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ARTICLE INFO ABSTRACT

Keywords: The substantial amount of pollutants produced by crop burning leads to particulate matter (PMys) formation
Crop burning through chemical reactions in the atmosphere. In this study, we quantitatively examined the characteristics of
FINN PMS 5 component concentration changes and the production mechanism of sulfate (S03 ) due to crop burning in
(Sjtll/llfi?e China, during a period of high PM, 5 concentrations in South Korea. Crop burning emissions were obtained from

the Fire INventory from NCAR (FINN), and simulations were conducted using the Community Multi-scale Air
Quality (CMAQ) model. The concentrations of PMj s, nitrate, ammonium, organic carbon, and elemental carbon
caused by crop burning were the highest in Northeast China, while the SO3~ concentration was higher in the
Shandong Peninsula and the Yellow Sea. SOF~ was mainly produced through the oxidation reaction by hydrogen
peroxide (Hy05) (Hy03 + S(IV) = S(VI) + H0) (1.44 pg/m?>, 80.49%). Hy0, that contributed to SO~ production
was primarily produced through the self-reaction of hydroperoxy radical (HO2). Moreover, HO3, which
contributed to the production of Hy02, was mainly formed through the decomposition of peroxynitric acid
(PNA), which is produced by nitric oxide (NOy) emissions from crop burning. SO?{ in the Yellow Sea was re-
ported to be predominantly produced by the oxidation of sulfur dioxide (SO3) by hydroxyl radical (OH) (OH +
SO, = SULF + HOy); however, our study suggests that the PNA formed by NOy emissions from crop burning
could contribute to an increase in HyO,, which subsequently promotes SOF~ production. The produced SO3~ was
then transported across the Yellow Sea, impacting the elevated PM; 5 concentrations in Jeju Island, a suburban
area of South Korea. These findings demonstrate that the mechanisms of SO~ production by crop burning
emissions differ from those of anthropogenic emissions.

Transboundary transport

1. Introduction

Biomass burning occurs in various forms, including wildfire, crop
burning, and waste burning (Akagi et al., 2011), and it emits many
pollutants. These include fine particulate matter (PMy5), nitrogen ox-
ides (NOy), sulfur oxides (SOx), ammonia (NH3), and volatile organic
compounds (VOCs) (Zhou et al., 2017). Pollutants emitted by biomass
burning can alter the chemical properties of the surrounding atmosphere
(Yin et al., 2019a), and can affect air quality in distant regions through

long-range transport if they remain in the atmosphere for prolonged
periods (Val Martin et al., 2006; Akagi et al., 2012). Lin et al. (2014)
reported that biomass burning in the Indochinese Peninsula of Southeast
Asia during the spring seasons of 2006 and 2009 resulted in elevated
concentrations of carbon monoxide (CO), ozone (O3), and PM;( in
central Taiwan. Similarly, Johnson et al. (2021) reported that Siberian
biomass burning that occurred during the summer of 2019 increased CO
and PM, 5 concentrations in western Canada.

Approximately 23% of global biomass burning emissions are

* Corresponding authors at: Department of Atmospheric Sciences, Pusan National University, Busandaehak-ro 63beon-gil, Geumjeong-gu, Busan 46241, Republic

of Korea.
E-mail address: wbjeon@pusan.ac.kr (W. Jeon).

https://doi.org/10.1016/j.atmosres.2024.107303

Received 12 October 2023; Received in revised form 30 December 2023; Accepted 19 February 2024

Available online 21 February 2024
0169-8095/© 2024 Elsevier B.V. All rights reserved.


mailto:wbjeon@pusan.ac.kr
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2024.107303
https://doi.org/10.1016/j.atmosres.2024.107303
https://doi.org/10.1016/j.atmosres.2024.107303

D. Kim et al.

50°N

40°N

30°N

20°N

Atmospheric Research 302 (2024) 107303

_Jeju Island

2
125°E 127°E 129°E

Fig. 1. Domains of numerical simulations for Weather Research and Forecasting (WRF) and Community Multi-scale Air Quality (CMAQ). The triangle in the right

panel indicates the Gosan observation site in South Korea.

attributed to crop burning (Yadav and Devi, 2019), which is a major
source of pollutants such as particulate matter, greenhouse gases, and
trace gases (Zhou et al., 2018a; Hong et al., 2023). Therefore, numerous
studies have analyzed the impact of pollutants released into the atmo-
sphere through crop burning on air quality. Yamaji et al. (2010) found
that crop burning in Central Eastern China in June 2006 significantly
impacted pollutant concentrations in the region. In this case, the con-
centrations of Os, organic carbon (OC), CO, and black carbon at the
summit of Mount Tai in China increased by 26%, 80%, 62%, and 79%
compared to normal levels, respectively. Zhou et al. (2018b) reported
that crop burning in October 2014 contributed approximately 19% to
surface PM; 5 concentrations in Beijing, China, and 40% and 29% to
major PMj 5 and OC concentrations, respectively.

Despite many studies quantitatively analyzing changes in the con-
centrations of PMy 5, OC, and O3 due to crop burning emissions, there is
a relative lack of detailed research focusing on the production mecha-
nisms of inorganic species like nitrate (NO3), sulfate (SO‘Z;_), and
ammonium (NHZ). These species constitute a significant portion of
PMj 5. In particular, NOy, SO, and NH3 emitted from pollution sources
are major precursors of NOz, SO%~, and NHZ, which can contribute to
PM,5 concentrations by producing NO3, SO3~, and NHJ through
chemical reactions during pollutant transport (Kai et al., 2007; Cao
et al., 2017).

Thus, understanding the changes in PMj 5 concentrations due to crop
burning emissions necessitates a detailed investigation of the production
mechanisms for each PM, 5 constituent. In this study, we conducted a
quantitative analysis to assess the impact of crop burning on the elevated
concentrations of PM; 5 observed in South Korea in November 2015. We
used the Fire INventory from NCAR (FINN) —a high-resolution biomass
burning emissions inventory provided by the National Center for At-
mospheric Research (NCAR)— to extract crop burning emission data.
Subsequently, we conducted numerical simulation experiments with
and without crop burning emissions using the Community Multi-scale

Air Quality (CMAQ), a three-dimensional photochemical transport
model. To investigate thoroughly the mechanisms involved in the pro-
duction of PMy 5 components, we utilized the sulfur tracking model
(STM) and integrated reaction rate (IRR) provided by CMAQ.

2. Material and methods
2.1. Study region

Northeast Asia, including South Korea, is a region frequently expe-
riencing high concentrations of air pollutants due to the prevalent
transboundary transport of pollutants (e.g., Kim et al., 2017; Lee et al.,
2022). The transboundary transport of pollutants to South Korea often
occurs in conjunction with favorable meteorological conditions, a phe-
nomenon explored in previous studies (Lee et al., 2015a; Jeon et al.,
2018a; Bae et al., 2020; Jeon et al., 2021). The Gosan site, located on
Jeju Island, South Korea, serves as a national background monitoring
location for studying the long-range transport of pollutants from
Northeast Asia, as it is less impacted by anthropogenic emissions (Moon
et al., 2008; Kim et al., 2012; Lee et al., 2015b). However, at 05 UTC on
November 9, 2015, the Gosan site recorded a PM; concentration of 147
pg/m?, surpassing the threshold for issuing a particulate matter advisory
in South Korea (no observational data for PMy 5 concentrations were
available during this period). Prolonged exposure to such high PM
concentrations can lead to serious illnesses, including respiratory dis-
eases (Xu et al., 2016; Yeo and Kim, 2019; Kyung and Jeong, 2020).
During this period of high PM;( concentrations in South Korea, signifi-
cant crop burning was observed in Northeast China with 2291, 1050,
and 1109 spots identified from November 4 to 6, 2015 (Yin et al., 2019b;
Lee et al., 2021). Additionally, Zhang et al. (2017) reported extraordi-
nary PMy 5 concentrations of 1326 pg/m® in Shenyang on November 8,
2015, during the agricultural off-season in Northeast China. Pollutants
emitted by these crop burnings could have contributed to the elevated
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PM; concentrations at the Gosan site through transboundary transport.
Therefore, we analyzed the impact of crop burning in Northeast China
on the high PM;( concentrations at the Gosan site.

2.2. Model configuration

2.2.1. Meteorological and photochemical transport model

We utilized the CMAQ (v5.3.2, Byun and Schere, 2006; Appel et al.,
2021), a three-dimensional photochemical transport model developed
by the U.S. Environmental Protection Agency, to conduct air quality
numerical simulations studying the impacts of crop burning emissions.
The simulation domain, D01, encompassed a broad region of East Asia at
a 45 km resolution (128 x 98 grids) to generate initial and boundary
conditions. DO2 was simulated at a 15 km resolution (179 x 182 grids),
covering Northeast China, where crop burning occurred, and South
Korea, where the Gosan site is located (Fig. 1). Anthropogenic and
biogenic emissions were generated using the Emissions Database for
Global Atmospheric Research (v6.1, Crippa et al., 2022) and the Model
of Emissions of Gases and Aerosols from Nature (v2.1, Guenther et al.,
2012), respectively. For crop burning emissions, we used FINN (v1.5,
Wiedinmyer et al., 2011), which provides high-resolution (1 km) daily
estimates of biomass burning emissions and is widely used as emission
input data for chemical transport models (Jeon et al., 2018b; Xu et al.,
2018; Kim et al., 2022). Since the emissions in FINN were classified into
seven vegetation types burned at each pixel (Table S1) (Fried! et al.,
2010), we specifically selected emissions categorized as croplands
(GENVEG = 9). In this study, we conducted an experiment that included
all crop burning emissions in China (CROP) and compared it with an
experiment that excluded crop burning emissions (BASE). However,
crop burning was observed at 4450 spots in Northeast China from
November 4 to 6, 2015 (as mentioned in Section 2.1), which is
approximately 3.9 times higher than the number of crop burning spots
(1150) in the FINN data. As a result, we conducted an additional
simulation (rCROP) by scaling the crop burning emissions in the FINN
data by the difference from the observed data. In addition, an extra
sensitivity simulation was designed to assess the impact of NOy emitted
from crop burning on the SO3~ production mechanism. We reduced the
NOy emissions from crop burning used in the rCROP experiment by 50%
(rCROP_NOy) and analyzed the concentration changes of substances
contributing to SO~ production. For the CMAQ simulations, we applied
the CB6r3 and AERO?7 for the gas and aerosol phase chemical mecha-
nisms, respectively.

The meteorological input data of the CMAQ were generated using the
Weather Research and Forecasting (WRF; v4.1.1, Skamarock et al.,
2019) model in conjunction with the Meteorology-Chemistry Interface
Processor (v5.1, Otte and Pleim, 2010). The initial and boundary con-
ditions of the WRF model were sourced from the European Centre for
Medium-range Weather Forecasts ERA5 reanalysis data with a hori-
zontal resolution of 0.25° x 0.25° at 6-h intervals. Additionally, we
applied grid and observational nudging to enhance the accuracy of
meteorological simulations (Stauffer and Seaman, 1990; Liu et al., 2008;
Jeon et al., 2015). The simulation spanned from 00 UTC on October 25,
2015, to 00 UTC on November 18, 2015, considering the initial and
boundary conditions and including the period of high PM; concentra-
tion at the Gosan site. The detailed options employed for the WRF and
CMAQ simulations are presented in Tables S2 and S3, respectively.

To quantitatively analyze the processes of the PMa s production
mechanism, we employed the STM and IRR, which are provided by the
CMAQ model (Gipson, 1999; Liu et al., 2010; Itahashi et al., 2018; Jeon
et al., 2021). The STM was used to estimate the contributions of
chemical reactions, emissions, initial/boundary conditions, and other
factors to the overall SO%’ concentration, while the IRR was used to
conduct a detailed analysis of the contributions of all chemical reactions
involved in the formation of the gaseous species.
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2.2.2. Atmospheric trajectory model

The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT; v4, Draxler, 1999; Stein et al., 2015) model from the National
Oceanic and Atmospheric Administration was used to identify the tra-
jectories of pollutants reaching the Gosan site in South Korea. The
HYSPLIT model is a comprehensive tool for computing complex trans-
port, dispersion, chemical transformation, deposition, as well as simple
air parcel trajectories, making it one of the most widely used atmo-
spheric transport and dispersion models. Meteorological input data for
HYSPLIT were generated using the WRF simulation results. Backward
trajectory analysis was conducted at altitudes of 10, 100, and 1000 m
over a 48-h period, starting at 05 UTC on November 9, 2015, when the
peak PM;, concentrations ware observed at the Gosan site.

2.3. Observational data

Data from ground-based meteorological observation stations (39 in
South Korea, 43 in China) and air quality monitoring stations (316 in
South Korea, 1163 in China) located in the D02 domain were used to
evaluate the accuracy of the WRF and CMAQ models. The validation
process included comparisons of temperature and wind speed for the
WRF model, and of PM;o and PMj 5 for the CMAQ (BASE experiment).
The statistical parameters used for verification included the root mean
squared error (RMSE) and mean bias error (MBE), both of which assess
the discrepancy between observations and the model. The index of
agreement (IOA) and the correlation coefficient (R) were used to eval-
uate the model's accuracy to the observations' temporal variability.
Detailed formulas for each parameter are provided in the Supplementary
Materials.

Additionally, to investigate the dispersion of pollutants induced by
crop burning, we utilized land aerosol optical depth (AOD) data from the
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on-
board the Terra and Aqua satellites of the National Aeronautics and
Space Administration (Levy et al., 2017). AOD, which measures the
extinction coefficient of light attenuation by atmospheric particles
(Chen et al., 2022; Feng et al., 2023), serves as an indicator of atmo-
spheric pollution and has been widely used to assess air pollution levels
(Chuet al., 2003; Xie and Sun, 2021). In this study, we used daily level 2
AOD data with a spatial resolution of 1 km. The data were re-gridded to
match the resolution of the D02 (15 km) in the CMAQ for analysis.

3. Results and Discussion
3.1. Evaluation of WRF and CMAQ model performance

Scatter plots and statistics comparing the WRF simulation with the
observations are presented in Fig. S1. The results showed that the RMSEs
for temperature and wind speed were 2.02 °C and 1.99 ms™!, respec-
tively, and MBEs were —0.58 °C and 1.19 ms™!, respectively. This in-
dicates a slight underestimation of the simulated temperature and a
slight overestimation of the wind speed compared with observations.
However, the IOAs for temperature and wind speed were 0.95 and 0.73,
respectively, and the R values were 0.92 and 0.64, respectively. The
verification results for the BASE experiment of the CMAQ are shown in
Fig. S2. The RMSEs for PM;o and PM, 5 were 21.86 pg/m°> and 12.65 g/
m®, respectively, and the MBEs were —19.45 pg/m® and — 7.25 pg/m?,
respectively. Although the CMAQ model underestimated the observa-
tions, the IOA values of 0.74 and 0.76, along with the R values of 0.87
and 0.75, indicated that the model effectively captured temporal vari-
ability. The verification results suggested that the WRF and CMAQ
simulations successfully captured temporal variability of the observa-
tions, thus demonstrating their suitability for conducting experiments
involving crop burning emissions.

In addition, we evaluated the experiments that included crop
burning emissions (CROP and rCROP) discussed in Section 2.3 to assess
whether the CMAQ model accurately simulated the influence of these
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Fig. 2. Comparison of PM;, concentrations at the Gosan site in South Korea from the Community Multi-scale Air Quality (CMAQ) numerical simulations (BASE,
CROP, rCROP) during the simulation period.
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Fig. 3. (a) The 550-nm aerosol optical depth (AOD) observed by the Moderate Resolution Imaging Spectroradiometer (MODIS) from November 1 to 15, 2015, and
(b) from 2011 to 2020. (c) Backward trajectory results at the Gosan site in South Korea and the area burned by crop burning according to the Fire INventory from
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Fig. 5. Vertical distribution of concentrations for each pollutant influenced by crop burning emissions. The values are averaged along the transport pathway (Fig. 4

(c)) during the analysis period.

emissions. The validation was conducted at the Gosan site, and the
observed PM;o concentrations were compared with those from the
BASE, CROP, and rCROP experiments (Fig. 2). In the BASE and CROP
experiments, the IOAs at the Gosan site were 0.55 and 0.69, respectively,
and the R values were 0.45 and 0.67, respectively. In contrast, the IOA
and R of PMj( concentrations in the rCROP experiment were 0.80 and
0.75, showing significant improvements in both RMSE and MBE. This
indicates that the rCROP experiment achieved the most statistically
significant results and effectively captured the temporal variations in
PM; concentrations. However, the maximum PM;( concentrations at
the Gosan site were not simulated perfectly in the rCROP experiment.
This could be attributed to the underestimation of crop burning emis-
sions in Northeast China within the FINN data (Uranishi et al., 2019;
Cheng et al., 2021). Therefore, in this study, we designated rCROP as the
experiment that included crop burning emissions and compared it with
the BASE experiment.

3.2. Analysis of backward trajectory and satellite data

The 550-nm AOD obtained from MODIS for the period from
November 1 to 15, 2015, is shown in Fig. 3(a). Higher AOD values were
observed in Northeast China and the Shandong Peninsula. The AOD in
the Shandong Peninsula was primarily due to local emission sources (Li
et al.,, 2017; Si et al., 2019), as indicated by the distribution of AOD
within the domain from 2011 to 2020 (Fig. 3(b)). In contrast, the AOD in
Northeast China displayed notably higher values during the simulation
period, largely owing to significant emissions from crop burning. Fig. 3
(c) presents the results of the backward trajectory analysis at the Gosan
site, conducted using the HYSPLIT model, alongside the burned area
data from all crop burning in the FINN database. The trajectories sug-
gested that pollutants reaching the Gosan site at heights of 10 and 100 m
were transported from Northeast China, where numerous crop burning
events were recorded. These results suggest that significant pollutants
emitted from crop burning in Northeast China have affected air quality
at the Gosan site and the surrounding areas.

3.3. Concentration changes in PMz 5 and PM3 5 components induced by
crop burning emissions

To comprehensively analyze the changes in PMy 5 concentrations
and its major components (NO3, SO?{, NHj, OC, and EC) caused by crop

Table 1

Contribution of each chemical reaction to the SOZ~ concentration within the
analysis region (Fig. 4(c)); the values are averaged from the surface to the top of
the plume during the analysis period. The unit is pg/m?, and values in paren-
theses indicate percentage (%) of the total.

BASE

Hy0; + S(IV) = S(VI) + Hy0 0.45 (12.86)
OH + SO, = SULF + HO, 1.52 (43.77)
rCROP

H,0, + SAV) = S(VI) + Hx0 1.89 (35.85)
OH + SO, = SULF + HO, 1.65 (31.34)
rCROP-BASE

Hy0; + S(IV) = S(VI) + Hx0 1.44 (80.49)
OH + SO2 = SULF + HO» 0.13 (7.20)

burning emissions, we calculated the difference between the rCROP and
BASE experiments (i.e., rtCROP minus BASE) and presented the hori-
zontal distribution of each pollutant in Fig. 4. The analysis period, from
00 UTC on November 7, 2015, to 23 UTC on November 9, 2015, was
chosen based on the transport period of pollutants emitted from crop
burning and the time of high PM;( concentrations period at the Gosan
site. Concentrations of each substance were averaged from the surface to
the top of the plume during the analysis period.

The concentrations of PM 5, NO3, NHJ, OC, and EC were the highest
in Northeast China, where a substantial amount of crop burning
occurred. However, the distribution of SO7~ concentration exhibited a
different pattern compared to other substances. The high concentration
of SO%~ was centered on the Shandong Peninsula, and it can be seen that
the high concentration of SO7™ in that area was transported by north-
westerly winds across the Yellow Sea to Jeju Island in South Korea. To
more specifically identify the difference between SO3~ and other sub-
stances, the vertical distributions are displayed in Fig. 5. The concen-
trations of each pollutant were computed by averaging them along the
pollutant transport pathway from Northeast China to Jeju Island
depicted in Fig. 4(c) over the analysis period. The concentrations of
PM, 5, NO3, NHZ, OC, and EC were high in Northeast China, where crop
burning was concentrated. However, the SOF ~ concentration was higher
near the Shandong Peninsula, Yellow Sea, and Jeju Island, and this
distribution of SOF~ might have influenced the high concentrations
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Fig. 6. Horizontal distribution of the HyO5 + S(IV) = S(VI) + H30 reaction, which contributed to the S0%~ production. The values were averaged from the surface to

the top of the plume during the analysis period.

observed at the Gosan site. This suggests that, unlike other pollutants
directly affected by crop burning emissions, the high concentration of
SO%~ was produced through chemical processes under favorable con-
ditions for SO~ production near the Shandong Peninsula and the Yellow
Sea. Therefore, a detailed analysis of the SOF~ production process in the
area is necessary.

3.4. Analysis of the mechanism of sulfate production from crop burning
emissions

3.4.1. Analysis of sulfate production reactions using STM

We utilized the STM of the CMAQ model to quantitatively analyze
the SOF~ production process within the analysis region depicted in Fig. 4
(¢). The primary chemical reactions contributing to SO~ production in
the BASE and rCROP experiments are presented in Table 1. In the BASE
experiment, which did not include crop burning emissions, the domi-
nant chemical reaction for SO~ production was the reaction OH + SOy
= SULF + HO; (Friedman et al., 2016), in which SO is oxidized by
hydroxyl (OH) radicals to form sulfate (1.52 pg/m3,43.77%). This result
is consistent with previous studies (Jeon et al., 2018b, 2021), which
reported that SO3~ production during the transboundary transport of
particulate matter from China to South Korea was dominated by the
oxidation of SO, by OH. However, interestingly, in the rCROP experi-
ment, which included crop burning emissions, the highest contribution
was observed from the reaction HyO5 + S(IV) = S(VI) + H0 (Sarwar
et al., 2013), in which hydrogen peroxide (H205) in the aqueous phase
oxidizes S(IV) to produce accumulation-mode sulfate (1.89 pg/m3,
35.85%). This suggests that HyO», produced through atmospheric re-
actions during the transport of pollutants emitted from crop burning,
contributed to the SOF~ concentration. To specifically assess the influ-
ence of crop burning emissions on SOF production, the differences
between the two experiments (rCROP-BASE) were calculated and
analyzed for each reaction. The primary chemical mechanism for SOF
production due to crop burning emissions was found to be the HyO, + S
(IV) = S(VI) + H30 reaction (1.44 ug/ms, 80.49%). The horizontal
distribution of this reaction was high in East China and the Yellow Sea,
aligning with the distribution of SO?( concentration (Fig. 6). These

Table 2

Contribution of each chemical reaction to the concentration of H,O, and HO,
within the analysis region (Fig. 4(c)). The values are averaged from the surface
to the top of the plume during the analysis period.

[H,0, production]

HO; + HO2 = H202 53.32%
HO; + HO, + Hy0 = Hy0, 42.07%
OLE + O3 = Hy0, 2.89%
IOLE + O3 = H204 0.72%
[HO, production]

PNA = HO; + NO; 52.63%
VOCs + M = HO, 30.04%
CO + OH = HO, 7.84%
HCO3; = FORM + HO, 5.43%

findings imply that the mechanism of high concentration of SO%~
induced by crop burning emissions differs from that induced by
anthropogenic emissions. It should be noted, however, that HoO5 is not a
pollutant directly emitted by crop burning and is not included in the
FINN data. Therefore, further investigation into the production of HoO»
is necessary to fully understand the mechanism of sulfate production by
crop burning emissions.

3.4.2. Analysis of sulfate precursor production reactions using IRR

We used the IRR of the CMAQ model to identify the chemical pro-
duction mechanisms of HyO5 as precursors of SO%’ (Table 2). HyO4 was
mainly produced by the self-reaction of the hydroperoxyl (HO,) radical
(HO2 + HO5 = Hy03 and HO3 + HO2 + Ho0 = H03), an important
source of gas-phase H,0; in the atmosphere (Stockwell, 1995) (54.32%
and 42.07%, respectively). Additionally, terminal olefins (OLE) and
internal olefins (IOLE), which are VOCs emitted from crop burning,
contributed to the production of Hy0, through chemical reactions
(2.89% and 0.72%, respectively). These results indicate that the pro-
duction of HyO» within the analysis region was primarily determined by
HO, concentration. However, HO,, which primarily contributes to the
production of Hy0s, is also not directly emitted from crop burning.
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values were averaged from the surface to the top of the plume during the analysis period.
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Table 3

Concentration changes (ug/m?) of each PM 5 component at the center locations
shown in Fig. 9, and the proportion (%) of each component in the PMy s
concentrations.

NO3 503~ NHZ ocC EC Others
- 83.25 18.70 31.19 83.24 12.17 88.95
(26.22) (5.89) 9.82) (26.22) (3.83) (28.02)
- 58.85 6.38 19.37 58.14 8.89 65.40
(27.17) (2.94) (8.93) (26.79) (4.10) (30.13)
p3 57.04 9.21 16.73 56.94 7.76 34.14
(31.37) (5.07) (9.20) (31.32) (4.27) (18.78)
pa 6.75 7.42 4.52 18.76 2.19 19.66
(11.38) (12.51) (7.62) (31.64) (3.69) (33.15)

Therefore, we conducted an additional IRR analysis of the HO. The HO»
was mainly produced through the decomposition reaction of perox-
ynitric acid (PNA) (PNA = HO5 4+ NOy) (52.63%) (Gierczak et al., 2005;
Bacak et al., 2011). Additionally, it was produced by a reaction
involving VOCs and CO emitted from crop burning (30.04% and 7.84%,
respectively).

In the chemical mechanism (CB6r3-AERO7) used in this study, PNA
formation is determined by the reaction between HO5 radicals and NO,
(HO5 + NO5 = PNA) (Niki et al., 1977; Slusher et al., 2001; Cao et al.,
2021). In this reaction, the NO, concentration, which is involved in PNA
production, is influenced by NOyx emissions from crop burning. To
explain the changes in PNA concentration caused by NOyx emissions, we
conducted an additional sensitivity simulation that reduced the NOy
emissions by 50% (rCROP_NOy) from the crop burning emissions used in
the rCROP experiment. The PNA concentrations derived by calculating
the difference between each experiment (rCROP, rCROP_NOy) and the
BASE experiment are shown in Fig. 7. The PNA concentration in Fig. 7(a)
was high in Northeast China, where substantial crop burning occurred,
as well as in East China. However, in Fig. 7(b), where NOx emissions
were reduced, the PNA concentration decreased overall. The decrease in
NO; concentration, caused by the reduction in NOy emissions in the
rCROP_NOy, experiment, directly influenced the PNA production reac-
tion, resulting in decreased PNA concentration. These results indicate
that NOy emissions from crop burning could impact the concentrations

of HyO5, HO,, and PNA, which are involved in SO%’ production. To
summarize, NOx emissions from crop burning contributed to the
increased PNA concentration, and HO5 generated through the PNA
decomposition reaction led to the production of HyO5 during the
transport of plumes. This transported HoO5 subsequently underwent a
chemical reaction with abundant SO5 in the vicinity of the Shandong
Peninsula (Liu et al., 2018; Zhou et al., 2021), resulting in the formation
of SO3~. This SO~ was then transported across the Yellow Sea, ulti-
mately leading to elevated concentrations on Jeju Island. This suggests
that NOy emissions contribute substantially to the change in SO3~ con-
centration. Therefore, a comprehensive understanding of these reactions
is essential to accurately analyze the mechanisms of SO~ production.

3.5. Concentration proportion changes of PMay 5 components during
transport

We analyzed the concentration changes of PMys components
resulting from crop burning emissions during their transport to Jeju
Island in South Korea. The spatiotemporal behavior of SO7~ from
Northeast China to Jeju Island is presented in Fig. 8, and Fig. 9 shows the
locations where the highest concentrations of SO~ were estimated at
each time. Table 3 shows the concentration changes for PMy 5 compo-
nents at each location. The maximum concentration of SO~ appeared in
the northwestern region of the Korean Peninsula at 00 UTC on
November 7 (P1). Subsequently, it was transported to the Shandong
Peninsula in China (P2 and P3) and reached Jeju Island in South Korea at
09 UTC on November 9 (P4). At P1, all components of PM; 5 exhibited
their highest concentrations due to significant crop burning emissions.
As the plume was transported to P4, the concentrations of NO3, NHJ,
OC, and EC rapidly decreased. In contrast, the SOF concentration
increased at P3 (9.21 ug/m?) compared to P2 (6.38 pg/m%) due to the
production reaction. The increased SO~ concentration was sustained
until P4 (7.42 pg/m>) and affected the concentration proportions among
PM,; 5 components. The proportion of SO%~ in the PM, 5 concentrations
at P1 was 5.89%, lower than NO3 (26.22%), NH7 (9.82%), and OC
(26.22%). However, owing to the transport of S0%~ produced in the
Shandong Peninsula and the Yellow Sea, the SO%~ at P4 accounted for
12.51% of the PM3 5 concentrations, higher than the proportions of NO3
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(11.38%) and NHj (7.62%). This was the second-highest among the
PM, 5 component concentrations at P4, following OC (31.64%). These
findings suggest that the SO~ produced by crop burning could signifi-
cantly influence the PM; 5 concentrations in downwind regions.

4. Conclusions

In this study, we analyzed the production mechanisms for each PMj 5
component during the transport of pollutants from numerous crop
burnings in Northeast China to the Korean Peninsula using the three-
dimensional photochemical transport model CMAQ and crop burning
emissions from the FINN data. The concentrations of NO3, NHZ, OC, and
EC among the major components of PMy 5 were highest in Northeast
China. In contrast, the SO~ concentration increased in the Shandong
Peninsula and remained high in the Yellow Sea, including Jeju Island.
These results indicate that the SO3~ production process occurred during
pollutant transport. The predominant mechanism for SO~ production
induced by crop burning emissions was the reaction HoO3 + S(IV) = S
(VD) + HyO (1.44 pg/m3, 80.49%). The H20,, acting as a precursor to
S03~, was primarily produced through the self-reaction of HO, radicals
(HO3 + HO2 = H203, 54.32%, and HO2 + HO2 + H0 = H202, 42.07%).
Finally, HO, was mainly produced through the decomposition of PNA
(PNA = HO3 + NOy, 52.63%), and the PNA concentration was found to
be determined by the NOx emissions from crop burning. The transported
SO3~ reaching Jeju Island in South Korea changed the composition of
PM, 5. Although the proportion of SO3~ accounted for only 5.89% of
PM, 5 in Northeast China, it increased to 12.51% on Jeju Island. This
demonstrates that the SO3~ produced by crop burning emissions could
contribute to the proportion of SO%’ in observed PM; 5 on Jeju Island.

Previous studies mainly attributed the production of SO~ in the
Yellow Sea to the oxidation of SO, by OH (OH + SOy = SULF + HO»)
(Jeon et al., 2018a, 2021). However, it is noteworthy that in this study,
the production of SOF~ was found to be more prominently driven by the
oxidation reaction involving Hy02 (H202 + S(IV) = S(VI) + H20) rather
than that involving OH. Pollutants emitted from crop burning contrib-
uted to the production of PNA and HO,, which subsequently formed
H,0,, the precursors of SO . This cascade of reactions suggests the
necessity for a comprehensive understanding of the mechanisms of PNA
and HO; production, alongside H20,, to accurately predict the pro-
duction reactions of SO3~ resulting from crop burning emissions.
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