in section 2.3. In
contrast, the model effectively captured the wildfire-
induced enhancement of O3 concentrations (figure
S4(b)). During the wildfire-affected days, the BASE
experiment tended to underestimate O3 concentra-
tions, whereas the SIB experiment successfully repro-
duced the observed increasing trend, thereby improv-
ing the overall model performance (table S4).
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Figure 2. Horizontal distributions of surface concentration changes in (a) CO, (b) NO,, (c) VOCs, and (d) O3 induced by
Siberian wildfires from July 20-28, 2014. The arrows represent wind vectors.
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To quantitatively assess the impact of wildfire
emissions on major atmospheric gaseous pollutants,
we examined the horizontal distributions of surface
concentration changes for CO, the most abundantly
emitted species, along with the primary O3 precurs-
ors, NO, and VOCs (Mun et al 2023, Park et al 2024),
as well as Oz. Concentration changes were calculated
as the difference between the SIB and BASE experi-
ments (i.e. SIB minus BASE) and averaged over July
20-28, 2014, when smoke plumes were transported to
downwind regions, including China and the KP.

In the Siberian region with widespread fire spots,
concentrations of CO, NO,, and VOCs increased due
to direct emissions from wildfires (figures 2(a)—(c)).
These species acted as precursors, enhancing second-
ary chemical formation processes, thereby increasing
O3 concentrations (figure 2(d)). CO, VOCs, and O3
were transported southward by northerly winds asso-
ciated with synoptic systems, including low-pressure
systems and typhoons (figure S6), leading to elevated
concentrations over NEC, the Yellow Sea (YS), and
the KP. However, NO, exhibited a distinct distribu-
tion pattern. In contrast to other species, NO, con-
centrations decreased (figure 2(b)), consistent with
findings by Souri et al (2017), which reported down-
wind NO, reductions during wildfire events. This
behavior deviates from the typical pattern of elevated

pollutant levels during wildfire episodes, warranting
further comprehensive analysis.

We examined the vertical concentration profiles
of each pollutant along the cross-section line repres-
enting the transport pathway (figure 2(a)), as presen-
ted in figure 3. Similar to the surface distributions, the
concentrations of CO, VOCs, and O3 increased over
the wildfire source regions in Siberia and extended
vertically to the upper levels of the ABL (figures 3(a)
, (¢) and (d)). These pollutants were subsequently
transported toward the NEC region, with their con-
centrations gradually diminishing along the transport
pathway. NO, emitted from the wildfires was also
transported to downwind regions. However, when
the smoke plume reached the NEC, NO, concentra-
tions decreased near the surface within the ABL, con-
sistent with the horizontal distribution (figure 3(b)).
This indicates that surface-level NO, concentrations
in the NEC region were not driven by wildfire-emitted
NOy, but rather by the chemical loss processes. It
also highlights that changes in NO, concentrations
in downwind regions, located far from the wildfire
sources, cannot be explained solely by direct NO,
emissions from the wildfires. Accordingly, we aim
to investigate why reductions in NO, concentrations
were observed only in specific regions, such as NEC,
YS, and KP, during the Siberian wildfire events. To
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Figure 3. Vertical distributions of concentrations in (a) CO, (b) NOy, (c¢) VOCs, and (d) O3 along the cross-section line shown in
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Table 1. Descriptions of two phases classified based on changes in pollutant concentrations from 20-28 July 2014.

Period Dates Description
EP1 20-21 July 2014 Transport of pollutants from Siberian wildfires to downwind regions
EP2 22-28 July 2014 Decrease in NOy concentrations in downwind regions

better understand the underlying mechanisms, it is
essential to examine the transport processes of the
wildfire smoke plumes thoroughly. For this purpose,
we performed a focused analysis for the period of July
20-28, during which wildfire emissions were trans-
ported to NEC, YS, and KP.

3.2. Analysis of NOy concentration changes during
the transport of the wildfire smoke plume

During the Siberian wildfire events, a decrease in
NO, concentrations was observed in the downwind
regions, including NEC, YS, and KP. To investig-
ate this phenomenon, we divided the analysis period
into two phases. The first phase (EP1) corresponds
to the period when wildfire-emitted pollutants were
transported to the downwind regions. The second
phase (EP2) encompasses the period during which
reductions in NO, concentrations were observed in
those regions (table 1). For a more detailed ana-
lysis, changes in NO and NO, concentrations were
examined separately. During EP1, both NO and NO,
concentrations increased in the Siberian region as a
direct result of wildfire emissions (figures 4(a) and
(b)). These elevated concentrations near the wildfire
source regions reflect the immediate impacts of the
fires. NO, was subsequently transported toward NEC
by northerly winds, without any notable decrease in
either NO or NO: concentrations along the transport
pathway. In EP2, CO, VOCs, and Oz were continu-
ously transported from Siberia to the NEC, YS, and
KP regions (figure S7), leading to increases of up to
149.30 ppb, 73.3 ppb, and 16.62 ppb, respectively,
within the analysis area shown in figures 4(c) and
(d) (figure S8). However, despite the continuous NO,
emissions from the Siberian wildfires, an anomalous

pattern was observed in these regions. The decrease
in NO, concentrations was mainly observed during
the daytime (figure S8), with the maximum reduc-
tion reaching approximately —4.07 ppb. Notably,
the decline in NO: concentrations was more pro-
nounced than that of NO, suggesting that NO: played
a more significant role in the overall reduction of NO
(figures 4(c) and (d)).

This decreasing pattern in NO, concentrations
was not observed during EP1, when the wildfire
smoke plume was being transported within the
Siberian region. Interestingly, a reduction occurred
only during EP2, after the plume arrived in NEC. This
suggests that a series of chemical reactions leading
to surface-level NO, depletion was triggered follow-
ing the transport of wildfire smoke to NEC. To bet-
ter understand the spatial distribution of NO deple-
tion, it is essential to identify the chemical reactions
involving wildfire-emitted species that contributed to
the observed reductions and to determine the sources
responsible for the reduced NO. To this end, we ana-
lyzed all NO-related reactions in the CMAQ model
and quantified the contributions of individual reac-
tions to NO and NO: concentrations using the IRR
module.

3.3. Investigation of chemical mechanisms driving
NO, reduction

We conducted an IRR analysis over the rectangu-
lar area indicated in figures 4(c) and (d) to invest-
igate the NO, concentration reductions observed
in NEC, YS, and KP during the EP2 period. All
reactions associated with the loss of NO and NO,,
as defined in the chemical mechanism used in
this study (CB6r3-AERO7), were considered, and
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Table 2. Contributions of major chemical reactions to the reductions in NO and NO, concentrations within the analysis area depicted in

figures 4(c) and (d) during the EP2 period.

NO loss reactions

VOCs 4+ NO = NO, + VOCs oxidation products 84.54%
NO;3; + NO = NO; 13.18%
NO; loss reactions

O3 + NO,; = NO3 90.08%
VOCs 4 NO; = Organic nitrates 9.92%

the major contributing reactions are presented
in table 2.

In the analysis region, NO was primarily conver-
ted through reactions with VOCs (84.54%) and NOs
radicals (13.18%), with 93.84% of the total NO con-
version occurring during daytime. Meanwhile, NO,
was predominantly transformed via reactions with O;
(90.08%) and also reacted with VOCs to form organic
nitrates (9.92%). These NO, transformation pro-
cesses occurred 68.27% during daytime and 37.73%
at night, with the main reaction pathways being the
same under both day and night conditions. Through
these mechanisms, wildfire-induced VOCs, O3, and
NOj; radicals were transported to NEC, YS, and KP,
where they reacted with NO, and facilitated its chem-
ical conversion. A notable result is that, even though
wildfires emitted NO, into the atmosphere and the
smoke plume was transported to the NEC, YS, and
KP regions, NO, concentrations decreased in these
areas. This indicates that the NO, involved in the con-
version processes did not originate from the wildfire

emissions. Rather, it points to the possible presence
of additional NO, sources contributing to the loss
reactions in these regions.

To investigate potential NO sources involved in
these conversion processes, the horizontal and ver-
tical distributions of anthropogenic NO, emissions
used as input for the CMAQ model are presented
in figure 5. In the NEC region, where reductions
in NO, concentrations were observed (figure 2(b)),
anthropogenic NO, was extensively emitted near
the surface, whereas emissions in Siberia were rel-
atively low (figure 5(a)). A substantial amount of
NO, was also emitted vertically near the ABL over
the NEC region (figure 5(b)), which is largely con-
sistent with the vertical distribution of NO, concen-
tration changes presented in figure 3(b). To assess
whether these anthropogenic NO,, emissions played
a role in the NO, conversions, we conducted addi-
tional sensitivity experiments. We conducted three
sensitivity simulations based on the BASE and SIB
scenarios: NO,_p30, in which anthropogenic NO,




10P Publishing

Environ. Res. Lett. 20 (2025) 124053

D Kim et al

Anthropogenic NOx emissions [mole/s]

(a) Horizontal distribution

<> Cross-section line]

50°N 60°N

40°N

56.3°N
121.3°E

64.0°N
120.0°E

z
K S o : I
90°E 100°E 110°E 120°E 130°E 140°E  150°E
| T . . , . e
50 100 150 200 250 300 350 400
(b) Vertical distribution
5 km_ == 5 w20
i Siberia “ " Northeast China (NEC) |
16
3 km- 12

Figure 5. (a) Horizontal and (b) vertical distributions of anthropogenic NO, emissions during the EP2 period.

41.0°N
124.0°E

48.7°N
122.7°E

emissions were increased by 30%; NO,_m30, with
emissions reduced by 30%; and NO,,_zero, where all
anthropogenic NO, emissions were removed. The
resulting changes in NO, concentrations were ana-
lyzed (figure S9). Interestingly, the spatial pattern of
NOj concentration changes varied depending on the
level of anthropogenic NO, emissions. The baseline
simulation results (SIB-BASE) showed that NO, con-
centrations decreased by up to —4.07 ppb (mean:
6.75%) during the EP2 period. In the NO,_p30
experiment, the conversion became stronger, with a
reduction of —4.88 ppb (mean: 7.18%), whereas in
the NO,_m30 experiment, it weakened to —2.71 ppb
(mean: 5.90%). In the NO,_zero experiment, where
anthropogenic NO, emissions were entirely removed,
the conversion processes disappeared, and no sig-
nificant changes in NO, were observed. These res-
ults indicate that the conversion of NO, into NO3
radicals, organic nitrates, and other species in the

NEC, YS, and KP regions became more pronounced
with higher levels of anthropogenic NO, emissions,
confirming that local emissions were the main driver
of these transformations.

The findings of this study demonstrate that
although wildfires can elevate pollutant concentra-
tions near the source region, they do not neces-
sarily lead to increases in all atmospheric pollut-
ants in downwind areas. Instead, wildfire smoke
plumes can interact with local anthropogenic emis-
sions in these regions, triggering chemical processes
that transform NO, into other species. Therefore,
when wildfire-emitted smoke plumes are trans-
ported, it is essential to conduct detailed ana-
lyses of changes in gaseous pollutant concentra-
tions, taking into account the nature of local emis-
sion sources. Such changes in gaseous pollutants
may significantly influence the formation mechan-
isms of particulate matter (Clappier et al 2021,
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Chuang et al 2022), highlighting the need for further

investigation.
4. Discussion

As noted in sections 2.3 and 3.1, the CMAQ model
was unable to adequately reproduce CO concentra-
tions due to the underestimation of CO in the anthro-
pogenic emission inventory. To address this issue, we
conducted sensitivity experiments in which anthro-
pogenic CO emissions over China and South Korea
were uniformly increased by factors of 2 and 3,
respectively. The results showed that higher CO emis-
sions led to much better agreement between simu-
lation and observations. As CO emissions increased,
the model showed better agreement with observed
CO concentrations (figures S9 and S10). In particular,
during the wildfire-affected days, the baseline sim-
ulation (figure S4(a)) considerably underestimated
the observed CO levels, whereas the experiment with
threefold CO emissions more effectively captured the
wildfire-induced enhancement, leading to improved
model performance (table S5). Nevertheless, the tem-
poral variability was not well simulated, likely due to
the uniform scaling of anthropogenic CO emissions
across both China and South Korea in the sensitiv-
ity experiments. Importantly, this underestimation of
CO does not affect the main findings and conclusions
of this study. However, to reduce such uncertainties,
future research should focus on improving the accur-
acy of anthropogenic CO emission inventories.

In addition, a key finding of this study is the con-
version of NO, driven by Os; and VOCs produced
from the Siberian wildfires, which strongly depend on
the amounts of NO, and VOCs emitted from the fires.
According to the FINN inventory used in this study,
the Siberian wildfires released 1.28 x 1010 mol d~!
of NO, and 1.33 x 1011 mol d~! of VOCs. To quant-
itatively evaluate how changes in these emissions
influence NO, concentrations in downwind regions,
we conducted additional sensitivity experiments.
Specifically, one experiment doubled the NO, emis-
sions (2.56 x 1010 mol d—'), while another reduced
the VOC emissions to one-fourth of the baseline
level (3.33 x 1010 mol d—!). The increase in NO,
emissions enhanced Os formation through photo-
chemical reactions, resulting in greater Os transport
toward the NEC, YS, and KP regions (figure S11(a))
and intensifying NO, conversion (—5.05 ppb) (figure
S11(b)). In contrast, the reduction in VOC emis-
sions not only decreased the amount of VOCs trans-
ported but also limited wildfire-induced O3 produc-
tion (figure S12(a)). Consequently, the extent of NO,,
concentration changes was mitigated (—2.68 ppb)
(figure S12(b)). These results indicate that the NO,
conversion processes in the NEC, YS, and KP
regions are highly sensitive to the amounts of NO,
and VOCs emitted from wildfires. Previous studies
(Wiedinmyer et al 2011, Hodnebrog et al 2012, Naus
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et al 2022) have reported that the FINN inventory
tends to underestimate wildfire emissions. Therefore,
accurate estimation of wildfire emissions is essential
for quantitatively evaluating their atmospheric chem-
ical impacts.

5. Conclusions

In this study, we analyzed the concentration change
characteristics of major gaseous pollutants (CO, NO,,
VOCs, and O3) induced by wildfires that occurred
in late July 2014 in Siberia, Russia. To investig-
ate the air quality impacts of the wildfires, the
three-dimensional photochemical model CMAQ was
employed, with wildfire emissions extracted from the
FINN (v2.5). A large amount of gaseous pollutants
(CO, NO,, and VOCs) was emitted from the wild-
fires in the Siberian region, leading to the forma-
tion of Os. CO, VOCs, and O3 were subsequently
transported to downwind regions such as NEC, YS,
and KP, resulting in elevated concentrations in those
areas. However, NO, exhibited a distinct distribution
compared to other species. Although wildfire plumes
were transported from the Siberian region, surface-
level NO, concentrations within the ABL decreased
in downwind regions, including NEC, YS, and KP.
These distributions of concentration reduction were
not observed within the Siberian region, but, not-
ably, began to appear after the smoke plume was
transported to NEC. To investigate the spatial char-
acteristics of this reduction, we employed the IRR
module in the CMAQ model. The analysis revealed
that NO was primarily converted through reactions
with VOCs (84.54%) and NOj radicals (13.18%).
Meanwhile, NO, was mostly transformed by Os;
(90.08%), and also participated in the formation of
organic nitrates via reactions with VOCs (9.92%).
These VOCs, O3, and NO; radicals induced by wild-
fires were transported to the NEC, YS, and KP regions,
where they facilitated the chemical conversion of NO,
into NOj3 radicals, organic nitrates, and other spe-
cies. However, because NO, concentrations increased
in Siberia due to wildfire emissions, the conversion
patterns observed in the downwind regions cannot
be explained solely by wildfire-emitted NO,. This
implies the presence of NO, sources in NEC, YS,
and KP that could react with VOCs, O3, and NO;
radicals. Through additional sensitivity experiments,
we confirmed that the NO, involved in the chem-
ical transformations originated from anthropogenic
sources. Compared to Siberia, substantial anthropo-
genic NO, emissions were present in the NEC, YS,
and KP regions, where the transported smoke plume
facilitated the chemical conversion of these locally
emitted NO,. Such a conversion pattern disappeared
when anthropogenic NO, emissions were excluded.
This study found that interactions between wild-
fire plumes and local anthropogenic emissions can
induce complex chemical processes that convert NO,
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into other species. These findings contrast with the
conventional understanding that wildfire emissions
generally increase pollutant concentrations in down-
wind regions. Given that such chemical transform-
ations in gaseous species may significantly affect
the formation mechanisms of secondary particu-
late matter, it is important to consider changes in
gaseous pollutant concentrations in conjunction with
the characteristics of local emission sources during
wildfire events. These results suggest that emission
control policies should take into account not only
regional emission characteristics but also the inter-
actions between existing anthropogenic sources and
wildfire emissions. Accordingly, we expect that the
findings of this study will serve as a valuable reference
for predicting the spatial distribution and behavior of
air pollutants in future wildfire-related research.
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