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Abstract Biomass burning (BB) affects fine particulate matter (PM, .) concentration and ozone

(0,) formation by emitting gaseous precursors and primary aerosols. The Impacts of BB in peninsular
Southeast Asia (BB-PSEA) on PM, . concentration and O, formation in southern China are evaluated
using a source-oriented WRF-Chem model to simulate an air pollution episode from March 21 to March
25, 2015. The source-oriented model separates the emissions from BB-PSEA and other sources and can
evaluate the effects of aerosol-radiation interactions (ARIs) and aerosol-photolysis interactions (APIs)
from BB-PSEA. Comparisons with observations reveal that the model performs well in simulating the

air pollution episode. Sensitivity experiments show that BB-PSEA increases PM, . concentrations on

the regional average by 39.3 pug m~—3(68.0%) in Yunnan Province (YNP) and 8.4 ug m=3 (24.1%) in other
downwind areas (ODAs) in southern China, including the provinces of Guizhou, Guangxi, Hunan,
Guangdong, Jiangxi, Fujian, and Zhejiang. PM, , enhancement is mainly attributed to primary aerosols in
YNP and to secondary aerosols in ODA. BB-PSEA increases O, concentrations by 18.1 ug m~3 (19.4%) in
YNP and decreases O, concentrations by 3.7 ug m~3 (5.3%) in ODA. The O, increase in YNP is attributed
to the gaseous emissions of BB-PSEA, and the O, decrease in ODA is caused by the effects of ART and API
from BB-PSEA. NH, emissions from BB-PSEA play a key role in enhancing secondary inorganic aerosols
in southern China and determining increases in PM, . concentrations in ODA.

1. Introduction

Biomass burning (BB) emits abundant trace gases and aerosols, affecting not only air quality by involving at-
mospheric photochemistry and aerosol-photolysis interactions (API), but also regional weather and climate
by aerosol-radiation interactions (ARIs) and aerosol-cloud interactions (ACI) over source and downwind
areas (Ajoku et al., 2021; Booth et al., 2012; Guo et al., 2016; Li et al., 2016; L. Liu et al., 2020). Intense BB oc-
curs frequently in spring in peninsular Southeast Asia (including Myanmar, Thailand, Laos, Vietnam, and
Cambodia, hereafter referred to as PSEA) because of slash-and-burn and land-clearing practices before the
local growing season, the start date of which ranges from March to May (Fox et al., 2009; Jian & Fu, 2014;
Suepa et al., 2016).

BB-emitted aerosols are dominated by black and organic carbon (Cui et al., 2018). They contribute 41% and
74% to the total primary black carbon and organic carbon emissions globally, respectively (Bond et al., 2004),
and constitute an important source of fine particulate matter (PM, ,) in both source and downwind areas
(Fuetal., 2012; G. Li et al., 2017; J. Li et al., 2017; M. Li et al., 2017). However, BB emissions have a compli-
cated influence on tropospheric ozone (0O,), which is formed as a result of photochemical reactions involv-
ing volatile organic compounds (VOCs)/CO and nitrogen oxide (NO,) in the presence of sunlight (Brasseur
et al., 1999). As precursors, BB-emitted VOCs/CO and NO_ are directly involved in the photochemical pro-
duction processes of tropospheric O, (Jiang et al., 2012; M. Li et al., 2018; L. Zhang et al., 2014). BB-emitted
aerosols provide surfaces for heterogeneous reactions of O, and radicals, causing a decrease in O, concen-
trations (M. Li et al., 2018). Carbonaceous aerosols emitted by BB efficiently absorb incoming solar ultravi-
olet radiation, reducing the photolysis rate and suppressing O, formation (Jiang et al., 2012; Li et al., 2005;
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Li, Bei, et al., 2011). In addition, the induced ARI and ACI effects of BB aerosols influence the atmospheric
thermodynamic and dynamic fields, disturbing O, photochemistry in source and downwind areas (Jiang
et al., 2012; Li et al., 2018; Wu et al., 2019). Wu et al. (2019) revealed that ARI attenuates near-surface solar
radiation by aerosol absorption and/or scattering, which decreases the near-surface temperature, suppress-
es the planetary boundary layer (PBL) height (PBLH), reduces near-surface wind speed, and consequently
deteriorates the haze pollution in the North China Plain.

In spring, the prevailing westerly wind brings gaseous and particulate pollutants emitted from BB in PSEA
(BB-PSEA) to southern China, affecting PM, , concentrations and O, photochemistry in the area. BB from
Burma and Northeast India can affect aerosol optical properties in Kunming, Yunnan Province (YNP),
southern China and contribute approximately 57% of the total aerosol optical depth (AOD) in Kunming
during March and April (J. Zhu et al., 2016, 2017). Simulations by G. Li et al. (2017), J. Li et al. (2017), and
M. Li et al. (2017) have shown that BB-PSEA contributes 10%-40% of near-surface PM, ; concentrations in
southwestern China. Using the regional CMAQ model, Fu et al. (2012) found that the long-range transport
of air pollutants from BB-PSEA increases PM, . and O, concentrations by 20%-70% and 10%-30%, respec-
tively, in southern China, particularly in YNP and Guangxi Province near the source region. However, Deng
et al. (2008) reported that observed O, concentrations in the Pearl River Delta (PRD) in China under the
influence of BB-PSEA in March 2006 are lower than those without the impact of BB-PSEA.

Notably, the CMAQ model results of increased O, concentrations in southern China because of BB-
PSEA are inconsistent with observations in the PRD by Deng et al. (2008). The CMAQ model used by Fu
et al. (2012) is in the off-line mode and did not consider API and ARI, which may cause inconsistency in
the BB-PSEA effect on O, concentrations in southern China. Aerosols aloft can absorb or scatter incoming
solar radiation, attenuate near-surface radiation intensity, and therefore reduce gaseous photolysis rates. Li
et al. (2005) have shown that black carbon reduces the photolysis rates of O(*d) and NO, by 10%-30% and
decreases near-surface O, concentrations by 5%-20% in Houston and its surrounding areas. API has been
reported to reduce near-surface daytime O, concentrations by 2%-17% in the urban areas of Mexico City,
mainly because of black carbon and organic aerosols (Li, Bei, et al., 2011). Wu et al. (2020) have shown that
API decreases near-surface O, concentrations and PM, ; concentrations by approximately 18.6% and 4.2%,
respectively, in the North China Plain during a wintertime haze episode. M. Li et al. (2018) have indicated
that O, precursors emitted by the agricultural fire in the Yangtze River Delta are the most important factors
affecting local O, photochemistry, and the induced ARI only decreases the near-surface O, mixing ratio by
1% in the smoke plume. Jiang et al. (2012) have also reported that that the O, increase due to gaseous precur-
sors emitted by BB exceeds the O, decrease caused by the BB-induced ARI in the western United States. In
southern China, there is still a lack of comprehensive studies quantifying the effects of aerosols and gaseous
emissions from BB-PSEA on O, photochemistry.

Considering the lack of comprehensive studies examining the effects of ARI and API as well as the gaseous
emissions from BB-PSEA on PM, ; and O, concentrations in southern China, this study aims to evalu-
ate the contribution of BB-PSEA to near-surface PM, . and O, concentrations in southern China using a
source-oriented WRF-Chem model. The model configuration and data used in this study are described in
Section 2. Section 3 presents the model performance validation and results. The conclusions are summa-
rized in Section 4.

2. Data and Model Configuration
2.1. WRF-Chem Model and Configurations

Here, a source-oriented version of the WRF-Chem model is used to evaluate the effects of emissions from
BB-PSEA on air quality in southern China. The model is originally developed by Grell et al. (2005) and
further modified by G. Li et al. (2010), Li, Bei, et al. (2011), Li, Zavala, et al. (2011), Li et al. (2012) and Wu
et al. (2020). Both the chemical and meteorological components follow the mass and scalar conservation
of the transport mechanism. The model uses the SAPRC-99 gas-phase chemical mechanism and aerosol
module in CMAQ/Models3 (Binkowski & Roselle, 2003). Aerosols are represented by three log-normal dis-
tribution functions, and particle nucleation, coagulation, and size evolution are simulated in the model. In-
organic aerosols are predicted by ISORROPIA version 1.7 (Nenes et al., 1998). The organic aerosol module is
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based on the volatility bases set approach with the aging of primary organic aerosols and the heterogeneous
reactions of glyoxal and methylglyoxal, as described previously (Li, Zavala, et al., 2011). The dry and wet
deposition of chemical species use the parameterization of Wesely (1989) and the method in the CMAQ
module, respectively.

The air pollutants emitted by BB-PSEA are marked as SPECIES_B and those from other sources as SPE-
CIES_A. SPECIES_A and SPECIES_B are tracked independently in chemical, physical, and dynamic pro-
cesses in the model simulation. For example, nitrate formation from the gas phase reaction of NO, with the
hydroxyl radical (OH) in the original WRF-Chem model is described as follows:

NO, +OH — HNO;(g) <> NO; 1)

where HNO, (g) and NO3 denote gas-phase nitric acid and particulate nitrate, respectively. In the source-ori-
ented WRF-Chem model, NO, from BB-PSEA and other sources are denoted as NO,_B and NO,_A, respec-
tively. Equation 1 is expressed as:

NO, _A+OH—HNO;(g)_A <> NO; _A ®)
NO, _B+OH—HNO;,(g)_B <> NO; _B 3)

Thus, the source-oriented model could separately track nitrate formation contributed by BB-PSEA and oth-
er sources. Notably, O, contributed by different sources in the model is not tagged, although other studies
could tag ozone from different sources (Wang et al., 2011).

To evaluate the effects of ART and API that were induced by BB-PSEA on PM, ; concentrations and O, pho-
tochemistry, the Goddard shortwave radiation module (Chou & Suarez, 1999; Chou et al., 2001) and the Fast
Tropospheric Ultraviolet and Visible (FTUV) Radiation Model (Li et al., 2005; Tie et al., 2003) are revised
according to the chemical species of the source-oriented WRF-Chem model. An aerosol radiative module
developed by Li, Bei, et al. (2011) is used to calculate the aerosol optical properties, including AOD, single
scattering albedo, and asymmetry factor. The calculated aerosol optical properties are transferred into the
Goddard shortwave radiation module to evaluate ARI effects and the FTUV radiation model to evaluate API
effects (Wu et al., 2020). Aerosol-cloud interactions are not considered in this study.

To evaluate the impact of BB-PSEA on PM, and O, concentrations in southern China, the source-oriented
WRF-Chem model is used to simulate an air pollution episode from March 21 to March 25, 2015. The model
is configured with a horizontal grid resolution of 9 km and 35 vertical layers. The model domain includes
420 X 420 grid cells centered at 20°N and 105°E (Figure 1). The microphysical parameterization scheme
developed by Hong and Lim (2006), the MYJ TKE planetary boundary layer scheme (Janji¢, 2002), the MYJ
surface layer scheme (Janji¢, 2002), and the Unified Noah land-surface model (Chen & Dudhia, 2001) are
chosen for the simulations. The chemical initial and boundary conditions use the model output from the
Model for OZone And Related chemical Tracers at 6 h intervals (Horowitz et al., 2003), including anthropo-
genic emissions, BB, biogenic emissions, and oceanic sources. The spin-up time for the simulation is 2 days.

The anthropogenic emission inventory MIX developed by G. Li et al. (2017), J. Li et al. (2017), and M.
Li et al. (2017) for East Asia is used in the simulation. The MIX inventory includes emission sectors of
agriculture, industry, power plants, residential living, and transportation, with horizontal resolution of
0.25° x 0.25° and the base year of 2010. The MIX emissions are re-gridded to the grid cells in the simula-
tions. In addition, the anthropogenic emissions in China are updated using the Multi-resolution Emission
Inventory for China with the base year of 2015 (Zheng et al., 2018). Biogenic emissions are calculated using
the Model of Emissions of Gases and Aerosols from Nature (Guenther et al., 2006).

2.2. BB Emissions

The emissions of air pollutants from BB-PSEA are taken from the Fire Inventory from NCAR (FINN; Wied-
inmyer et al., 2006, 2011). The FINN provides daily high-resolution (1 km) open BB emissions based on the
satellite observations of active fires and land cover, combined with the emission factors and estimated fuel
loadings. The FINN inventory has been widely used in chemical transport models, but lacks the vertical
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Figure 1. Model simulation domain with the mean CO emission rates in March and April during 2013-2016 and the corresponding wind field at 850 hPa from
ERA-interim data set. Red dots denote centers of cities with ambient monitoring sites for air pollutants in eight provinces of southern China and the sizes of
circles denote the number of ambient monitoring sites of cities. Purple triangles denote monitoring sites with the measurement of downward solar radiation.
The red texts represent eight provinces of Yunnan, Guizhou, Guangxi, Hunan, Guangdong, Jiangxi, Fujian, and Zhejiang in southern China.

XING ET AL. 40f16



Journal of Geophysical Research: Atmospheres 10.1029/2021JD034908

AND SPACE SCIENCE

Altitude (km)
N w

—t

15

percentage of emissions (%)

50 100 200 300 400 800 1600 2000 4000 6000 8000
CO emission rates (mol km? hr™)

Figure 2. Horizontal distribution of mean CO emission rates from March 21 to 25, 2015, and the vertical percentage distribution of the CO emissions for an
example site at 20°N and 102°E in Laos.

distribution of emissions. Notably, the BB emissions from the FINN inventory are higher than those from
the Global Fire Emissions Database (L. Liu et al., 2020; T. Liu, et al., 2020). The injection height of BB
plumes can reach above the PBL and significantly influence air quality in downwind areas (Jian & Fu, 2014;
Zhu et al., 2018). Zhu et al. (2018) developed a new BB emission injection height scheme based on month-
ly gridded Multi-angle Imaging SpectroRadiometer global plume-height stereoscopic observations in 2008
and provided the vertical distribution of BB emissions with a 2.5° X 2.5° horizontal grid for each season.
Here, the vertical distribution of BB plumes developed by Zhu et al. (2018) is employed and the distribution
to our model is re-gridded vertically and horizontally. Figure 2 shows BB CO emissions averaged during the
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simulation period and the vertical distribution of BB plumes for one example location at 20°N and 102°E in
Laos. During the simulation period, BB occurs intensively in Myanmar, northwestern Thailand, Laos, and
northern Cambodia. It also occurs in southern China, but the emission intensity and domain are signifi-
cantly lower than those in the PSEA. The BB plumes at 20°N and 102°E in Laos reach up to 3.6 km, and 39%
of the BB emissions are emitted above the PBL and transported further to the downwind areas.

2.3. Reanalysis Data

The FINN inventory monthly average BB emissions in March and April from 2013 to 2016 in Southeast
Asia and the corresponding monthly mean horizontal wind field at 850 hPa, with a horizontal resolution
of 0.125° X 0.125° from the ERA-interim data set (https://apps.ecmwf.int/datasets/data/interim-full-mnth/
levtype=pl/), are used to characterize the transport of BB-PSEA emissions. The Terra- and Aqua- Moderate
Resolution Imaging Spectroradiometer (MODIS) level 2 products of MOD04_L2.061 and MYD04_L2.061
(Levy et al., 2017) are used to obtain the daily AOD with a horizontal resolution of 0.1° X 0.1° at nadir.

2.4. Observation Data

The hourly measurements for PM, ., NO,, CO, and O, concentrations released by China’s Ministry of Ecolo-
gy and Environment (http://www.cnemc.cn/sssj/) in eight provinces of southern China (Yunnan, Guangxi,
Guizhou, Guangdong, Hunan, Fujian, Jiangxi, and Zhejiang; Figure 1) are used to validate the model per-
formance of PM, ;, NO,, CO, and O,. The hourly downward shortwave flux (SWDOWN) at 15 sites (Figure 1)
from the China Meteorological Administration are used to evaluate the model performance of radiation and
underwent quality assurance/quality control before being released to the public.

2.5. Statistical Methods for Comparisons

The mean bias (MB), root mean square error (RMSE), and index of agreement (IOA) are used to evaluate
the model prediction of chemical species, and are expressed as follows:

1 N "
MB = FEI(PI- -0;) @
1
1 2 |2
RMSE = {ﬁzjﬂ(ﬁ -0,) } ©)
N 2
oA =1 - Zilf=0)

=B -0]+Jo, - ©

where P, and O, are the predicted and observed concentrations of chemical species, respectively. For each
observation site at a certain time, P, is extracted from the simulated concentration of species i at the model
grid nearest to the location of the site, and compared with O, at that time. N is the number of model and
observation data used for comparisons and O is the average concentration of observations. The IOA ranges
from O to 1, and one indicates perfect agreement between the model and the observation.

2.6. Numerical Model Experiments

To evaluate the contributions of emissions from BB-PSEA to PM, ; and O, concentrations in southern Chi-
na, six numerical experiments are designed (Table 1). The BASE experiment includes both aerosol and
gas emissions from BB-PSEA and the anthropogenic and biogenic sources in the simulation domain, con-
sidering both ARI and API. All sensitivity experiments are based on the BASE case. The BBO experiment
excludes emissions from BB-PSEA. The BB_ARIO, BB_APIO, and BB_ARI&APIO experiments exclude the
ARI, API, and the both caused by aerosols from BB-PSEA, respectively. The BB_GAS experiment only con-
siders gaseous emissions from BB-PSEA.
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Table 1

Summary of Numerical Model Experiments and Definitions of the Various
Contribution of Aerosol and Gas Emissions From Biomass Burning in
PSEA

All BB-PSEA  BB-PSEA

emissions aerosol gas

except BB- emissions emissions
Case PSEA (A) (B) (B) ARI  API
BASE? y v y A+B A+B
BBO® \ X X A A
BB_ARIO® y \ o A A+B
BB_API0! v \ v A+B A
BB_ARI&API0® y \ y A A
BB_GAS' \ X \ A+B A+B

2BASE represents the simulation including all emissions, and the API and
ARI effects of all emissions. "BBO represents the simulation excluding
the BB-PSEA emission and without the API and ARI effects of BB-PSEA.
°BB_ARIO0 is the same as the BASE case, but without the ARI effect of BB-
PSEA. BB_APIO is the same as the BASE case, but without the API effect
of BB-PSEA. °BB_ARI&APIO is the same as the BASE case, but without
the ARI and API effects of BB-PSEA. BB_GAS represents the simulation
excluding the aerosol emissions from BB-PSEA.

3.1. Model Performance

The brute force method (BFM) is used to evaluate the contribution of
BB-PSEA emissions to PM, ; and O, concentrations in southern China
(Marmur et al., 2005). For example, total PM, . and O, contributions are
quantified by differentiating the results of BASE and BBO cases. Notably,
the BFM has limitations in evaluating the source contribution because
the complicated non-linear interaction between various sources and the
ARI and API effects induced by the source are not considered (Zhang &
Ying, 2011).

3. Results and Discussions

Figure 1 indicates the spatial distribution of average BB CO emissions
during springtime in March and April from 2013 to 2016 from the FINN
inventory and the corresponding horizontal wind field at 850 hPa. The
high BB CO emissions are concentrated in northern Laos, Eastern My-
anmar, and Eastern India, exceeding 2,000 mol km~2 h~1. The prevailing
westerly and southwesterly winds in Southeast Asia are subject to bring-
ing BB-PSEA plumes to southern China, affecting PM, , concentrations
and O, photochemistry in the area. For convenience of our analysis, we
divide southern China affected by the BB-PSEA into two parts: YNP,
which is adjacent to the BB source area, and the other downwind are-
as (ODAs), including provinces such as Guangdong, Guangxi, Guizhou,
Hunan, Fujian, Jiangxi, and Zhejiang.

Figure 3 shows the time series of the simulated and observed near-surface CO, NO,, O,, and PM,  con-
centrations averaged at the observation sites in eight provinces of southern China during the episode. The
model generally reproduces the observed temporal evolution of the gaseous pollutants of CO, NO,, and
0, well, with IOAs exceeding 0.75. Compared with the observations, the model slightly underestimates
CO, NO,, and O, concentrations, with MBs of —19.7, —0.6, and —0.9 ug m™3, respectively. The RMSEs of
simulated O,, CO, and NO, are 9.7, 132.5, and 6.6 ug m™3, respectively, which are relatively small, showing
less dispersion of simulations against observations. The simulated average PM, , concentrations show less
fluctuations during the episode, which is generally consistent with the observations, with an IOA of 0.82.
The model slightly overestimates the PM, . concentrations but the dispersion is considerable, with an MB
and RMSE of 3.0 and 8.3 ug m~3, respectively.

Figure S1 in Supporting Information S1 presents the comparison between the simulated and observed
near-surface CO, NO,, O,, and PM, ; concentrations for all monitoring sites in Figure 1 averaged during

the simulation period. The model génerally reproduces the spatial distribution of PM

CO, NO,, and O,

2.5

compared with observations in southern China, and the correlation coefficients between the simulated and
observed CO, NO,, O,, and PM, , concentrations range from 0.38 to 0.65 (p < 0.01). The average simulated
AOD with the MODIS retrieval during the simulation period was further compared (Figure S2 in Support-
ing Information S1). The MODIS-retrieved AOD is higher than 1.2 at the junction of Myanmar, Thailand,
Laos, China, northwestern Myanmar, and southeast Thailand. The model generally reproduces the spa-
tial distribution of AOD against the MODIS retrieval, but overestimates AOD in Myanmar, central Laos,
southern China, and northwestern Myanmar, and underestimates AOD in Cambodia, Vietnam, and at the
junction of Myanmar, Laos, and Thailand.

Figure 4 indicates the diurnal variations of the average simulated and observed SWDOWN at the 15 obser-
vation sites in eight provinces of southern China. The model captures the diurnal profiles of SWDOWN
well, with an IOA and RSME of 0.98 and 62.1 W m~2, respectively. The model overestimates the SWDOWN,
with an MB of 27.2 W m~2, which is caused by the noontime overestimation.
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Figure 3. Comparison of observed (black dots) and simulated (solid red lines) diurnal profiles of near-surface hourly mass concentrations of (a) CO, (b)
NO,, (c) O,, and (d) PM, , averaged at monitoring sites in eight provinces of southern China from March 21 to 25, 2015. The error bars represent the standard
deviation for the observation and simulation, respectively.

3.2. Impacts of BB-PSEA on Near-Surface PM, ; and O, Concentrations in Southern China

3.2.1. Effects of BB-PSEA on Near-Surface PM, ; and O, Concentrations

Figure 5 shows the total effect of BB-PSEA on near-surface CO, PM, ., and O, concentrations averaged from
March 21 to March 25, 2015 by differentiating the BASE and BBO experiments. The horizontal wind field
at 850 hPa for the BASE case is overlaid on the spatial distribution of the PM, . difference. CO is a good
indicator for investigating the regional transport of BB-PSEA because of the large emissions from BB and
long lifetime. Figure 5a indicates that BB-PSEA increases near-surface CO concentrations by more than

1200 T T
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Figure 4. Comparison of observed (black dots) and simulated (red lines) SWDOWN averaged at the 15 observation
sites in eight provinces of southern China from March 21 to 25, 2015. The error bars represent the standard deviation in

the 15 sites for the observation and simulation, respectively.
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Figure 5. The total effects of BB-PSEA on near-surface (a) CO, (b) PM, ;, and (c) O, concentrations averaged from March 21 to 25, 2015. The average wind field
at 850 hPa from the BASE case is overlaid in (b).

300 ug m~3 in YNP and 0-50 pug m~3 in ODA, indicating the importance of BB-PSEA in air quality in south-
ern China. On average, BB-PSEA increases CO concentrations by 296.2 ug m=3 (23.0%) in YNP and 20.2 ug
m~? (2.3%) in ODA. BB-PSEA increases near-surface PM, ; concentrations by more than 40 pg m= in the
source region and YNP, which is adjacent to PSEA (Figure 5b). In ODA, near-surface PM, ; concentrations
are increased by up to 25 pg m3, but they are slightly decreased by less than 5 pg m~3 in some regions. The
average near-surface PM,  contribution of emissions from BB-PSEA is 39.3 ug m~3 (68.0%) and 8.4 ug m~3
(24.1%) in YNP and ODA relative to the BASE case, respectively. The PM, ; enhancement in YNP is mainly
contributed to primary organic aerosols (POAs) (32.7%), nitrate (24.5%), and unspecified species (25.1%).
However, in ODA, nitrate, ammonium, and sulfate constitute the three most important species to the PM,
enhancement, with the contribution of 60.8%, 21.1%, and 8.6%, respectively. The primary aerosols dominate
the PM, ; enhancement in YNP, but the secondary aerosols become predominant in ODA.

BB-PSEA significantly enhances near-surface O, concentrations by over 40 g m~3 in western YNP, but O,
enhancement gradually decreases from the western to the eastern part of YNP (Figure 5c¢). In ODA, BB-
PSEA generally inhibits O, photochemistry and only slightly enhances O, formation in some small regions.
On average, BB-PSEA contributes to O, concentrations of 18.1 ug m~> (19.4%) in YNP and decreases the O,
concentrations in ODA by 3.7 ug m™ (5.3%) relative to the BASE case. These results are consistent with the
observed lower O, concentrations in the PRD under the influence of BB-PSEA (Deng et al., 2008) but are
not in agreement with the simulations by Fu et al. (2012), who showed that BB-PSEA increases near-surface
0, concentrations by 10%-30% in southern China, probably because of the absence of APT and ARI effects
in the CMAQ model. This will be discussed in the following sections.

BB plumes can be lifted above the PBL and transported to downwind areas along the westerly wind. BB-
PSEA significantly increases CO concentrations by more than 300 pug m~3 from the surface to 4 km near the
source region, and the enhancement is higher from 1.5 to 4 km in the downwind areas than that from the
surface to 1.5 km. The PM, ; contributions of BB-PSEA are more than 60 g m~* from the surface to 3 km
near the source region. In the downwind areas, the contribution is the most significant from 2 to 4 km,
ranging from 16 to 36 g m~3, and is generally less than 12 ug m~ in the PBL. O, concentrations are also
increased by more than 60 ug m~3 from the surface to 3 km near the source region because of the numerous
emissions of NO, and VOCs from BB-PSEA. In the downwind areas, BB-PSEA increases O, concentrations
by 12-28 pg m~3 from 2 to 4 km but decreases O, concentrations from the surface to 2 km, particularly near
the surface level. This suggested that in addition to contributions of precursors from BB-PSEA, ARI and API
induced by BB-PSEA also influence O, photochemistry.

Furthermore, all simulations are based on the source-oriented model (SOM), and therefore, in the BASE
case, the PM, , originated from BB-PSEA is marked. The direct PM, ; contribution of BB-PSEA is 34.8 ug
m~3 (60.3%) and 4.7 ug m=3 (13.7%) in YNP and ODA relative to the BASE case, respectively, which differ
from those evaluated by the BFM. The difference in PM, , contributions between the BFM and SOM is likely
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Figure 6. Spatial distribution of the average (a) SWDOWN and (b) surface temperature from March 21 to 25, 2015 due to the ARI effect of BB-PSEA.

because of the chemical interactions of local emissions with those from BB-PSEA and the ARI/API effects
of BB-PSEA emissions.

3.2.2. Impacts of ARI and API From BB-PSEA on PM, ; Concentration and O, Formation

The ARI effects of BB-PSEA are calculated by differentiating the BASE and BB_ARIO cases. Figure 6 shows
that the daytime SWDOWN is reduced by up to 120 W m~2 in YNP and 160 W m~2 in ODA, decreasing the
daytime near-surface temperature by more than 1.6°C in southern China. The larger decrease of SWDOWN
in Guangxi Province of ODA compared to that in YNP is probably caused by the larger increase of cloud
cover in Guangxi Province than in YNP (Figure S4c in Supporting Information S1). In addition, the ARI
effects of BB-PSEA increase the temperature in the upper PBL by up to 0.8°C in YNP at 14:00 LT and 0.8°C
in ODA at 18:00 LT (Figure S5 in Supporting Information S1). This is likely because of aerosols such as
black and organic carbon in the BB plume absorbing solar radiation and heating the atmosphere in the up-
per PBL. Surface cooling and upper-level heating caused by BB have also been reported in previous studies
(Ding et al., 2013; Li et al., 2018). The slight increase of SWDOWN and surface temperature in southern
China might be caused by the reduced cloud cover due to changes in atmospheric stratification (Figure
S4c in Supporting Information S1). On the regional and temporal averages from March 21 to March 25,
2015, the ARI effects of BB-PSEA attenuate the SWDOWN by 62.9 W m~2 (10.5%) and 31.5 W m~2 (8.9%)
in YNP and ODA, respectively, relative to the BASE case, lowering the near-surface temperature by 0.6 and
0.5 °C, respectively, and reducing the PBLH by 83.1 m (9.8%) and 38.5 m (6.4%), respectively (Figure S5c in
Supporting Information S1). The ARI effect of BB-PSEA on air quality in southern China is generally not
significant or is uncertain. Figure 7 demonstrates the time series of simulated PM, , and O, concentrations
on the regional average in YNP and ODA from the BASE and BB_ARIO cases. The ARI effect increases the
mean PM, , concentrations by 2.2 ug m~ (4.0%) and 1.0 ug m—*(2.9%) in YNP and ODA, respectively, but de-
creases the mean O, concentrations by 4.8 ug m=> (4.9%) and 1.0 ug m~3 (1.4%), respectively. This is caused
by the suppression of the vertical dispersion of air pollutants. It is well established that ARI suppresses the
development of the PBL and facilitates the accumulation of air pollutants, deteriorating air quality (e.g.,
Gao et al.,, 2016; Li et al., 2020; Wang et al., 2014; X. Zhang et al., 2018). Figures S6b and Sé6e in Support-
ing Information S1 show that an anticyclone controls the PSEA and southern China during the simulation
period. The ARI effect increases the temperature at 700 hPa (Figure S6a in Supporting Information S1) and
decreases it at 850 hPa (Figure S6d in Supporting Information S1), altering the temperature stratification,
lowering geopotential height in YNP and southern part of ODA, and raising geopotential height in the
northern part of ODA (Figures S6c and Séf in Supporting Information S1). This results in cyclonic anom-
alies at 700 hPa and 850 hPa, and favors the anomalous convergence in the lower troposphere, leading to
the increase in cloud cover in YNP and the southern part of ODA and the decrease in cloud cover in the
northern part of ODA. The change of cloud cover correspondingly reduces or enhances the photolysis rate,
and therefore affects O, concentrations in the corresponding areas (Figure S4 in Supporting Information
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Figure 7. Time series of simulated PM, ; and O, concentrations on the regional average in YNP (a, b) and ODA (c, d) for the BASE (black lines), BB_ARIO (red
lines), and BB_APIO (blue lines) cases.

S1). Furthermore, decreased O, concentration in southern China due to the ARI effect may have originated
from increased O, deposition due to a shallower PBL.

The API effect of BB-PSEA on photolysis rates is calculated as the difference between the BASE and BB_
APIO experiments. The photolysis of NO, and O, to O(*d) plays an important role in the O, formation (Bras-
seur, 2003). Figure 8 indicates that the API effect of BB-PSEA significantly decreases the photolysis rates of
NO, and O, to O(*d) by 3.2%-48.9% and 3.2%-54.8% in YNP, respectively, and 3.2%-53.0% and 4.0%-59.3%
in ODA relative to the BASE case, respectively. The API effect decreases O, concentrations by up to 33.4 g
m~3in YNP and 16.2 ug m~3 in ODA, respectively. On the daytime average, the API effect reduces the pho-
tolysis rates of NO, and O, to O(*d) by 26.5% and 30.3% in YNP, respectively, and 21.4% and 25.2% in ODA,

AT AT )]
| (b) J[O('d)] percentage change (%) :
[ [§
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Figure 8. Spatial distributions of the average variation of (a) JJNO,] and (b) JJO('d)] from March 21 to March 25, 2015 due to the API effect of BB-PSEA.
J[NO,] and J[O(*d)] represent the photolysis rates of NO, and O, to O('d), respectively.
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Table 2
Contributions (ug m=>) of Gaseous Emissions of BB-PSEA to Near-Surface O, and PM, ; Concentrations in YNP and
ODA

o, PM, Sulfate Nitrate Ammonium SOA POA BC Unspecified?

YNP 28.1 11.3 1.03 7.33 2.52 0.64 —0.09 —0.03 —0.08
ODA —0.19 6.9 0.56 4.97 1.67 —0.04 —0.08 —0.05 —0.10

2Unspecified represents the unresolved primarily emitted aerosol species.

respectively. Correspondingly, the near-surface O, concentrations are reduced by 12.2 ug m=3 (11.6%) in
YNP and 4.7 ug m~3(6.7%) in ODA due to the API effect (Figure 7). The daily average OH concentrations in
YNP and ODA are reduced by 25.2% and 22.3%, respectively, hindering the formation of secondary aerosols
and further reducing PM, ; concentrations. The oxidation of VOCs and the aging of primary organics by
OH constitute important secondary organic aerosol (SOA) formation pathways (Xing et al., 2019). Nitrate
aerosols are formed from nitric acid to balance inorganic cations in the particle phase, which is determined
by the NO, reaction with OH (homogeneous) and O, (heterogeneous) (Liu, Wu, et al., 2019). The gas-phase
sulfate formation is dominated by OH and stabilized Criegee intermediates formed during the ozonolysis
reaction of alkenes (G. Li et al., 2017; J. Li et al., 2017; M. Li et al., 2017; Liu, Bei, et al., 2019). The mean
PM, , concentrations in YNP and ODA decrease by 1.6 ug m~3 (2.9%) and 1.0 ug m~3 (2.9%), respectively,
because of the API effects of BB-PSEA. This is mainly attributed to the reduction of nitrate aerosols.

The synergetic effect of both ARI and API from BB-PSEA is further evaluated by differentiating the BASE
and BB_ARI&APIO experiments. On average, the synergetic effect slightly increases near-surface PM, , con-
centrations, with PM, , contributions of 1.5% in YNP and 0.2% in ODA relative to the BASE case. This is
significantly lower than those caused only by the ARI of BB-PSEA. The present results are consistent with
those of Wu et al. (2020), and indicates that the ARI effect considerably deteriorates particulate pollution
during a heavy haze episode in the winter of the North China Plain, but the API effect substantially buff-
ers the particulate pollution deterioration caused by ARI. Therefore, the difference in PM, ; contributions
between the BFM and the SOM is not primarily caused by the ARI and API of BB-PSEA. Furthermore,
the synergetic effect considerably hinders the O, formation in the lower PBL, reducing near-surface O,
concentrations by 14.8% in YNP and 7.8% in ODA relative to the BASE case. However, based on the BFM
evaluation, BB-PSEA increases near-surface O, concentrations by 19.4% in YNP, which is opposite to the
contributions of the ARI or API or the synergetic effect, and decreases O, concentrations in ODA by 3.7 g
m~3(5.3%), which is less than that caused by the synergetic effect.

3.2.3. Impacts of Gaseous Emissions From BB-PSEA on PM, ; and O, Concentrations

The impact of gaseous emissions from BB-PSEA on PM, , concentration and O, formation in southern
China is calculated as the difference between the BB_GAS and BBO experiments. Figure S7 in Support-
ing Information S1 demonstrates that the CO concentrations for both the near surface and the vertical
distributions are increased because of the gaseous emissions from BB-PSEA. The gaseous emissions from
BB-PSEA increase near-surface O, concentrations by 28.1 g m~ in YNP, decrease O, concentrations by
0.19 ug m~* in ODA (Table 2), and increase PM, , concentrations by 11.3 and 6.9 ug m~* in YNP and ODA,
respectively (Table 2). Gaseous emissions influence O, photochemistry through two pathways: providing
additional VOCs and NO_ and inducing ARI and API effect caused by the perturbation of aerosol concen-
trations. The present discussions reveal that the induced ARI and API effects generally reduce near-surface
O, concentrations, and therefore, O, enhancement in YNP is mainly contributed by O, precursors from BB-
PSEA. However, in ODA, increased O, levels are concentrated between 2 and 4 km and gradually become
insignificant from 2 km to the surface level, showing a decreasing effect of O, precursors from BB-PSEA.
This is caused by weakening westerly winds from 2 to 4 km to the surface level, as well as the short lifetime
of NO, and some VOCs (Figure S8a in Supporting Information S1). The slightly decreased near-surface O,
concentrations in ODA may be attributed to the decrease in photolysis due to the API effect caused by PM,
enhancement from the gaseous emissions from BB-PSEA, which reduces the NO, photolysis rate by 2.6%.

Increased PM, . concentrations due to the gaseous emissions from BB-PSEA are predominantly contributed
by the enhancement of nitrate aerosols, with a contribution of 64.8% in YNP and 71.6% in ODA relative
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to the BBO case. The enhancement of sulfate and ammonium aerosols accounts for 9.1% and 22.3% of the
increased PM, , concentrations in YNP, respectively, and 8.1% and 24.1% in ODA, respectively. Nitrate for-
mation in the atmosphere is dependent on its precursors and atmospheric oxidation capacity (AOC), alkali
gases or metal ion, and the sulfate in the particle phase. In YNP, which is adjacent to the source area, the
precursor and AOC play an important role in nitrate enhancement near the surface level. However, in ODA,
both factors do not significantly contribute to nitrate enhancement near the surface level, considering the
decreased O, and rapid loss of NO_ in and near the source areas.

BB is the largest natural NH, source on land (Paulot et al., 2014), and it has been estimated to contribute
11%-23% of the global burden of NH,NO, particles (Paulot et al., 2017). Therefore, NH, emitted by BB-
PSEA might be the most important factor leading to an increase in nitrate levels in southern China. Chang
et al. (2021) have shown that observed NH, concentrations display an urban (~30 ug m~3) to suburban
(~24 pgm=3) to rural (~11 ug m~3) gradient during March at nine sites in Chiang Mai, Thailand and BB con-
tributes 21.0% of NH, concentrations in rural sites of Chiang Mai during March and April. The simulated
NH, concentrations at the nine sites in Chiang Mai also show an urban (12.7 ug m~—3) to suburban (11.7 ug
m~3) to rural (9.5 pg m~3) gradient, although the model underestimates the observed NH, concentrations.
This may be caused by uncertainties in NH, emissions from nonagricultural activities, such as traffic, which
is not included in the current emission inventories. The simulated near-surface NH, concentrations from
BB emissions contribute 24.6% to the total NH, concentrations at the rural sites in Chiang Mai, which is
comparable to the results from Chang et al. (2021). The emissions of BB-PSEA dominate the NH, level in
YNP and ODA, with near-surface NH, contributions of 42.4% and 55.0%, respectively. The enhancement of
NH, concentrations due to BB-PSEA emissions is significant from the surface level to approximately 4 km
(Figure S8b in Supporting Information S1). Based on BB_GAS, a further sensitivity simulation is performed,
wherein NH, emissions of BB-PSEA are excluded. A comparison with the BBO experiment suggests that the
nitrate concentration is enhanced by 2.1 and 0.12 ug m~3 in YNP and ODA, respectively. These values are
significantly lower than those obtained by differentiating BB_GAS and BBO (Table 2), and demonstrate that
the NH, emissions from BB-PSEA play a key role in nitrate enhancement. Sulfate formation is generally
determined by the heterogeneous and aqueous reactions of SO, in the atmosphere (G. Li et al., 2017; J. Li
et al., 2017; M. Li et al., 2017; Liu, Bei, et al., 2019). The increase in sulfate concentration is mainly caused
by the substantial increase in NH, concentration due to BB-PSEA, which not only provides high NH, con-
ditions but also significantly enhances the nitrate and ammonium formation to facilitate the wet growth
of aerosols and further SO, heterogeneous conversion. Therefore, NH, emissions from BB-PSEA play a key
role in the formation of secondary inorganic aerosols, with PM, , contribution of 7.6 and 7.0 ug m~3 in YNP
and ODA, respectively. Almost all the enhancement of near-surface PM, , concentrations in ODA is contrib-
uted by NH, emissions from BB-PSEA. Figures S7c and S7d in Supporting Information S1 demonstrate that
nitrate and sulfate aerosols increase by up to 20 ug m~3 from the surface to 4 km, and the enhancements are
higher from 2 to 4 km along the transport of BB plumes, with higher NH, emissions than those from the
surface to 2 km. The gaseous emissions from BB-PSEA increase the near-surface SOA concentration by 5.6%
in YNP, indicating the contribution of SOA precursors from BB-PSEA and AOC enhancement, but decrease
the SOA level slightly in ODA, which might be caused by the decrease in O, formation.

4. Conclusions

The impact of emissions from BB-PSEA on PM, . and O, concentrations in southern China is investigated
by simulating an air pollution episode from March 21 to 25, 2015, using a source-oriented WRF-Chem
model. The model separates the emissions from the BB-PSEA and other sources and can be used to evalu-
ate the effects of ARI and API caused by emissions from BB-PSEA. Generally, the model performs well in
simulating the spatial and temporal distribution of AOD, SWDOWN, PM,, ,, O,, CO, and NO, concentrations
during the simulation period.

2.5

The total effect of BB-PSEA increases near-surface PM, ; concentrations by 39.3 ug m=> (68.0%) in YNP and
8.4 g m—*(24.1%) in ODA, indicating that BB-PSEA plays an important role in PM, ; pollution in southern
China during springtime. The PM, . increase in YNP is mainly caused by the enhancement of POA (32.7%),
followed by unspecified species (25.1%) and nitrate (24.5%), while the PM, , increase in ODA is dominated
by the enhancement of secondary inorganic aerosols, including nitrate (60.8%), ammonium (21.1%), and
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sulfate (8.6%). BB-PSEA increases near-surface O, concentrations by 18.1 pg m~ (19.4%) in YNP and de-
creases O, concentrations in ODA by 3.7 ug m~3 (5.3%), which is consistent with the observations of Deng
et al. (2008).

The ARI effect of BB-PSEA suppresses the development of PBL and facilitates the accumulation of air
pollutants, increasing near-surface PM, . concentrations by 2.2 yg m~3 in YNP and 1.0 yg m~3 in ODA.
However, near-surface O, concentrations are decreased by 4.8 and 1.0 g m™— in YNP and ODA, respective-
ly. The API effect significantly reduces the photolysis rates of NO, and O, to O('d), reducing near-surface
O, concentrations by 12.2 g m~ in YNP and 4.7 yug m~3 in ODA. In addition, the API effect decreases OH
concentrations by 25.2% in YNP and 22.3% in ODA, which hinders the formation of secondary aerosols and
further reduces PM, , concentrations. The API effect of BB-PSEA reduces PM, | concentrations by 1.6 ug
m~3in YNP and 1.0 ug m=3 in ODA. The synergetic effect of ARI and API slightly increases the near-surface
PM, . concentrations in southern China because of the buffer of API to the particulate pollution deterio-
ration caused by ARI, but considerably reduces the near-surface O, concentrations both in YNP and ODA.

The gaseous emissions from BB-PSEA increase near-surface O, concentrations by 28.1 ug m~ in YNP, but
decrease O, concentrations by 0.19 ug m~ in ODA. The remarkable O, increase in YNP is mainly caused
by precursor emissions from BB-PSEA, whereas the O, decrease in ODA is likely attributed to the decrease
in photolysis caused by PM, ; enhancement from the gaseous emissions from BB-PSEA. The gaseous emis-
sions from BB-PSEA increase PM, ; concentrations by 11.3 ug m~* in YNP and 6.9 ug m~* in ODA, and the
PM, ; increase is mainly caused by the enhancement of nitrate aerosols, with contributions of 64.8% in YNP
and 71.6% in ODA. NH, emissions from BB-PSEA play a key role in nitrate enhancement in both YNP and
ODA, and dominate the increased PM, . concentration in ODA.

The results presented here from the model indicate that BB-PSEA is an important source for enhancing
near-surface PM, ; concentrations in southern China and O, concentrations in YNP during springtime, al-
though it reduces O, concentrations in ODA through the combined effects of ARI and API. NH, emissions
from BB-PSEA play a key role in the enhancement of secondary inorganic aerosols in southern China.

The present findings are based on one case study, with the aim of providing a comprehensive evaluation
of the effect of BB-PSEA on air quality in southern China. The impact of BB-PSEA may vary significantly
because of the large variability in BB emissions and the atmospheric circulation. Therefore, further studies
with longer time simulations are warranted to quantify the impact of BB-PSEA on air quality and climate
in southern China.

Data Availability Statement

The hourly measurement data of PM, ,, O,, CO, and NO, in southern China, the hourly observed solar
radiation data, and the model output can be accessed at Zenodo (https://zenodo.org/record/5348505%.
YS864jgzYuU).
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