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The impact of biomass burning (BB) emissions on concentrations and depositions
of major aerosol components in the northern South China Sea (NSCS) region
(105~115°E and 15~21°N) fromDecember 2020 to April 2021 has been investigated
using the WRF-chem model (weather research and forecasting model coupled
with chemistry) in combination with aerosol composition measurement at a
mountain site in the Hainan Island of China. Model comparisons with
observations in Hainan demonstrated the effectiveness of WRF-chem in
simulating aerosol components (PM2.5, black carbon (BC), organic matter (OM),
sulfate, nitrate, and ammonium) in the NSCS region. The influences of BB
emissions were significant on near-surface PM2.5, BC, and OM but nearly
negligible on secondary inorganic components (i.e., sulfate, nitrate, and
ammonium). The NSCS regional and period mean PM2.5, BC, and OM
concentrations were 17.2 μg/m3, 0.65 μg/m3, and 6.7 μg/m3, in which 20%,
13%, and 35%, respectively, were from BB emissions. The mean PM2.5, BC, and
OM deposition fluxes were 73.8 mg/m2/month, 2.9 mg/m2/month, and 29.3 mg/
m2/month, respectively, and 22%, 15%, and 38% of these depositions were fromBB
emissions. Dry deposition dominated the removal of aerosols. For both aerosol
concentrations and depositions, the influences of BB emissions exhibited
evidently larger contributions in spring (March and April) than those in winter
(December to February). Most of the BB emissions were frommainland Southeast
Asia (MSEA), in terms of period mean, 79%, 72%, and 81% of the BB PM2.5, BB BC,
and BBOMconcentrations and 82%, 77%, and 83%of their depositions in theNSCS
region were attributed to the MSEA region. The results of this study suggested that
BB emissions have strong implications for air quality and biogeochemical cycle of
the NSCS region.
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1 Introduction

Atmospheric aerosols have crucial effects on air quality,
climate, and human health (Lee et al., 2017; Butt et al., 2020;
IPCC, 2021). Open biomass burning (BB) resulting from either
natural or human activity is a major source of aerosols and trace
gases that can alter the atmospheric composition (Souri et al.,
2017; van der Werf et al., 2017). For aerosols such as black carbon
(BC) and organic carbon (OC), biomass burning is the dominant
source (Andreae, 2019); according to the estimate by Bond et al.
(2013), biomass burning accounted for 59% of BC emissions and
85% of primary organic aerosol (POA) emissions on a global
scale. The large BB emissions degraded air quality over source
areas (Vongruang and Pimonsree, 2020; Marvin et al., 2021).
Large amounts of BB aerosols injected into the atmosphere
disturbed radiation balance and further affected weather and
climate over source and downwind areas (Koren et al., 2004;
Andreae and Rosenfeld, 2008; Rosenfeld et al., 2014).

Studies concerning emissions, physio-chemical properties, and
environmental and climatic impacts of BB aerosols have been
conducted in the past decades (Crutzen and Andreae, 1990; van
der Werf et al., 2017; Andreae, 2019; Tao et al., 2020). Biomass
burning frequently occurred in tropical and subtropical regions.
Southeast Asia is one of the major sources of open biomass burning,
and the wildfires are most active in the dry season from February to
April (Wiedinmyer et al., 2011; Thepnuan et al., 2019). BB aerosols
degraded air quality in Southeast Asia by contributing 31%–73% of
springtime PM10 (Vongruang and Pimonsree, 2020) and were
responsible for nearly all the low-visibility events in Southeast
Asia (Lee et al., 2017). The chemical analysis of fine particles
(PM2.5) collected in the dry season of 2016 in northern Thailand
showed that OC from biomass burning was the largest component of
PM2.5 (Thepnuan et al., 2019). The mass absorption efficiency of
carbonaceous aerosols during BB events in Southeast Asia were
analyzed and found to be evidently larger than those in other cities
worldwide (Tao et al., 2020). The thermal effect and the dynamic
forcing resulting from mountain lee-side effect uplifted the BB
aerosols to above 3 km and transported them downwind to south
China and even the whole of East Asia by westerly winds (Lin et al.,
2009). Thus, aerosols and pollutants from biomass burning events
exhibited significant impacts on vast downwind areas such as
affecting atmospheric chemical processes and ozone production
(Tang et al., 2003; Deng et al., 2008), degrading regional air
quality (Fu et al., 2012; Huang et al., 2013), reducing aerosol
optical depth (AOD) and radiation transfer (Lin et al., 2014;
Liang et al., 2019), and affecting aerosol-cloud interactions (Ding
et al., 2021).

The aforementioned studies have improved understandings of
BB aerosols from Southeast Asia on aspects of emission and impacts.
However, previous studies mainly focused on impacts of BB aerosols
on air quality, radiation budget, or climatic effects; only a few of
them were concerned about the influences of BB emissions on
atmospheric depositions to oceans (Guieu et al., 2005; Sen and
Bernhard 2012; Wagner et al., 2021; Wang et al., 2021). BB aerosols
mainly consist of carbonaceous components. It is known that
carbonaceous components have profound impacts on marine
ecosystems (Lønborg, et al., 2020) such as affecting the
enrichment of dissolved organic carbon and dissolved inorganic

carbon in sea water (LaRowe et al., 2020) and disturbing
phytoplankton (Wang et al., 2021). The degradation of organic
carbon influences the recycling of inorganic carbon and nutrients
and the production of methane (LaRowe et al., 2020). Changes in
dissolved organic carbon can result in alterations in air–sea
exchange of carbon dioxide and have potential impacts on global
carbon cycle and feedbacks to global change (Lønborg, et al., 2020).
Recent studies showed that the atmospheric depositions of
carbonaceous aerosols as an input of carbon into oceans were
able to provide additional nutrients to phytoplankton, changing
chemical compositions of dissolved carbon, and exhibiting evident
or even significant effects on biogeochemical cycle in marine
environment (Mari et al., 2019; Lønborg, et al., 2020; Yamashita
et al., 2022). Wagner et al. (2021) suggested that wildfire exhibited
immediate impacts on coastal biogeochemistry due to atmospheric
deposition because they found that the dissolved BC concentrations
in surface sea water increased notably beneath the smoke plume of a
wildfire in California, United States. Ardyna et al. (2022) suggested
that wildfire aerosol deposition likely amplified summertime Arctic
phytoplankton bloom. The aforementioned studies suggested the
importance and need for conducting studies concerning the impacts
of depositions from biomass burning emissions on ocean
environment.

For previous studies concerning BB events in Southeast Asia,
most of them placed their focuses on source and surrounding
regions such as northern Southeast Asia and southwest China
(Pani et al., 2019; Zhou et al., 2020) or downwind East Asia far
away from the sources (such as northwestern Pacific) (Huang et al.,
2013; Lin et al., 2014; Wang et al., 2021); few studies concern the
midway oceanic region of the long-range transport of BB aerosols
over the northern South China Sea (NSCS) region. For the NSCS
region which is located next to the major BB source region of
Southeast Asia, the understandings of the impacts of BB emissions
on air quality and atmospheric depositions in this region are still
insufficient due to lack of previous continuous observations.
Considering the importance of BB emissions on air quality and
atmospheric depositions and the limited knowledge about the BB
effects on NSCS region, conducting a study to explore these issues is
meaningful.

Hainan Island lies in the NSCS region and to the east of
mainland Southeast Asia (MSEA) (Figure 1). It is midway of the
long-range transport of BB aerosols from the MSEA to downwind
East Asia when westerlies prevailed in winter and spring. In this
work, the weather–chemistry-coupled model WRF-chem
(version 4.1.5) in combination with in situ measurements have
been applied to investigate the impacts of BB emissions on
concentrations and atmospheric depositions of aerosols over
the NSCS region (105~115°E and 15~21°N, dashed area in
Figure 1). The study period is December 2020 to April
2021 when aerosol component concentrations were sampled at
a background mountain site in Hainan (Wuzhi Mountain,
Figure 1). These continuous measurements provide valuable
datasets for model evaluation and analysis. During this period,
BB events in the MSEA region were active which resulted in
strong BB emissions; in the meantime, moderate BB emissions
were also found in south China (Figure 1). Results of this study
will provide insights into the influence of BB aerosols on the
NSCS region.
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2 Model and data

2.1 Model description

The WRF-chem model was used to investigate the impact of BB
emissions on the NSCS region for a 5-month period from December
2020 (winter) to April 2021 (spring). The simulation began on
26 November 2020 and ended on 30 April 2021, with the first 5 days
as model spin-up. The model domain was configured at a resolution
of 25 km with 191 west-to-east grid points and 161 south-to-north
grid points. The domain centered at Hainan Island and covered
most areas of the mainland Southeast Asia (Myanmar, Thailand,
Laos, Vietnam, Cambodia, and western Malaysia), south China, and
most areas of the South China Sea (Figure 1). Totally, 30 vertical
layers stretched unevenly from surface to 100 hPa with the lowest
model layer being about 33 m above ground.

The 2005 Carbon Bond (CB05) mechanism (Yarwood et al.,
2005) coupled with the Modal Aerosol Dynamics Model for Europe
(MADE) (Ackermann et al., 1998) was adopted to represent the gas
and aerosol chemical processes in the atmosphere. A volatility basis
set (VBS) sub-module was embedded in the MADE module for
secondary organic aerosol (SOA) modeling (Wang et al., 2015). The
aerosol size distribution of submicrometer aerosol was represented
by Aitken mode, accumulation mode, and coarse mode assuming a
log-normal distribution within each mode. Aerosol processes such
as nucleation, condensation, coagulation, deposition, and chemical
transformation were considered. Major primary and secondary
aerosol types such as sulfate, nitrate, ammonium, chloride,
sodium, EC, POC, SOC, and other inorganic matter were treated.

Physical options used in this study included the Morrison
2 moments scheme (Morrison et al., 2005) for cloud
microphysics, the Grell ensemble cumulus scheme (Grell and
Dévényi, 2002) for cumulus parameterization, the rapid radiation
transfer model for general circulation models (RRTMG) (Clough
et al., 2005) for shortwave and longwave radiation transfer
calculation, the Yonsei University (YSU) scheme (Hong et al.,
2006) for planetary boundary layer (PBL) parameterization, and
the community land model version 4 (CLM4) (Oleson et al., 2010)
for land-surface processes.

NCEP GDAS/FNL 0.25-degree global tropospheric analyses and
forecast grid data were used to provide initial and boundary
conditions for meteorological variables during the simulation
(NCEP, 2015). Simulation results from the whole atmosphere
community climate model (WACCM) (Gettelman et al., 2019)
were used as chemical initial and boundary conditions for trace
gases and aerosols. Both meteorological and chemical boundary
conditions have a temporal resolution at 6-hour intervals.

2.2 Emission inventories

Anthropogenic emissions within the study domain were derived
from two sources: Monthly emission inventories with the base year of
2020 from the MEIC (multi-resolution emission inventory for china)
model (Zheng et al., 2021) were applied to China, and monthly
emission inventories from the EDGARv5.0 (emissions database for
global atmospheric research version 5.0) dataset (Crippa et al., 2019)
were applied to areas outside China. All the anthropogenic emission

inventories have a horizontal resolution of 0.25°. Emission species
include sulfur dioxide (SO2), nitrogen oxides (NOx), non-methane
volatile organic compounds (VOC), carbon monoxide (CO),
ammonia (NH3), BC, OC, and primary PM2.5 and PM10.

Biogenic emissions from vegetation were calculated online by
the MEGAN (model of emissions of gases and aerosols from nature)
(Guenther et al., 2006) embedded in WRF-chem.

Emissions of aerosols and trace gases from open BB which
includes wildfires, agricultural residual burning, and prescribed
burning were derived from the fire inventory from NCAR
(FINN) (Wiedinmyer et al., 2011). FINN has a spatial resolution
of 1 km and a temporal resolution of 1 hour. It is developed based on
satellite-retrieved fire data, so the spatial distributions and monthly
variations of BB emissions from FINN are consistent with satellite-
retrieved fire counts (Supplementary Figure S1). It is widely used for
regional and global simulation studies of biomass burning
(Reddington et al., 2019; Vongruang and Pimonsree, 2020).
Notably, compared with other biomass burning emission
inventories (such as the Global Fire Emissions Database, GFED),
BB emissions from the FINN inventory are higher in the MSEA
region (Liu et al., 2020; Ferrada et al., 2022). Several modeling
studies using different model systems have shown that simulation
results with the FINN inventory were better than those with other
inventories compared to observations in the MSEA region in terms
of magnitudes, annual trends, and seasonal variations (Takami et al.,
2020; Reddington et al., 2021; Xing et al., 2021). This suggests that
the use of FINN is suitable in this study.

2.3 Simulation experiments

The simulation period is 26 November 2020 to 30 April
2021 with the first 5 days as model spin-up. To evaluate the

FIGURE 1
Model domain, period mean (December 2020 to April 2021)
biomass burning organic carbon emission flux (μg/m2/s) (shaded
contour) from the FINN dataset, and observation sites (red triangle: the
Wuzhi Mountain site, pink dots: routine observation sites of China
National Environmental Monitoring Centre in Hainan, Guangdong,
and Guangxi provinces). The dashed area indicates the northern South
China Sea (NSCS) region.
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impact of BB emissions within the domain on atmospheric
environment over the NSCS region, two simulation scenarios
were designed, namely, BASE and NOBB. The BASE case was run
with all anthropogenic, biogenic, and BB emissions being
activated, while the NOBB case was run without BB emissions.
To assess the influence of BB emissions from different source
regions, such as mainland Southeast Asia (MSEA) and China
itself, an additional sensitivity test called NOBB_CN was
conducted in which BB emissions within China were shut off.

Contributions of BB emissions from different sources can be
calculated as follows:

Cntr BB � BASE –NOBB, (1)
Cntr BBCN � BASE –NOBB CN, (2)
Cntr BBSEA � NOBB CN –NOBB, (3)

where Cntr_BB represents the contributions of BB emissions from
all sources, Cntr_BBCN represents the contributions of BB emissions

FIGURE 2
Model comparisons withmeasurements of daily concentrations of (A) PM2.5, (B) BC, (C)OM, (D) sulfate (SO4

2-), (E) nitrate (NO3
−), and (F) ammonium

(NH4
+) at the Wuzhi Mountain site. Black dotted lines are observations, colored shadings are corresponding simulations attributed to anthropogenic

sources (NOBB, green), biomass burning emissions from mainland Southeast Asia (Cntr_BBSEA, red), and biomass burning emissions from China (Cntr_
BBCN, orange). Blanks are missing observations.

TABLE 1 Comparison statistics for modeled daily PM2.5 and its component concentrations at the Wuzhi Mountain site. Mean observation (Obs), mean simulation
results of BASE and NOBB, and corresponding correlation coefficients (R), and normalized mean bias (NMB) are listed.

PM2.5 BC OM Sulfate Nitrate Ammonium

Samples (#) 60 52 52 52 52 52

Obs (μg/m3) 10.83 0.52 3.71 3.53 0.66 0.75

BASE (μg/m3) 11.99 0.50 4.27 3.53 0.35 0.93

R 0.61 0.60 0.59 0.48 0.54 0.57

NMB 11% −4% 15% 0% −47% 24%

NOBB (μg/m3) 9.43 0.43 2.53 3.39 0.32 0.90

R 0.51 0.48 0.57 0.47 0.53 0.57

NMB −13% −18% −32% −4% −51% 20%
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from sources in China, and Cntr_BBSEA means the contributions of
BB emissions from sources other than China (mostly from MSEA).

2.4 Observations

Several observations of aerosol component concentrations were
used for model evaluation and BB emissions contribution analyses
in this study.

PM2.5 samples were continuously collected by two sequential
ambient particle samplers (PMS-200, Focused Photonics Inc.,
China) from 9 December 2020 to 14 April 2021 at the national
atmosphere background monitoring station (109.49°E, 18.84°N,
958 m above sea level) at the Wuzhi Mountain in central Hainan
Island (Figure 1). The samplers were operated at a flow rate of
16.7 L/min, which were calibrated before sampling. Samples were
collected on two types of filters which were 47-mm quartz filter and
Teflon filters. Sampling duration was set for 48 h as low particle
loading at the background site. Four field blanks were collected in
this study. The collected samples and blanks were stored at −18°C
before weighing and chemical analysis. PM2.5 mass concentrations
were determined by weighing filters using a Sartorius
MC5 electronic microbalance (±1 μg, Sartorius, Germany). Filters
were equilibrated for 24 h before weighing under constant
conditions (temperature, 23°C ± 1°C; relative humidity, 40% ±
5%) and weighed at least three times before and after sampling.

A portion of each quartz filter (0.526 cm2) was punched and
used to determine the carbonaceous species (i.e., total carbon, TC;
organic carbon, OC; and elemental carbon, EC) (EC is considered
equivalent to BC in this study) using a DRI aerosol carbon analyzer
(model 2001, Atmoslytic Inc., CA, United States) following the
IMPROVE thermal/optical reflectance protocol (Cao et al., 2004;
Tao et al., 2017). Water extract solutions forming quartz filter
samples were also used to determined water-soluble inorganic
ions and anhydrosugars. A small round portion (1.33 cm2) from
each quartz filter was extracted using 2.0 mL deionized water in a
pre-baked glass bottle under ultrasonic agitation for 60 min. The
filter extracts were filtered through Teflon syringe filters to remove
insoluble materials. The cations (Na+, NH4

+, K+, Ca2+, and Mg2+)
were quantified using ion chromatography (Dionex ICS-1600) via a
Dionex Ionpac CS12 analytical column with a CG12 guard column.
The anions (Cl−, NO3

−, and SO4
2-) were determined using ion

chromatography as well (Dionex ICS-2100) with a Dionex
Ionpac AS19 analytical column with an AG19 Guard column.
For more detailed information, our previous study can be
referred (Zhang et al., 2017).

Observations of hourly PM2.5, PM10, CO, SO2, NO2, and O3

concentrations in three south China provinces (Hainan,
Guangdong, and Guangxi) surrounding the South China Sea
were derived from the China National Environmental
Monitoring Centre (CNEMC) (http://www.cnemc.cn/).
Observations were collected from 158 sites, of which six sites
were in two cities in Hainan province, 102 sites were in 21 cities
in Guangdong province, and 50 sites were in 14 cities in Guangxi
province. Locations of all 37 cities are marked in Figure 1.

3 Results and discussion

3.1 PM2.5 observation at background
atmosphere

The average PM2.5 mass concentration at Wuzhi Mountain
site was 10.8 μg/m3 during the study period, which was lower
than the class I level of national ambient air quality standard in
China (i.e., 15 μg/m3). The PM2.5 concentration substantially
fluctuated, ranging from 2.85 to 37.3 μg/m3. However, it can
be easily seen that its concentration was significantly higher from
December to January than from February to April when several
peaks occurred. Organic matter (OM), sulfate, ammonium,
nitrate, and BC were the dominant components of PM2.5,
which accounted for 34.3%, 32.6%, 6.9%, 6.1%, and 4.8% of
PM2.5 mass on average, respectively.

In terms of inorganic ions, the variations of sulfate and
ammonium were very similar to the PM2.5 (Figure 2). In winter,
sulfate at Hainan was significantly affected by emissions from
mainland China under the influence of the East Asian winter
monsoon, which was supported by a previous study (Ying et al.,
2014). It resulted in higher sulfate concentration in December and
January. Ammonium is usually associated with sulfate in fine
particles through ammonia reacting with sulfuric acid in the
atmosphere. Thus, ammonium concentration was highly
correlated with sulfate in this study. In addition to sulfate,
particulate ammonium was also presented in the form of

TABLE 2 Comparison statistics for modeled hourly pollutant concentrations at
CNEMC sites in Hainan, Guangxi, and Guangdong provinces. Mean observation
(Obs), mean simulation result of BASE, correlation coefficients (R), and
normalized mean bias (NMB) are listed.

PM2.5 PM10 SO2 NO2 O3 CO

Hainan

Samples (#) 3,548 3,548 3,548 3,548 3,548 3,548

Obs (μg/m3) 19.7 35.6 4.5 12.5 70.9 0.54

BASE (μg/m3) 22.2 29.6 2.0 7.7 71.9 0.43

R 0.48 0.40 0.69 0.34 0.70 0.74

NMB 13% −17% −55% −38% 1% −20%

Guangxi

Samples (#) 3,552 3,552 3,552 3,552 3,552 3,552

Obs (μg/m3) 40.1 64.0 10.5 24.3 50.6 0.89

BASE (μg/m3) 42.6 45.7 5.1 12.9 74.7 0.73

R 0.68 0.61 0.62 0.44 0.58 0.54

NMB 6% −29% −52% −47% 48% −19%

Guangdong

Samples (#) 3,553 3,553 3,553 3,553 3,553 3,553

Obs (μg/m3) 30.6 53.2 8.5 29.4 62.6 0.72

BASE (μg/m3) 36.7 41.6 7.7 36.2 63.5 0.73

R 0.62 0.47 0.62 0.62 0.77 0.68

NMB 20% −22% −10% 23% 2% 1%
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ammonium nitrate. However, ammonium nitrate is an unstable
compound, which is easily dissociated into gaseous ammonia and
nitric acid. It tends to present in the particle form under low
temperature and high relative humidity condition. As a result,
nitrate in fine particle was detected in higher levels in winter,
while in a substantial low concentration after February.

As for carbonaceous species, the average OC and BC
concentrations were 1.77 and 0.52 μg/m3. The OM could be
estimated by multiplying the OC by a factor of 1.8 for non-urban
aerosols (Turpin and Lim, 2001), which were 3.71 μg/m3 on average.
The temporal variation patterns of carbonaceous species were
consistent with the PM2.5 (Figure 2). The correlation between
OM and BC were strong (R2 = 0.92), indicating they might have
common sources.

3.2 Model evaluation

Model-simulated aerosol component concentrations including
PM2.5, BC (also referred to EC), OM, sulfate, nitrate, and
ammonium were compared with observations at the Wuzhi
Mountain, and the comparison results are shown in Figure 2. In
general, the model simulated PM2.5 concentration at the Wuzhi
Mountain site well in terms of magnitude and variation, capturing
the observed peak on January 18 and the second peak on January 28
(Figure 2A). The model performances for BC (Figure 2B) and OM
(Figure 2C) were also reasonably good; however, the model
underpredicted the BC peaks on January 18 and 28 and
overpredicted the OM concentrations from late March to early

April. For the modeled OM bias from March to April,
uncertainties in the used biomass burning emission inventory
(FINN) could be a reason. As mentioned previously, BB
emissions from the FINN inventory are higher than those from
other inventories in the MSEA region (Liu et al., 2020). The OC and
VOC (the precursors of secondary organic aerosols) emissions from
FINN may be overestimated and thus lead to the overestimated OM
in March and April. In addition, it is noticed that all aerosol
components except nitrate on March 22–25 were overestimated
at the observation site, which could be caused by the mispredicted
winds by the model. Although the modeled OM had a high bias, the
model performances for BC and PM2.5 were not degraded in March
and April because their simulated concentrations were reasonable
compared to observations (Figures 2A, B). For secondary inorganic
aerosol components, the model reasonably simulated the magnitude
and temporal variation of sulfate (Figure 2D) but tended to
underpredict nitrate concentrations after mid-January
(Figure 2E). Compared with sulfate, nitrate was more chemically
active due to its semi-volatile nature which complicated its chemical
processes. Current regional atmospheric chemical model still has
difficulty in correctly representing the complex chemical processes
related to nitrate formation. This was reported by a recent model
intercomparison study which showed large uncertainties in nitrate
simulation in East Asia by current weather–chemistry-coupled
models (Gao et al., 2018). The modeled ammonium
concentration resembled that of sulfate in terms of temporal
variation (Figure 2F) because ammonium mainly existed as
ammonium sulfate at the mountain areas of Hainan (Zhu et al.,
2016).

FIGURE 3
Modeled period mean near-surface concentrations (units: μg/m3) of (A, D, G) PM2.5, (B, E, H) BC, and (C, F, I) OM from (A–C) all emissions (BASE),
(D–F) emissions other than biomass burning (NOBB), and (G–I) biomass burning emissions.
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Table 1 summarizes the model-observation comparison
statistics at the Wuzhi Mountain site. Results from the BASE
simulation were used. On average, the observed PM2.5

concentration was 10.83 μg/m3, and the corresponding simulation
(BASE) was 11.99 μg/m3, with correlation coefficient (R) of 0.61 and
normalized mean bias (NMB) of 11%. The mean observation, mean
simulation, R, and NMB for BC were 0.52 μg/m3, 0.50 μg/m3, 0.60,
and −4%, respectively, and the statistics for OM were 3.71 μg/m3,
4.27 μg/m3, 0.59, and 15%, respectively. For sulfate, the modeled
mean concentration (3.53 μg/m3) was almost identical to the
observation (3.53 μg/m3) with an R of 0.48. The modeled nitrate
concentration was 0.35 μg/m3 which was 47% lower than the
observation of 0.66 μg/m3. Mean ammonium concentration was
0.75 μg/m3 from observation and 0.93 μg/m3 from simulation
with an R of 0.57 and NMB of 24%. Also listed in Table 1 are
statistics from the NOBB simulation. It is found that in the NOBB
experiment, the model comparison statistics for PM2.5, BC, and OM
were evidently affected, while those for sulfate, nitrate, and
ammonium were slighted influenced. The NMBs of PM2.5, BC,
and OM from the NOBB experiment were −13%, −18%,
and −32%, respectively, which indicated somewhat larger model-
observation biases than that by the FULL experiment. The generally
better statistics from the FULL simulation suggested the necessity of
including BB emissions in simulating aerosol components in
Hainan.

Hourly observations of pollutants from the 158 sites in 37 south
China cities were also used for model validation. Observations and
corresponding model simulation results were averaged within a
certain province. Comparison statistics are listed in Table 2. In
Hainan, hourly PM2.5 concentration was reasonably simulated
although some model biases existed, with NMB and R of 13%
and 0.48. O3 was also well simulated in Hainan, with NMB and
R of 1%, and 0.70. On the other hand, SO2, NO2, and CO was
underpredicted to some extent. The large model biases for these gas
species could be attributed to the underestimations of their
emissions around city areas of Hainan because their observations
were conducted in 2 cities in Hainan. It is noted that although SO2

showed low bias, sulfate was reasonably simulated at the Wuzhi
Mountain site. This is because as a background site, the Wuzhi
Mountain site represents a more general condition which was
reflected by the regional model. In Guangxi, PM2.5 was also
reasonably simulated with NMB and R of 6% and 0.68, but gas
precursors (SO2, NO2, and CO) were underestimated (Table 2). In
Guangdong province, PM2.5 was fairly simulated with an overall
NMB of 20% and R of 0.62. The model performances for gaseous
species (O3, SO2, NO2, and CO) in Guangdong were generally better
than those in Hainan and Guangxi (Table 2). All these comparisons
also demonstrated a generally good model performance for aerosols
in south China and the NSCS region during the study period from
winter of 2020 to spring of 2021.

3.3 Influence of BB emissions on aerosol
concentrations in the NSCS region

The influence of BB emissions on near-surface aerosol
concentrations over the NSCS region was investigated by
analyzing results of the three simulations. According to the
simulation results at the Wuzhi Mountain site (Figure 2), the
influence of BB emissions on PM2.5, BC, and OM was significant
(Figures 2A–C), but the influence on sulfate, nitrate, and
ammonium were almost negligible (Figures 2D–F). On average,
the fractional contributions of BB emissions were 24%, 17%, and
42% to PM2.5, BC, and OM, respectively, but only 4%, 4%, and 4% to
sulfate, nitrate, and ammonium at the Wuzhi Mountain site. So,
further discussion mainly focused on PM2.5, BC, and OM.

Period mean near-surface concentrations of PM2.5, BC, and OM
due to all sources (BASE), emissions other than BB (NOBB), and BB
emissions (Cntr_BB) are presented in Figure 3. It is natural that
aerosol concentrations were higher over land than over ocean.
Anthropogenic-derived aerosols were mostly concentrated over
source regions such as central China and northeast India
(Figures 3D–F). BB aerosols mainly occurred in MSEA and south
China (Figures 3G–I) where BB emissions were active (Figure 1).
Total PM2.5, BC, and OM concentrations over MSEA and south
China were evidently affected by BB aerosols. For the NSCS region,
mean PM2.5 concentration could be 10–30 μg/m3 (Figure 3A) in
which 2–10 μg/m3 was from BB emissions (Figure 3G). Mean BC
and OM concentrations were 0.5–2 μg/m3 and 2–10 μg/m3 (Figures
3B, C), respectively, in which approximately 0.2 μg/m3 and 2–5 μg/
m3 were contributed by BB emissions (Figures 3H, I).

Figure 4 shows the monthly and NSCS regional mean PM2.5, BC,
and OM concentrations and their source attributions. PM2.5

FIGURE 4
Modeled monthly and NSCS regional mean concentrations of (A)
PM2.5, (B) BC, and (C) OM. Numbers on top of each bar are the mean
concentrations. Contributions from anthropogenic and biogenic
sources (NOBB, green), biomass burning emissions from
mainland Southeast Asia (Cntr_BBSEA, red), and biomass burning
emissions from China (Cntr_BBCN, orange) are shown in percentages.
The NSCS region is indicated in Figure 1.
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exhibited higher mean concentrations in December and January and
decreased gradually until April (Figure 4A). Contributions of BB
emissions (Cntr_BB) to PM2.5 were apparently higher in spring
(March to April) with mean fractional contributions of 35%–36%
but lower in winter (December to February) with mean values of
merely 5%–17%. Most of the BB contributions were from the MSEA
region (Cntr_BBSEA), with fractional contributions of 34%–35% to
total PM2.5 mass inMarch and April due to the burning season of the
MSEA (Lin et al., 2014). BB contribution from China (Cntr_BBCN)
was perceptible and occasionally large in winter (such as January 18,
see Figure 2) but was negligible in spring. Mean BC concentration
exhibited a feature similar to that of PM2.5 (Figure 4B), but the Cntr_
BB values were relatively smaller than those for PM2.5. The temporal
variation of monthly mean OM concentration was relatively flat
compared to those of PM2.5 and BC (Figure 4C). It is noticed that the
Cntr_BB values of OM were larger than those of PM2.5 and BC. In
March and April, more than half of OM mass was attributed to BB
emissions (54%–56%) with almost all of them from the MSEA
region (Figure 4C). In all, for the NSCS region, the impact of BB
emissions on concentrations of PM2.5 and its carbonaceous
component were much more significant in spring than in winter.
This was mainly caused by the seasonal variation of BB emissions
that were larger in spring months (Supplementary Figure S1). Such a
seasonal feature of aerosols affected by BB emissions was also
observed in an island in South China Sea (Yongxing Island)
(Xiao et al., 2017). Previous modeling studies showed that BB
emissions could contribute 31%–73% of aerosol mass
(Vongruang and Pimonsree, 2020) and 26%–62% of aerosol

optical depth (Huang et al., 2013) in springtime in downwind
regions of Southeast Asia. Based on aerosol observations during a
cruise campaign over the western South China Sea from August to
September 2014, Song et al. (2018) calculated an average
contribution of 54.1% from BB emissions to total aerosol mass
using the ratio of non-sea salt potassium over total potassium (nss-
K+/K+) as a proxy to evaluate the relative contribution of biomass
burning. Combing observations during two cruises in the northern
South China Sea (NSCS, from June to July 2016) and the western
South China Sea (WSCS, from August to September 2016) and back
trajectory analysis, Yao et al. (2023) reported that when aerosol
samples were, from continental air masses, influenced by biomass
burning, the OC/EC ratios were from 6.95 to 12.5 in the NSCS cruise
and from 6.52 to 6.71 in the WSCS cruise. The average OC/EC ratio
in the NSCS region from this study was 5.9, close to their observed
lower ends. A possible reason of the difference between our result
and that of Yao et al. (2023) could be the differences in study periods
and locations. In all, the estimated contributions of BB emissions to
aerosols from this study were generally consistent with previous
modeling and observational results.

On an average, over the study period, BB emissions accounted for
20%, 13%, and 35% of near-surface PM2.5, BC, and OM concentrations
in the NSCS region, respectively, with the maximum monthly
percentage contributions up to 36%, 28%, and 56% in spring
(April). The MSEA region was the major source of BB aerosols in
NSCS. Among BB emissions, 79% of BB PM2.5, 72% of BB BC, and 81%
of BB OMwere from the MSEA region, respectively, in terms of period
mean, and in spring months, the percentage contributions of BB

FIGURE 5
Modeled period mean aerosol deposition fluxes (units: mg/m2/month) of (A, D, G) PM2.5, (B, E, H) BC, and (C,F,I) OM due to (A–C) all emissions
(BASE), (D–F) emissions other than biomass burning (NOBB), and (G–I) biomass burning emissions.
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emissions from MSEA were even up to 96%, 95%, and 96% for BB
PM2.5, BB BC, and BB OM, respectively.

3.4 Influence of BB emissions on aerosol
depositions in the NSCS region

Shown in Figure 5 are spatial distributions of period mean
aerosol deposition fluxes (including dry and wet depositions) of
PM2.5, BC, and OM due to all sources (BASE, Figures 5A–C),
emissions other than BB (NOBB, Figures 5D–F), and BB
emissions (Cntr_BB, Figures 5G–I). It is noted that December
to April was the dry season of this region, so the wet scavenging of
aerosols was small, and dry deposition dominated the aerosol
removals. In general, the spatial distributions of aerosol
depositions (Figures 5A–C) resemble those of near-surface
concentrations (Figures 3A–C). Depositions of PM2.5, BC, and
OM mainly occurred over source areas (Figures 5A–C) and BB
aerosols comprised a large fraction of depositions in MSEA,
southwest China, and parts of south China (Figures 5G–I).
For the NSCS region, PM2.5 deposition was estimated to be
0.03–0.8 × 103 mg/m2/month in most of the region
(Figure 5A). Similar distribution patterns for BC (Figure 5B)
and OM (Figure 5C) were obtained, with mean BC and OM
deposition fluxes being 0–0.04 × 103 mg/m2/month and 0–0.4 ×

103 mg/m2/month, respectively, in most of the NSCS region.
Most of the depositions of BB aerosols that occurred around
source regions and depositions in oceanic areas were relatively
small; as a result, mean deposition fluxes of BB PM2.5, BC, and
OM were less than 0.1 × 103 mg/m2/month, 0.006 × 103 mg/m2/
month, and 0.1 × 103 mg/m2/month, respectively, in the NSCS
region (Figure 5G–I).

The monthly and NSCS regional mean accumulated aerosol
depositions are shown in Figure 6. The temporal variations of
monthly deposition fluxes generally resembled those of
concentrations. For PM2.5, BC, and OM, their depositions
were large in December and January, dropped down sharply
in February, bounced back to a relatively high level in March, and
then decreased again in April (Figure 6). The monthly
depositions of PM2.5, BC, and OM were 51.5–98.1 mg/m2/
month, 1.4–4.6 mg/m2/month, and 22.3–33.9 mg/m2/month,
respectively, with period mean deposition fluxes of 73.8 mg/
m2/month, 2.9 mg/m2/month, and 29.3 mg/m2/month in the
NSCS region. Jurado et al. (2008) have estimated global wet
and dry depositions of BC and OC in the oceans based on
measurement datasets. Their estimated latitudinal yearly
averaged BC and OC deposition fluxes along 0~30°N were
0.08 mg/m2/day and 0.78 mg/m2/day, respectively, for
2002–2004. In this work, the estimated NSCS regional and
period mean depositions were approximately 0.097 mg/m2/day
for BC and 0.70 mg/m2/day for OC, which were generally
consistent with previous results. Although a large number of
studies are involved in atmospheric deposition, few of them are
concerned about deposition fluxes of carbonaceous aerosols into
oceans. To further evaluate the reliability of the simulated
deposition fluxes in the NSCS region, depositions of
particulate nitrogen were compared with reported
measurements, although the major concern of this study was
depositions of PM2.5 and carbonaceous aerosols. Based on
aerosol measurements at an island site in the South China Sea
(Yongxing Island), Shen et al. (2020) reported annual mean
inorganic nitrogen (NO3

− and NH4
+) dry deposition flux of

13.6 mmol m−2 yr−1, while our estimation was 10.2 mmol m−2

yr−1 averaged over the NSCS region and the 5-month period.
Considering the differences in sampling times and locations, our
result was consistent with that of Shen et al. (2020).

During the study period, dry deposition dominated the
removal of aerosols over the NSCS region. According to our
simulation, approximately 97% of the removal of PM2.5, BC, and
OM was attributed to dry deposition, while merely 3% was
attributed to wet deposition. This is consistent with previous
studies. For example, Itahashi et al. (2021) have investigated the
seasonal variation of wet deposition over Southeast Asia based on
observations and model simulations. They showed that wet
depositions of aerosol components were much smaller in
winter and spring than those in summer and autumn in
MSEA areas such as Thailand, Vietnam, and Cambodia. Small
precipitations during the dry season of the MSEA region
(November to next April) could be the main cause of the
small wet deposition. The WRF-chem-simulated monthly
mean precipitations were compared with satellite precipitation
product from the global precipitation measurement (GPM)
mission (Huffman et al., 2019). The comparison showed a

FIGURE 6
Modeled monthly and NSCS regional mean aerosol depositions
of (A) PM2.5, (B) BC, and (C) OM. Numbers on the top of each bar are
the mean depositions. Contributions from anthropogenic and
biogenic sources (NOBB, green), biomass burning emissions
from mainland Southeast Asia (Cntr_BBSEA, red), and biomass burning
emissions from China (Cntr_BBCN, orange) are shown in percentages.
The NSCS region is indicated in Figure 1.
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generally good result in terms of spatiotemporal variations and
magnitudes (Supplementary Figure S2), which also implied that
the estimated small wet deposition of aerosols in the dry season
was reasonable.

Like the condition of concentrations, deposition fluxes of
aerosols from biomass burning sources were much higher in
spring (March and April) than those in winter (December to
February) in the NSCS region. For the study period, BB
emissions accounted for 22%, 15%, and 38% of total PM2.5, BC,
and OM depositions in this region. In spring, BB emissions (Cntr_
BB) accounted for 41–46% of PM2.5 deposition, 33–38% of BC
deposition, and 59–62% of OM depositions in NSCS, respectively.
That is, for aerosol depositions in spring in NSCS, approximately
23.4–29.2 mg/m2/month of PM2.5, 0.53–0.79 mg/m2/month of BC,
and 16.6–19.5 mg/m2/month of OM were from BB sources. BB
emissions from MSEA also dominated the depositions of BB
aerosols in NSCS. On an average, over the study period, 82%,
77%, and 83% of BB PM2.5, BB BC, and BB OM depositions,
respectively, were from the MSEA region, with maximum
monthly fractional contributions up to 97% in spring. This also
suggests the strong impacts of biomass burning emissions from
mainland Southeast Asia on aerosol depositions in NSCS, especially
during the burning season (spring) of MSEA.

The aforementioned results showed that the concentrations and
depositions of aerosols from BB sources exhibited generally similar
seasonal features in the NSCS. The variation of aerosol emissions is
the dominating factor for the seasonal variations of aerosol
concentrations and depositions, while meteorology fields also
affect the variations to some extent (Nakata et al., 2018). The
interannual changes in meteorology fields (such as strong or
weak monsoon) can influence the monthly aerosol
concentrations and depositions year by year; however, the
seasonal trend is almost unchanged (Lin et al., 2013; Nakata
et al., 2018).

4 Conclusion

In this work, the impact of biomass burning emissions on
aerosol concentrations and depositions in the northern South
China Sea region (NSCS, 105~115°E and 15~21°N) from the
winter of 2020 to the spring of 2021 (December to April) was
investigated by combining the WRF-chem simulation with
continued observations in the background of the Wuzhi
Mountain site in Hainan Island. BB emissions from different
regions including mainland Southeast Asia and China were
distinguished by sensitivity simulations. Model evaluation
against various pollutant observations demonstrated a good
skill of WRF-chem in simulating aerosol component
concentrations in the NSCS region. Sensitivity simulations
revealed that the inclusion of BB emissions evidently
improved model performance by reducing the absolute model-
observation biases and improving correlation coefficients in the
NSCS region for the study period.

For the NSCS region, BB emissions accounted for 20%, 13%,
and 35% of regional and period mean near-surface PM2.5, BC,
and OM concentrations. Monthly fractional contributions of BB
emissions to PM2.5, BC, and OM in the NSCS region were larger

in spring (March and April) than in winter (December to
February). The maximum monthly mean contributions of BB
emissions to aerosol concentrations in the NSCS region were up
to 36% for PM2.5, 28% for BC, and 56% for OM, respectively, in
April. Most of the BB contributions can be attributed to the
mainland Southeast Asia region, while BB contributions from
China were perceptible in winter. The MSEA region contributed
79% of BB PM2.5, 72% of BB BC, and 81% of BB OM
concentrations, respectively, during the study period, with
maximum monthly mean BB contributions up to 96%, 95%,
and 96% in spring.

Aerosol depositions in the NSCS region exhibited spatial and
temporal features similar to those of near-surface concentrations.
The deposition fluxes of PM2.5, BC, and OM were also larger in
December and January than in other months. Anthropogenic
emissions dominated the aerosol depositions in winter
(December to February), while BB emissions significantly
affected aerosol depositions in March and April. In terms of
period and regional mean, 22% of PM2.5, 15% of BC, and 38% of
OM depositions were attributed to BB emissions, respectively,
with maximum monthly BB contributions up to 46% for PM2.5,
38% for BC, and 62% for OM. BB emissions from the MSEA
region dominated the depositions of BB aerosols in NSCS,
accounting for 82% of BB PM2.5, 77% of BB BC, and 83% of
BB OM depositions, respectively, with maximum monthly
contributions of up to 97% in spring. Dry depositions
dominated the removal of aerosols in NSCS during the study
period.

The study results of this work suggested that BB emissions in
the MSEA region have strong impacts on air quality of
downwind in the NSCS region including the Hainan Island.
As a tourist island, Hainan has a strong demand for low PM2.5

levels. More than 30% BB contribution to PM2.5 mass in spring
(Figure 4) implies that additional efforts are required by Hainan
to maintain a good air quality in this season. This study also
estimated the BB contributions on carbonaceous aerosol
depositions in the oceanic areas of northern South China Sea.
Atmospheric inputs of dissolved BC and OC have been
considered to have important effects on global carbon cycle
(Yamashita et al., 2022) and marine biogeochemistry (Mari et al.,
2019; Wagner et al., 2021) but yet poorly constrained. Biomass
burning was considered a major source of such atmospheric
inputs of carbonaceous aerosols (Wagner et al., 2021). In
addition the deposition of PM2.5 particles which include
nutrient elements and metals (e.g., nitrogen, prosperous, and
lead.) are also important for the biogeochemistry of this region,
but the knowledge of these aspects was still insufficient and
required further studies. In all, the results of this work provide
valuable information for understanding atmospheric
contributions of biomass burning carbonaceous aerosols to
the NSCS region.
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