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ARTICLE INFO ABSTRACT
Keywords: Since 2013, China’s air quality has significantly improved due to the reduction of anthropogenic emissions. The
Black carbon influence of long-distance transport of biomass burning emissions in Southeast Asia (BBSEA) on air quality in
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Source attribution

Adjoint simulation

southern China (SC) would likely continue to increase, especially under the trend of global warming. We quantify
the contribution of BBSEA to the surface and high-altitude BC concentrations in SC (two provincial capitals:
Guangzhou (GZ), Guangdong, and Kunming (KM), Yunnan) in March-April 2014 and 2019 by using the GEOS-
Chem global chemical transport model and its adjoint. For three severe pollution events in SC in 2014, the
contributions of BBSEA to daily average BC concentrations in GZ are 0.08-0.19 pg m ™3 (2 %-5 %) at the surface
and 0.20-0.78 pg m 2 (59 %-73 %) at 700 hPa. In KM, the corresponding contributions are 0.27-0.54 pg m >
(15 %-33 %) and 0.25-0.45 pg m > (28 %-45 %). The transport time of BBSEA to the surface of GZ (KM) is about
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3-6 days (1-5 days). The shift in wind fields from southwest to west and stronger wind speeds in April likely
shorten the transport time of BBSEA to SC. On March 27, 2019, the relative contributions of BBSEA to the surface
BC concentrations increase by 10 % in GZ and 14 % in KM, compared to March 23, 2014. Our study would offer
scientific support for understanding BC sources and potential improvement of air quality in SC.

1. Introduction

Black carbon (BC), as an important PMy 5 component, is mainly
produced by the incomplete combustion of fossil fuel, biofuel, and
biomass burning emissions (Lin et al., 2025; Pauraite et al., 2021; Zong
et al., 2016). BC influences the Earth’s radiation budget directly by
absorbing radiation and indirectly by changing the cloud formation
(Chan, 2017; Zhuang et al., 2025). BC also accelerates the melting of
glaciers and snow by reducing surface albedo, affecting global climate
(Li et al., 2019; Zhang et al., 2025). BC has unique structural properties
that adsorb toxic pollutants and causes serious harm to the human res-
piratory tract and cardiovascular systems (Nam et al., 2008; Rasking
et al., 2023; Roy et al., 2024). In addition, BC has a small particle size
and relatively long residence time in the atmosphere, so it can be
transported to areas thousands of kilometers away from the source,
affecting the air quality along the way (Hu et al., 2022; Li et al., 2021;
Menegoz et al., 2011).

Since 2013, China has issued the Action Plan for the Prevention and
Control of Air Pollution (https://www.gov.cn/zwgk/2013-09/12/
content_2486773.htm, last access: April 2, 2025), the Three-Year Ac-
tion Plan for Winning the Blue Sky Defense Battle (https://www.gov.cn/
zhengce/content/2018-07/03/content_5303158.htm, last access: April
2, 2025), and the Action Plan for Continuous Improvement of Air
Quality (https://www.gov.cn/zhengce/content/202312/content_ 6919
000.htm, last access: April 2, 2025), the quality of China’s atmo-
spheric environment has been greatly improved. As a result of these
initiatives, the annual average PM, 5 concentrations in southern China
(Yunnan, Guangxi, and Guangdong Provinces), are generally below the
Grade II of the Chinese Ambient Air Quality Standard (CAAQS, 35 pg
m~3) (Wei et al., 2024). Guangzhou is the capital of Guangdong Prov-
ince, the observed annual average PMjs concentrations declined to
approximately 19.56 pg m™ in 2022 (Geng et al., 2024), and the annual
average BC concentrations dropped from 3.35 pg m 2 in 2013 to 1.59 g
m~2in 2018 (Lin et al., 2019; Pei et al., 2023). The annual average PMs 5
concentrations in Yunnan Province have also decreased from 39.28 pg
m % in 2013 to 23.92 pg m~> in 2021 (Li et al., 2023). Previous studies
have shown that PM; 5 concentrations in southern China are influenced
by local emissions and also atmospheric transport, particularly from
Southeast Asia, and the contributions of biomass burning emissions from
Southeast Asia (BBSEA) to PMa 5 concentrations at high altitude in
southern China can reach up to 20 %-70 % (Fu et al., 2012; Li et al.,
2022; Zhang et al., 2016). As local anthropogenic emissions in southern
China continue to decline, the contributions of atmospheric transport of
BBSEA to southern China will become increasingly prominent, particu-
larly under the trend of global warming, which would hinder further
improvements in air quality in the southern China.

Biomass burning emissions are significant sources of environmental
pollution, and have important impacts on air quality, climate change,
and human health by emitting gases and particulate matters into the
troposphere, which thus have garnered substantial attention over the
past few decades (Andreae, 2019; Randerson et al., 2017; Yin et al.,
2019). Additionally, pollutants emitted from biomass burning can be
transported over long distances, frequently resulting in severe air
pollution in areas situated downwind of the source (Fu and Jian, 2014;
Wang et al., 2009). Southeast Asia is one of the most intensive regions
for biomass burning emissions in the world, which contributes to around
5 percent of global biomass burning emissions, but covers only about 1
percent of the world’s land area (Randerson et al., 2017). Emissions
from biomass burning in southeast Asia are likely to increase in the

future under the influence of global warming (Liu et al., 2024; Yin,
2020). For example, Zhang et al. (2024) predicted that the burned area
in Southeast Asia will increase by about 0.0012 Mha (~30 %) under the
shared socioeconomic pathways (SSP126) scenario during 2021-2040
compared to the reference period (1997-2021). There is a distinct sea-
sonal variation in BBSEA, and approximately 69 %-82 % of the annual
emissions are emitted from February to April and 50 % in March (Chan,
2017; Lin et al., 2009; Yang et al., 2022; Yin et al., 2019).

Southern China is situated close to Southeast Asia, and the pollutants
from BBSEA significantly impact air quality in southern China by strong
westerly winds, especially in March and April (Liu et al., 2023; Yang
et al., 2022; Zhang et al., 2022). The Yunnan Province, which borders
Southeast Asia, is most severely affected by BBSEA. Yang et al. (2022)
demonstrated that BBSEA accounted for 69 % of the surface average
PM, 5 concentrations in Yunnan Province during the heavy pollution
period in 2017 by using the Weather Research and Forecasting model
coupled with Chemistry (WRF-Chem). Li et al. (2024) employed the
Regional Air Quality Model System (RAQMS) to show that BBSEA
contributed over 50 % of total tropospheric PM; 5 concentrations in
southern China in March 2008-2019. Liu et al. (2023) adopted the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model to show that the contribution of BBSEA to the surface average BC
concentrations in Xishuangbanna in Yunnan Province was 77 % in
March-April 2017. In addition, Guangzhou in Guangdong Province is
situated downwind of the Southeast Asia spring monsoon and is also
affected by the long-range transport of pollutants emitted from BBSEA
(Huang et al., 2023; Zhu et al., 2011, 2024). The aerosol optical depth
(AOD) data from the Moderate-resolution Imaging Spectroradiometer
(MODIS) satellite indicate that high concentrations of aerosols from
intense biomass burning activities in Southeast Asia in March 2006
could be transported to the Guangzhou area by prevailing
south-westerly winds (Deng et al., 2008). Huang et al. (2023) employed
the WRF-Community Multiscale Air Quality (WRF-CMAQ) model and
quantified that the biomass burning emissions in Southeast Asia
accounted for 21 % of the surface average PMys concentrations in
Guangdong Province in March 2015.

Previous studies have shown that the transport of pollutants from
BBSEA to southern China is influenced by meteorological conditions
(Huang et al., 2023; Yang et al., 2022). The average wind direction in
Southeast Asia is from west to east in March, transporting pollutants to
the east (Deng et al., 2008). For example, Fu et al. (2012) showed that
pollutants on the ground from BBSEA in March were transported to high
altitudes by strong convective air, and were rapidly transported east-
ward over long distances by strong westerly winds at an altitude of
around 2 km in the troposphere, which contributed to 30 %-70 % of the
high-altitude PM; 5 concentrations in the Pearl River Delta (PRD) region
on March 27, 2006 by CMAQ model. In April, there was a shift in the
wind fields over Southeast Asia, with wind direction changing from west
to southwest, which can cause pollutants from biomass burning emis-
sions to be transported to the northeast (Huang et al., 2023).

The methods employed in previous studies to quantify the contri-
butions of regional transport of pollutants by the atmospheric chemical
transport models include the tagged tracer method (Chen et al., 2016;
Yang et al., 2017), sensitivity simulation experiments (Fan et al., 2023;
Li et al., 2016), and adjoint model (Gu et al., 2025; Mao et al., 2020,
2024). The adjoint model can efficiently calculate the sensitivities of
pollutant concentrations at the study site to global emissions at the
model’s spatial and temporal resolution by a single simulation (Gu et al.,
2025; Mao et al., 2020; Zhang et al., 2015).
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Currently, the annual average PMjs concentrations in southern
China have reached the Grade II of the CAAQS (35 pug m™~3), but are still
far from the World Health Organization (WHO) Grade III standard (15
ng m’3) (Pang et al., 2023; Wei et al., 2024). With the decline of
anthropogenic emissions in China, the impact of BBSEA on air quality in
southern China would likely continue to increase under the trend of
global warming. In the present study, we quantify the contributions of
BBSEA to BC concentrations in southern China (two provincial capitals:
Guangzhou, Guangdong Province, and Kunming, Yunnan Province)
based on GEOS-Chem global chemical transport model and its adjoint
for the spring (March-April) of 2014 and 2019, when Southeast Asia
biomass burning emissions are significantly high. By using the adjoint
model, the daily contributions of biomass burning emissions to BC
contributions in southern China during the severe pollution events are
quantified at the model grid resolution. In addition, we combine with
the large-scale atmospheric circulation to further elucidate the transport
pathways of BBSEA to southern China. Our study would provide reliable
scientific support for insight into aerosol sources and contribute to the
further improvement of air quality in southern China.

2. Methods
2.1. GEOS-chem and model simulations

In this study, we use the GEOS-Chem atmospheric chemical transport
model and its adjoint model (http://geos-chem.org, version 35, last
access: April 2, 2025), driven by Modern-Era Retrospective Analysis for
Research and Applications, Version 2 (MERRA2) assimilated meteoro-
logical data from Goddard Earth Observing System (GEOS) of Aero-
nautics and Space Administration (NASA). In light of our previous BC
modeling studies, we employ ’offline’ simulations of carbonaceous
aerosols to improve computational efficiency. We use a nested model
with a horizontal resolution of 0.5° x 0.625° in the Asian region (60°-
150°E, 11°S-55°N), 47 vertical layers, and a temporal resolution of 3 h.
The boundary conditions are derived from the GEOS-Chem global sim-
ulations with a horizontal resolution of 2° x 2.5°.

The GEOS-Chem simulation of carbonaceous aerosols follows by
Park and Jacob (2003), which assumed that 80 % of BC are hydrophobic
and hydrophobic aerosols become hydrophilic with an e-folding time of
1.2 days (Park et al., 2005). Additionally, the BC in the model is assumed
to be externally mixed with other aerosol species. Tracer advection is
computed using a flux-form semi-Lagrangian method (Lin and Rood,
1996), and tracer moist convection follows Allen et al. (1996). The deep
convection and shallow convection treatments follow Zhang and
McFarlane (1995) and Hack (1994), respectively, and the dry deposition
of aerosols uses the series resistance model by Walcek et al. (1986).

We employ the GEOS-Chem model to simulate surface and elevated
BC concentrations in China for both 2014 and 2019, and the adjoint
model to quantify the contributions of BBSEA to BC concentrations in
Guangzhou and Kunming during severe pollution events in March-April
2014 and 2019. The GEOS-Chem adjoint model has been validated to be
an effective method for source attribution of PM5 5 (Gu et al., 2025; Lee
et al., 2017) and BC (Mao et al., 2020; Qi et al., 2017; Xu et al., 2017).
The adjoint model offers a computationally efficient method for calcu-
lating the contribution of BC concentrations to global emissions at the
spatial and temporal resolutions of the model through a single backward
simulation. In addition, two sensitivity experiments based on
GEOS-Chem are also conducted with/without BBSEA for spring 2014
and 2019 to quantify the average contribution of BBSEA to BC concen-
trations in southern China.

2.2. Emission inventories
The Community Emissions Data System (CEDS, https://github.

com/JGCRI/CEDS/tree/master, last access: February 10, 2025,
McDuffie et al., 2020) is used for the global anthropogenic emissions of
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BC at 0.5° x 0.5° horizontal resolution, and the anthropogenic BC
emissions in China are from the Multi-resolution Emission Inventory of
China (MEIC, http://www.meicmodel.org/, last access: April 2, 2025,
Zheng et al., 2018) at 0.5° x 0.667° horizontal resolution, including
residential, industrial, transportation and power sectors. In addition, the
anthropogenic emissions of BC from CEDS and MEIC are available for
2013-2019, with a temporal resolution of one month. Biomass burning
emissions of BC are from the Global Fire Emissions Database v4
(GEFDv4, https://www.globalfiredata.org/, last access: April 2, 2025,
Randerson et al., 2017) for 2013-2019, with a horizontal resolution of
0.25° x 0.25° and a temporal resolution of one day.

Fig. 1 (a) shows the monthly biomass burning emissions of BC in
GFEDv4 for Southeast Asia (92°-110°E, 10°-28°N) from 2000 to 2019.
The annual biomass burning emissions of BC are 21.60-55.85 Tg in
Southeast Asia for 2000-2019, with an annual average of 35.26 Tg.
There is a distinct seasonal variation in biomass burning emissions of BC
in Southeast Asia, which are high from February to April, accounting for
79 % of the annual biomass burning emissions of BC in the region from
2000 to 2019. In 2014, the annual biomass burning emissions of BC in
Southeast Asia reach 46.38 Tg, which is the year with the highest
emissions between 2013 and 2019, and with 85 % of the annual emis-
sions occurring from February to April. Fig. 1 (b) shows the daily
biomass burning emissions of BC from four sources in Southeast Asia
from February to April 2014, and the monthly total emissions from
February to April are 638.10 Gg (17 %), 1635.30 Gg (43 %), and 959.79
Gg (25 %), respectively. In addition, Tropical deforestation and degra-
dation (DEFO) in Southeast Asia is the main source of BC emissions,
accounting for 45 % of total biomass burning BC emissions in Februar-
y-April 2014. BC emissions from Savanna, grassland, and shrubland
fires (SAVA), Temperate forest fires (TEMP), and Agricultural waste
burning (AGRI) correspondingly account for 36 %, 10 %, and 9 %,
respectively.

Fig. 2 shows the spatial distribution of BC from biomass burning
emissions in the GFEDv4 for 2014 in Asia. In 2014, the annual biomass
burning emissions of BC are 46.38 Tg in Southeast Asia and 12.84 Tg in
China. High biomass burning emissions are observed in eastern
Myanmar, northwest Thailand, northern Laos, and northeast Cambodia.
Among these regions, Myanmar and Laos are situated in the upwind
zone of the southwest monsoon, and high biomass burning emissions
from these areas have the potential to significantly impact air quality in
southern China (Zhang et al., 2022).

2.3. MERRAZ reanalysis data

The MERRA2 (https://earthdata.nasa.gov/, last access: April 2,
2025, Gelaro et al., 2017) reanalysis data provides pollutant concen-
tration data, such as PM, s and BC with a horizontal resolution of 0.5° x
0.625° and 72 vertical layers, based on the GEOS-5 Model (version 5)
and Data Assimilation System (version 5.12.4). The Data Assimilation
System is used to assimilate AOD from several sources, including
MODIS, the High-Resolution Radiometer (AVHRR), the Multi-Angle
Imaging Spectroradiometer (MISR), the Aerosol Robotic Network
(AERONET), and aircraft observation. In this study, we download hourly
surface BC concentrations data for China in 2014 and 2019 from the
MERRA2 data.

2.4. ERA5

European Centre for Medium-Range Weather Forecasts Reanalysis
version 5 (ERAS5, last access: April 2, 2025, https://cds.climate.cop
ernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview) is the
fifth generation of reanalysis data, providing a multitude of atmo-
spheric, oceanic, and surface data (Hoffmann et al., 2019). The ERA5
data employs data assimilation techniques to integrate observational
data with model simulations, using an optimization method to achieve
the best results. The present study utilizes hourly wind fields data at
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Fig. 1. (a) The monthly biomass burning emissions of BC (Gg) in GFEDv4 in Southeast Asia (92°-110°E, 10°-28°N) from 2000 to 2019. (b) The daily biomass burning
emissions of BC from four sources (Temperate forest fires (TEMP), Tropical deforestation and degradation (DEFO), Savanna, grassland, and shrubland fires (SAVA),
and Agricultural waste burning (AGRI)) in Southeast Asia from February to April 2014.

ground level and 700 hPa for 2014 and 2019 in the Asian region
(0°-50°N, 70°-150°E) from the ERA5 data, with a horizontal resolution
of 0.25° x 0.25°. ERA5 data has higher horizontal resolution and ver-
tical resolution than MERRA2 data, which can accommodate more flow
features and lead to more realistic flow structures (Wu et al., 2024;
Zhang et al., 2016). Furthermore, the difference in mean wind speed
between the ERA5 data and observations is smaller than that between
the MERRA2 data and observations (Fan et al., 2021; Miao et al., 2020;
Wu et al., 2024).

3. Simulated BC and model evaluation

Previous studies have indicated that the GEOS-Chem model could
reasonably simulate interannual, seasonal, and daily variations of BC
concentrations in China (Chan, 2017; Mao et al., 2016, 2020). As
demonstrated in Table 1, we evaluate the reliability of the GEOS-Chem
model to simulate BC concentrations in southern China by utilizing
observed annual and monthly average surface BC concentrations at
seven stations for 2013-2019 from the literature. The deviation of
simulations and observations ranges from —19 % to 18 % at most
measurement sites, except the Shenzhen site in Guangdong Province
(Chen et al., 2022) and the Nanning site in Guangxi Province (Ding et al.,
2023). Furthermore, Emery et al. (2017) suggested that the model
simulations are acceptable when the normalized mean bias (NMB) be-
tween model simulations and observations of BC is within +20 %. The
specific formula is as follows:

Z?Izl (Cm — CO)

NMB =
(2 Co)

@

where Cp, is the simulated BC concentration, C, is the observed BC
concentration, and N is the number of observations. As shown in Fig. 3,
the simulations are evaluated using the observed monthly average sur-
face BC concentrations at the Shenzhen site in Guangdong Province in
2014 (Cheng, 2018) and at the Zhaoqing in Guangdong Province in 2019
(Lu et al., 2021). The NMB values between simulated and observed
monthly average surface BC concentrations are 7 % at Shenzhen in 2014
and 6 % at Zhaoqing in 2019, and the corresponding correlation co-
efficients are 0.83 and 0.79, respectively, which are statistically signif-
icant with 95 % confidence from a two-tailed Student’s t-test.

Previous studies have shown that MERRA2 data can well present the
spatial and temporal variations of observed surface BC concentrations in
China (Cao et al., 2021; Mao et al., 2023; Xu et al., 2020), and thus
MERRA2 data could be used to indirectly validate simulated surface BC
concentrations due to the lack of observational data of BC in China (Fang
et al., 2020; Hu et al., 2024; Yang et al., 2024; Zhou et al., 2023, 2024).
For example, Mao et al. (2023) and Xu et al. (2020) validated the
MERRA2 data by using observed surface BC concentrations from 35
stations in China (1981-2020) and 14 stations in eastern China
(2000-2016), respectively, and the corresponding correlation co-
efficients between the MERRA2 and observed monthly average surface
BC concentrations were 0.68 and 0.83.
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Fig. 2. The spatial distribution of annual biomass burning emissions of BC (Mg) from GFEDv4 in Asia for 2014. The texts in black represent five countries of
Myanmar, Thailand, Laos, Vietnam, and Cambodia in Southeast Asia. The red box represents the domain of Southeast Asia (92°-110°E, 10°-28°N). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Observed and simulated monthly and annual average surface BC concentrations (ug m~>) at 7 sites in China.

Observation site Observation period Observation instrument

Observed concentrations Simulated concentrations Reference

Shenzhen, Guangdong 2014 AE-31 2.71 2.89 Cheng et al. (2018)
2019.10-2019.12 AE-33 2.52 + 1.56 1.77 Chen et al. (2022)
Guangzhou, Guangdong 2013 5012MAAP 3.35 3.06 Lin et al. (2019)
2019.1 RT-4 1.70 £1.20 2.02 Pei et al. (2023)
Zhaoqing, Guangdong 2019 RT-4 1.60 1.32 Lu et al. (2021)
Hongkong 2016.2-2017.1 AE-31 3.2+09 2.59 Zhang et al. (2018)
Nanning, Guangxi 2017 AE-31 1.02 £ 0.53 0.76 Ding et al. (2023)

Fig. 4 illustrates the daily average surface BC concentrations from the
GEOS-Chem model and MERRA2 data at Guangzhou (Fig. 4 (a)) and
Kunming (Fig. 4 (b)) in southern China in 2014. The correlation coef-
ficient between the simulated values and the MERRA2 data is 0.46 at
Guangzhou and 0.40 at Kunming, and the corresponding NMB values
are 27 % and 47 %, respectively. In this study, the daily average surface
BC concentrations from MERRA2 in Guangzhou and Kunming in 2014
are lower than the simulated BC concentrations. Previous studies have
shown that the MERRA2 data likely underestimated the surface BC
concentrations in China. For example, Li et al. (2024) and Cao et al.
(2021) highlighted that the MERRA2 data exhibited a 19 % underesti-
mation of the observed surface BC concentrations at 64 sites in China
from 1994 to 2016 and a 29 % underestimation at 34 sites in China from
2006 to 2016, respectively. The underestimation of surface BC concen-
trations by the MERRA2 data partially results from meteorological and
assimilation data (Buchard et al., 2017; Ma et al., 2020). The meteoro-
logical data in MERRA2 data overestimate the average wind speed and

wind density at the surface of Asia (Carvalho, 2019; Miao et al., 2020).
In addition, the satellites used for the assimilation system in MERRA2
data are affected by a combination of cloud blockage and abundant
precipitation in southern China, which can result in the absence of AOD
data (Buchard et al., 2017; Ma et al., 2020; Qin et al., 2019).

In 2019, the correlation coefficient of the daily average surface BC
concentrations between the GEOS-Chem model and MERRA2 data is
0.58 at Guangzhou (Fig. 4 (¢)) and 0.62 at Kunming (Fig. 4 (d)), which
are higher than those in 2014, and the corresponding NMB values are
—38 % and —34 % in 2019, respectively. The daily average surface BC
concentrations from MERRA2 in Guangzhou and Kunming in 2019 are
higher than the simulated BC concentrations. This discrepancy can be
attributed to the outdated anthropogenic BC emissions in MERRA2, and
the separation of specific aerosol species in its assimilation system based
on the total aerosol optical depth (Buchard et al., 2017; Che et al., 2024;
Yang et al., 2024).
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this figure legend, the reader is referred to the Web version of this article.)
4. Result
4.1. Source of BC during the pollution events in Guangzhou in 2014

Under the dual scenario of a potential increase in BBSEA and a sig-
nificant decline in China’s anthropogenic emissions, the impact of
BBSEA on air quality in southern China may become more pronounced.
In order to quantify the influence of high BBSEA on air quality in
southern China on heavy pollution events, we select three pollution
events with elevated surface BC concentrations in Guangzhou (Guang-
dong Province) and Kunming (Yunnan Province) between March and
April 2014, when the annual total BBSEA are highest for 2013-2019. In
2014, surface daily average BC concentrations in Guangzhou and
Kunming are 3.96 pg m~> and 2.14 pg m~> on March 23, 4.15 pg m—>
and 1.92 pg m~ on April 5, and 3.59 pg m~> and 2.29 pg m~ on April
17, respectively (Fig. 4 (a) and 4 (b)). During the pollution events of
March 23 and April 5, biomass burning emissions are notably high in
Southeast Asia. These two cases are specifically selected to further
investigate the significance of wind fields, since the wind fields over
South Asia exhibit a shift during the event on April 5. For the pollution
event of April 17, there is a significant decrease in BBSEA compared to
the first two cases. The GEOS-Chem adjoint model is integrated back-
ward for 14 days to obtain the contributions of hourly BC emissions on a
0.5° x 0.625° horizontal grid scale to surface and high-altitude BC
concentrations during the three pollution events in Guangzhou and
Kunming. The discrepancies between the surface and high-altitude BC

concentrations simulated by the adjoint and forward models for the
three pollution events in Guangzhou and Kunming are below +15 %.

Fig. 5 illustrates the daily contributions of anthropogenic emissions,
biomass burning emissions, and BBSEA to the daily average BC con-
centrations at the surface and 700 hPa in Guangzhou during the three
pollution events. Fig. S1 shows the spatial distributions of the contri-
butions from anthropogenic and biomass burning emissions, which are
integrated backward for 14 days. During the pollution event in
Guangzhou on March 23, 2014, as shown in Fig. 5 (al), the total
backward 14-day contributions of anthropogenic emissions and biomass
burning emissions to the daily average surface BC concentrations in
Guangzhou on March 23 are 3.38 pg m > (94 %) and 0.21 pg m > (6 %),
respectively. Anthropogenic emissions mainly originate from Guangz-
hou and southern Fujian Province (Fig. S1 (al)), with the impacts that
amount to 2.68 pg m~> (75 %) and 0.19 pg m~> (5 %) of the daily
average surface BC concentrations. The anthropogenic BC emitted from
outside Guangzhou is transported by northeasterly winds over 2-7 days
to the surface of Guangzhou. The BBSEA (Fig. S1 (a2)) are primarily
from southeastern Myanmar, which account for 0.19 pg m 2 (5 %) of the
daily average surface BC concentrations, and take approximately 3-6
days to reach the surface in Guangzhou. Observed from Ozone Mapping
and Profiler Suite satellite (OMPS), Zhang et al. (2022) also found that
serious air pollution from BBSEA in March would transport to Guang-
dong Province in 3-6 days.

Previous studies have shown that the major pathway for transporting
pollutants emitted from BBSEA to southern China is around 700 hPa
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this article.)

(Lian et al., 2024; Yang et al., 2022), where these pollutants are influ-
enced by south-westerly winds from the source area through the South
China Sea and eventually reach Guangdong Province (Zhang et al.,
2022). Fig. 5 (a2) shows the daily contributions of anthropogenic
emissions and BBSEA to the daily average BC concentrations at 700 hPa
in Guangzhou on March 23, 2014, which amount to 0.20 pg m~> (27 %)
and 0.55 pg m~> (73 %), respectively, over the past 14 days. Fig. 6 (al)
and 6 (a2) show the spatial distributions of the total backward 14-day
contributions from anthropogenic emissions and biomass burning
emissions to the daily average BC concentrations at 700 hPa in
Guangzhou. At 700 hPa, the majority of anthropogenic emissions are
attributable to northern Thailand, emanating from a combination of
residential, industrial, and transportation sources (Fig. 6 (al)). As shown
in Fig. 6 (a2), the contributions of local biomass burning emissions to the
daily average BC concentration at 700 hPa in Guangzhou are negligible,
as most biomass burning emissions originate from Southeast Asia,
particularly southeastern Myanmar and northwestern Thailand. The
transport of BC emitted from biomass burning in southeastern Myanmar
and northwestern Thailand to high altitudes in Guangzhou is facilitated
by strong southwesterly winds at 700 hPa within the latitudinal range of
15°N to 25°N. As shown in Fig. 5 (al) and (a2), the relative percentage
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contribution of BBSEA to the daily average BC concentrations at 700 hPa
is significantly larger than that to the surface BC. BC emitted from
BBSEA takes approximately 2-6 days to reach the 700 hPa in Guangz-
hou, which is shorter than the time required to transport to the surface.

The results of the sensitivity experiments show that the impacts of
BBSEA on BC concentrations are 0.12 pg m~3 (6 %) at the surface and
0.43 pg m~3 (48 %) at 700 hPa in Guangzhou during March-April 2014
(Fig. S2 (a)). Both results of sensitivity experiments and adjoint
modeling indicate that BBSEA contribute more BC concentrations at
high altitudes than at the surface in Guangzhou. The results of our study
are similar to those from the previous studies, for example, Li et al.
(2022) used the Regional Integrated Earth Modeling System with
Chemistry model (RIEMS-Chem) to find that the relative contributions
of BBSEA to the high-altitude BC concentrations in Guangzhou were
higher than those to the surface BC concentrations during March 2019.
Fang et al. (2020) also showed that the contribution of BBSEA was 6 % to
the surface mean BC concentrations in Guangdong Province from March
to May 2000-2014, and 44 % to the mean BC concentrations at 750 hPa,
by using the Community Earth System Model (CEMS). The BC emitted
from BBSEA was transported to the high altitude in Guangzhou by the
south-westerly wind and then increased the BC concentrations at the
surface through the vertical mixing of the turbulent flow (Fu et al., 2012;
Huang et al., 2023; Li et al., 2022).

We then quantify the contribution of BBSEA to surface and high-
altitude BC concentrations in Guangzhou on April 5, 2014, to investi-
gate the effects of the wind fields. Fig. 5 (bl) shows that the total
backward 14-day contributions of anthropogenic emissions, biomass
burning emissions, and BBSEA to the daily average surface BC concen-
trations in Guangzhou on April 5 are 3.46 pgm ™ (94 %), 0.22 pgm ™ ° (6
%), and 0.08 pg m~> (2 %), respectively. Anthropogenic emissions are
mainly concentrated in Guangzhou and southern Fujian Province
(Fig. S1 (b1)), while biomass burning emissions are largely from AGRI
and SAVA in Guangzhou (Fig. S1 (b2)), which account for 0.14 pg m ™3
(4 %) of surface daily average BC concentrations. At 700 hPa, anthro-
pogenic emissions and BBSEA supply 0.34 pg m~°> (30 %) and 0.78 pg
m~3 (70 %) of the daily average BC concentrations in Guangzhou on
April 5 (Fig. 5 (b2)). As shown in Fig. 6 (b1) and (b2), anthropogenic
emissions are primarily from Guangxi Province and Vietnam, while
biomass burning emissions predominantly originate from eastern
Myanmar and northern Laos. The absolute contribution of BBSEA to BC
concentrations at 700 hPa in Guangzhou on April 5 is 0.78 pg m™3,
which exceeds the corresponding contribution of 0.55 g m > on March
23. It is noteworthy that the total BC emissions from BBSEA during the
initial 14-day period of the pollution event on April 5 (727.16 Gg) are
less than those on March 23 (837.72 Gg). During the pollution event on
April 5, more BC from BBSEA are transported to Guangzhou, and the
transport time shorten by about 1 day, which is likely due to stronger
wind speeds and a shift in wind direction from southwest to west at 700
hPa in Southeast Asia, compared to the pollution event on March 23
(Fig. 6 (a2)). By using RAQMS, Li et al. (2024) reported that the trans-
port of BBSEA to the high altitude of Guangdong province would be
enhanced under stronger westerly winds from South Asia in 2010
compared to other years in 2009-2018.

On April 17, 2014, the total emissions of BC from BBSEA over the
preceding 14 days amount to 379 Gg, marking a significant decrease
compared to the previous two cases. Fig. 5 (c1) shows that anthropo-
genic emissions, biomass burning emissions, and BBSEA over the past 14
days contribute 2.88 pug m (96 %), 0.12 pg m 3 (4 %), and 0.10 pug m3
(3 %), respectively, to the daily surface mean BC concentrations in
Guangzhou on April 17. Anthropogenic emissions are largely from
Guangzhou (Fig. S1 (c1)), while biomass burning emissions are mainly
concentrated in the northern Laos (Fig. S1 (c2)). At 700 hPa (Fig. 5 (c2)),
anthropogenic emissions, predominantly originating from central
Myanmar (Fig. 6 (c1)), contribute to 0.13 pug m~3 (38 %) of daily average
BC concentrations; biomass burning emissions from Southeast Asia,
mainly from northern Myanmar (Fig. 6 (c2)), account for 0.20 pg m™>
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Fig. 5. Time-dependent daily contributions to daily average BC concentrations (pg m~

3, going backward for 14 days) at the surface (left panel) and at 700 hPa (right

panel) in Guangzhou from anthropogenic emissions (ANTH), biomass burning emissions (BB), and biomass burning emissions from Southeast Asia (SEA_BB). Results
are computed by the GEOS-Chem adjoint model for three pollution events: (a) March 23, 2014, (b) April 5, 2014, and (c) April 17, 2014.

(59 %) of BC concentrations. To compare with the previous two cases,
the contribution of BBSEA to the BC concentrations at 700 hPa in
Guangzhou decrease during the pollution event on April 17, due to the
reduction in biomass burning emissions from Southeast Asia.

4.2. Source of BC during the pollution events in Kunming in 2014

We further analyze the impact of BBSEA on BC concentrations in
Kunming, Yunnan Province, as Kunming is in proximity to Southeast
Asia. Fig. 7 shows the daily contributions of anthropogenic emissions,
biomass burning emissions, and BBSEA to the daily average BC con-
centrations at the surface and 700 hPa in Kunming during the three
pollution events. The correspondingly spatial distributions of the con-
tributions from anthropogenic emissions and biomass burning emissions
are shown in Fig. S3. On March 23, 2014, as shown in Fig. 7 (al), the
impact of anthropogenic emissions, biomass burning emissions, and
BBSEA on the surface daily average BC concentrations in Kunming over
the past 14 days reaches 0.96 pg m™> (68 %), 0.45 pg m~° (32 %), and
0.44 pg m~3 (31 %), respectively. Anthropogenic emissions are largely
from Kunming (Fig. S3 (al)), while biomass burning emissions mainly
come from southeastern Myanmar and northern Thailand (Fig. S3 (a2)).
Furthermore, it takes approximately 1-5 days for the BC emitted from
BBSEA to be transported to the surface in Kunming. Li et al. (2022) also
showed that strong biomass burning emissions from Thailand could
transport to the surface in Kunming in 1-2 days by using the
RIEMS-Chem model.

Notably, the total contributions of BBSEA to surface daily average BC
concentrations in Kunming are significantly higher than those in
Guangzhou (Fig. 5 (al)). Previous studies have indicated that BBSEA
significantly contribute to surface BC concentrations in Kunming, due to
Kunming’s proximity to Southeast Asia and its high altitudes (Huang
et al., 2023; Lian et al., 2024; Yang et al., 2022). Lian et al. (2024)
employed the Whole Atmosphere Community Climate model (WACCM)

to demonstrate that the pollutants from BBSEA were lifted by atmo-
spheric currents to about 700 hPa and could be rapidly deposited on the
surface of Kunming.

At 700 hPa, as shown in Fig. 7 (a2), anthropogenic emissions and
BBSEA account for 0.55 pg m~2 (56 %) and 0.43 ug m~3 (44 %) of the
daily average BC concentrations in Kunming on March 23. Anthropo-
genic emissions are mainly from Kunming, southern Myanmar, and
northern Thailand (Fig. S3 (a3)), while biomass burning emissions are
principally from eastern Myanmar and northern Thailand (Fig. S3 (a4)).
In addition, it takes about 1-5 days for the BC emitted from BBSEA to be
transported to high altitude in Kunming. The BC emitted from BBSEA,
particularly Myanmar, is transported across the China-Myanmar border
by strong southwesterly winds and reaches high altitudes over Kunming.
Yang et al. (2022) used WRF-Chem to find that the percentage contri-
bution of BBSEA was 37 % to the surface average PM; 5 concentrations
in Kunming during the period from March 24 to 26, 2017, with the main
source of BBSEA being eastern Myanmar. Sensitivity experiments show
that the impacts of BBSEA on BC concentrations in Kunming during
March-April 2014 is 0.39 pg m > (28 %) at the surface and 0.32 pg m >
(37 %) at 700 hPa (Fig. S2 (b)). The relative contribution of BBSEA to the
BC concentration at 700 hPa also exceeds that at the surface in Kunming,
a pattern similar to the simulated results in Guangzhou.

The impact of BBSEA on the BC concentrations in Kunming is also
influenced by the wind fields. On April 5, 2014, as illustrated in Fig. 7
(b1) and (b2), the total contributions of anthropogenic emissions,
biomass burning emissions, and BBSEA to the surface daily average BC
concentrations are 0.94 pug m 3 (57 %), 0.71 ug m 2 (43 %), and 0.54 ug
m~3 (33 %), respectively, and the corresponding contributions at 700
hPa are 0.56 pg m > (55 %), 0.45 pg m > (45 %) and 0.45 pg m > (45 %),
respectively. On the ground, anthropogenic emissions are mainly
concentrated in Kunming and western Myanmar (Fig. S3 (b1)), while
biomass burning emissions are primarily from Kunming, northeastern,
and western Myanmar (Fig. S3 (b2)). Notably, the biomass burning



L. Liu et al.

ANTH-700hpa

Atmospheric Environment 358 (2025) 121352

30N

4\: Fa g e -
4 A‘A’Q—Q—C—P
e e

Ve mm W e e

10N

L P P D I R4
e 2 o R RO OO
a\o PO et R

-} - ———————]

e

L

a\.p,fﬁ.‘\

U O L Y

w
o
Z

N
o
Z

10N

PRTERTTRTIN ISR NSNS NN N’
IIIIIIlIIIIlIII‘IlIl

100E  110E

0.0005 0.003 0.005

Fig. 6. The spatial distributions of the total contributions to daily average BC concentrations (ug m~

0.05

3, going backward for 14 days) at 700 hPa in Guangzhou from

anthropogenic and biomass burning emissions computed by the GEOS-Chem adjoint model integrated over (a) March 10-23, 2014, (b) March 23-April 5, 2014, and
(c) April 4-17, 2014. Corresponding wind fields (m s~1) at 700 hPa are from ERA5 data.

emissions are largely attributed to AGRI, SAVA, and TEMP sectors in
Kunming. At 700 hPa, the impact of BBSEA on high-altitude BC con-
centrations over Kunming occurs in less than 1 day. We find that the
stronger southwesterly winds over South Asia lead to a higher absolute
contribution of BBSEA to the BC concentrations in Kunming on April 5
and a shorter transport time compared to that on March 23, which is
similar to the simulation results in Guangzhou. Furthermore, unlike the
results from Guangzhou, the primary sources of biomass burning emis-
sions exclude northern Laos during the pollution event in Kunming on
April 5, primarily because Kunming is not located in the downwind di-
rection from northern Laos (Fig. S3 (b4)).

We further investigate the impact on BC concentrations in Kunming,
when BBSEA decline. Specifically, compared to the previous two cases,
the total BBSEA declined over the 14 days preceding April 17, 2014. As
shown in Fig. 7 (c1) and (c2) anthropogenic emissions, biomass burning
emissions, and BBSEA contribute to 1.24 pg m~> (71 %), 0.50 pg m™>
(29 %), and 0.27 pg m 3 (15 %) of the surface daily average BC con-
centrations in Kunming on April 17, respectively. Correspondingly, at
700 hPa, these contributions are 0.61 pg m~> (67 %), 0.30 pg m > (33
%), and 0.25 pg m > (28 %), respectively. At the surface, anthropogenic
emissions are mainly from Kunming, western Yunnan Province, and
Bangladesh (Fig. S3 (c1)), while biomass burning emissions are largely
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Fig. 7. Same as Fig. 5, but for contributions to daily average BC concentrations in Kunming.

from Kunming and northern Myanmar (Fig. S3 (c2)). It is noted that,
compared with the previous two cases, the contribution of BBSEA to BC
concentrations at high altitudes in Kunming on April 17 decreases,
which is similar to the simulation results in Guangzhou (Fig. 5 (c2)).

4.3. Source of BC during the pollution event in 2019
Since the implementation of the Action Plan for the Prevention and

Control of Air Pollution in 2013, followed by the Three-Year Action Plan
for Winning the Battle for the Blue Sky in 2018, the PM 5 concentrations

Guangzhou-surface

have decreased by approximately 48 % in China (Geng et al., 2024).
There has also been a significant reduction in BC concentrations in
southern China, for instance, the annual average surface BC concen-
trations in Guangzhou decreased from 3.35 pg m~> in 2013 to 1.59 pg
m 2 in 2019 (Lin et al., 2019; Pei et al., 2023). We find that anthropo-
genic BC emissions in the MEIC have declined from 1713.74 Gg in 2013
to 1023.36 Gg in 2019 in China. Consequently, given the substantial
decline in anthropogenic BC emissions in southern China from 2013, the
high BBSEA are likely to have higher contributions to BC concentrations
in southern China.
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Fig. 8. (left panel) Time-dependent daily contributions to daily average BC concentrations (ug m~

3, going backward for 14 days) in Guangzhou at the surface (al)

and at 700 hPa (b1) from anthropogenic emissions (ANTH), biomass burning emissions (BB), and biomass burning emissions from Southeast Asia (SEA_BB) on March
27, 2019. (right panel) same as left panel, but for contributions to daily average BC concentrations in Kunming.
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As shown in Fig. 8 (al) and (b1), the total contributions of anthro-
pogenic emissions and BBSEA to surface daily average BC concentra-
tions in Guangzhou on March 27, 2019, are 1.28 pg m~°> (85 %) and
0.22 pg m~3 (15 %), respectively, and the corresponding contributions
at 700 hPa are 0.13 ug m 3 (23 %) and 0.45 ug m~3 (77 %), respectively.
Anthropogenic emissions originate from Guangzhou (Fig. S4 (al) and
(a3)), while biomass burning emissions mainly come from eastern
Myanmar and Northern Laos (Fig. S4 (a2) and (a4)). Our study is similar
to the study by Li et al. (2022), which showed that BBSEA accounted for
approximately 50 %-70 % of BC column concentrations in southern
China in March 2019, by using the RIEMS-Chem model. Additionally, in
Kunming, anthropogenic emissions and BBSEA account for 0.56 pg m ™3
(55 %) and 0.45 pg m~> (45 %), respectively, of surface daily average BC
concentrations on March 27, 2019. Correspondingly, at 700 hPa, these
emissions contribute 0.41 pg m > (49 %) and 0.43 ng m> (51 %),
respectively. Anthropogenic emissions largely emanate from Kunming
and western Myanmar (Fig. S4 (b1) and (b3)), while biomass burning
emissions mainly come from Kunming and central and western
Myanmar (Fig. S4 (b2) and (b4)). Fan et al. (2023) also found that
western Myanmar is the main biomass burning source, accounting for
76 % of PMj 5 concentrations at high altitudes in Kunming from March
28 to April 2, 2019. In addition, as shown in Fig. S2 (c¢) and (d), the
sensitivity experiments show that the contributions of BBSEA to surface
BC concentrations in Guangzhou and Kunming during March-April
2019 are 0.09 pg m > (8 %) and 0.22 pg m > (25 %), respectively, and
the corresponding values at 700 hPa are 0.21 pg m™~> (39 %) and 0.11 g
m 3 (21 %), respectively.

In this study, the biomass burning emissions of BC in Southeast Asia
decrease from 2618.70 Gg in March—April 2014 to 1792.17 Gg in 2019,
the absolute contribute of BBSEA to BC in southern China in spring 2019
thus declines. However, the relative contribute of BBSEA on BC con-
centrations in southern China during the heavy pollution events in-
creases due to a significant reduction in anthropogenic emissions in
China. We find that the total BC emissions from BBSEA during the initial
14-day period of the pollution event on March 27, 2019 (599.75 Gg) are
less than those on March 23, 2014 (837.72 Gg). However, the percent-
age contributions of BBSEA to the surface average BC concentrations in
Guangzhou and Kunming on March 27, 2019 are 10 % and 14 %,
respectively, higher than those on March 23, 2014. Our finding is similar
to the study by Zhu et al. (2024), which showed that the contribution of
BBSEA to surface monthly average BC concentrations in southern China
from March to May increased by 0.4 % from 2013 to 2019 by the
GEOS-Chem model.

5. Conclusions

The present study employed the GEOS-Chem and its adjoint model to
quantify the contributions of BBSEA to BC concentrations in southern
China for the spring of 2014 and 2019. We used surface observations and
MERRA2 reanalysis data for model evaluation. The model reasonably
represented the variation in surface BC concentrations in two provincial
capitals (Guangzhou and Kunming) in southern China.

The results of the adjoint model showed that the contributions of
BBSEA to surface daily average BC concentrations in Guangzhou were
0.08-0.19 pg m~> (2 %-5 %) during the three pollution events in March
and April 2014, and BBSEA had a significant impact on daily average BC
concentrations at 700 hPa in Guangzhou, reaching 0.20-0.78 pg m™3
(59 %73 %). In Kunming, BBSEA contributed to 0.27-0.54 pg m3 (15
%-33 %) of the surface daily average BC concentrations during the three
pollution events in 2014. Correspondingly, the contributions were
0.25-0.45 pg m~3 (28 %-45 %) at 700 hPa in Kunming. During the
pollution event on March 23, 2014, the transport time of biomass
burning emissions from Southeast Asia to the surface in Guangzhou
(Kunming) was approximately 3-6 days (1-5 days), while the transport
time to high-altitude in Guangzhou (Kunming) was 2-6 days (1-5 days).
During the pollution event on April 5, 2014, the transport time of

11

Atmospheric Environment 358 (2025) 121352

biomass burning emissions from Southeast Asia to high-altitude in
Guangzhou and Kunming shortened by about 1 day, due to a shift in
wind fields (from southwest to west) combined with stronger wind
speeds, compared to March 23, 2014.

Since 2013, China’s efforts to control air pollution have led to a
decline in anthropogenic emissions and aerosol concentrations, while
the influence of BBSEA on BC concentrations in southern China has been
rising. In 2019, the contributions of BBSEA to surface daily average BC
concentrations during the pollution event on March 27 were 0.22 pg
m3 (15 %) in Guangzhou and 0.45 pug m~—> (45 %) in Kunming.
Compared to the pollution case on March 23, 2014, the percentage
contributions of BBSEA to daily average BC concentrations at the surface
and 700 hPa increased by 10 % and 4 % in Guangzhou, and by 14 % and
7 % in Kunming on March 27, 2019.

In the present study, the uncertainties in source attribution of BC
using the adjoint model likely from the accuracy of model simulation, e.
g., the resolution of the model and emissions inventory. As China’s
anthropogenic emissions continue to decrease, the contribution of
BBSEA will increase, particularly in the context of global warming,
which would hinder further improvements in air quality in southern
China. This study would provide a scientific basis for understanding BC
sources and facilitating the reduction of PMj 5 concentrations to reach
the WHO-III standard (15 pg m’3) in southern China.
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