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Abstract  Elemental carbon (or black carbon) (EC or BC) aerosols emitted by biomass burning and fossil fuel combustion could 

cause notable climate forcing. Southern Hemisphere biomass burning emissions have contributed substantially to EC deposition in 

Antarctica. Here, we present the seasonal variation of EC determined from aerosol samples acquired at Zhongshan Station (ZSS), 

East Antarctica. The concentration of EC in the atmosphere varied between 0.02 and 257.81 ng·m−3 with a mean value of 

44.87±48.92 ng·m−3. The concentration of EC aerosols reached its peak in winter (59.04 ng·m−3) and was lowest (27.26 ng·m−3) in 

summer. Back trajectory analysis showed that biomass burning in southern South America was the major source of the EC found at 

ZSS, although some of it was derived from southern Australia, especially during winter. The 2019–2020 Australian bush fires had 

some influence on EC deposition at ZSS, especially during 2019, but the contribution diminished in 2020, leaving southern South 

America as the dominant source of EC. 
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1  Introduction 

Elemental carbon (EC) or black carbon (BC) is a floc that is 
granular or composed of particles, resulting from 
incomplete combustion of fossil fuels or biomass (Andreae 
and Crutzen, 1997; Ma et al., 2020; Marquetto et al., 2020a, 
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2020b; Li et al., 2022). Atmospheric EC has two main 
sources: natural sources and anthropogenic sources (Ming 
et al., 2006; Koch et al., 2007; Hara et al., 2008; Bond et al., 
2013; Ma et al., 2020). Natural sources mainly include 
forest fires and volcanic eruptions (Ming et al., 2006), while 
anthropogenic sources mainly refer to emissions from 
incomplete burning of fossil fuels and biomass (Ming et al., 
2006; Bisiaux et al., 2012a). EC aerosols in the atmosphere 
can cause notable climatic effects. On the one hand, EC can 
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effectively absorb infrared and visible solar radiation in the 
atmosphere that leads to heating of the air (Bisiaux et al., 
2012a, 2012b; Bond et al., 2013; Kang et al., 2020; Ma et 
al., 2020). On the other hand, EC nucleated aerosols can 
effectively reflect solar radiation, thereby reducing the 
amount of solar radiation reaching the Earth’s and causing a 
cooling effect (McConnell et al., 2007; Bond et al., 2013; 
Painter et al., 2013). Additionally, EC aerosols suspended in 
the atmosphere can also interact with clouds and affect the 
atmospheric energy balance (Bond et al., 2013; Kang et al., 
2020). When EC is deposited on the surface of snow and ice, 
it will reduce the surface albedo and strengthen the 
absorption of solar radiation, leading to intensification of 
melting, which can impart positive feedback on the climate 
system (Kang et al., 2020). The Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change stated that 
radiative forcing caused by EC is +0.64 W·m−2, and it 
predicted that the radiative forcing of EC might increase to 
+0.71 W·m−2 in the future, of which that caused by fossil 
fuel combustion would be +0.51 W·m−2 and that caused by 
biomass fuel combustion would be +0.2 W·m−2 (IPCC, 
2013). Bond et al. (2013) illustrated that EC causes global 
mean radiative forcing of +1.1 W·m−2. Under the scenario 
of increasing global emissions, EC has become the second 
most important factor after carbon dioxide in terms of 
impact on atmospheric radiative forcing (Andreae and 
Crutzen, 1997; Jacobson, 2001; Qian et al., 2011; Skiles et 
al., 2012; Bond et al., 2013; Arienzo et al., 2017; Zhang and 
Kang, 2017). 

Since the Industrial Revolution, increasing 
concentrations of EC have been detected in the cryosphere, 
with most related studies focused on the Arctic, Himalayas, 
and Europe because such regions are close to areas of 
human activity and are reasonably accessible (McConnell et 
al., 2007; Zennaro et al., 2014; Kang et al., 2020). 
Antarctica is far from other continents, without intensive 
human activities, and is aerially blocked by the westerly 
circulation that prevails throughout the year (Kakareka, 
2020; Kakareka and Salivonchyk, 2020; Kakareka and 
Kukharchyk, 2022). Therefore, Antarctica is considered the 
last remaining pristine land on Earth (Zhang et al., 2015). 
Owing to its isolation, Antarctica is also considered the 
region that represents the background environmental EC 
(Chýlek et al., 1987, 1992; Warren and Clarke, 1990; 
Bisiaux et al., 2012a, 2012b; Ma et al., 2020). Therefore, 
EC is considered to have negligible impact on the snow–ice 
albedo and climatic system of Antarctica (Grenfell et al., 
1994; Bisiaux et al., 2012a, 2012b; Khan et al., 2018; Ma et 
al., 2020). However, significant increase in EC deposition 
on the continent has been detected from thousands of years 
previously to recent decades (Bisiaux et al., 2012a; Li et al., 
2022), and biomass burning and human activities on 
surrounding continents and countries (i.e., South America, 
Australia, New Zealand, and South Africa) have been 
considered as potential sources and influencing factors 
(Bisiaux et al., 2012a). Currently, controversy remains 

regarding the source regions of Antarctic EC aerosols and the 
primary pathways of transport. For example, Fiebig et al. 
(2009) suggested that central Brazil was the main source 
region of EC in East Antarctica, while Marquetto et al. (2020a) 
argued that the main contributor to modern western Antarctic 
EC was biomass combustion in Australia and New Zealand. 

Few studies have examined the EC in East Antarctica, 
especially in regions facing the Indian Ocean sector of the 
Southern Ocean (Chaubey et al., 2010; Srivastava et al., 
2021). Moreover, because previous work mainly used ice 
cores as the research medium, the relatively low temporal 
resolution made it difficult to study the detailed variation 
pattern (Bisiaux et al., 2012a, 2012b; Li et al., 2022). Here, 
we present the results of a five-year (February 2016 to 
December 2020) high temporal resolution (weekly) 
campaign of continuous monitoring of atmospheric EC 
aerosols in the coastal region of East Antarctica facing the 
Indian Ocean sector of the Southern Ocean. The objectives 
were to elucidate the seasonal variation of EC and to study 
the potential source regions, transport pathways, and related 
influencing mechanisms. 

2  Materials and methods 

2.1  Sampling  

Since February 2016, a high-volume (1000 L·min−1) total 
suspended particulate sampling instrument (Wuhan 
Tianhong Company, China) has been operating at 
Zhongshan Station (ZSS; 69°37′31′′S, 76°22′14′′E) (Figure 1) 
to monitor atmospheric environmental conditions (Li et al., 
2020). ZSS is located in the coastal area of East Antarctica, 
facing the Indian Ocean sector of the Southern Ocean. 
According to monitoring results of meteorological 
conditions at ZSS during our sampling campaign (February 
2016 to December 2020), the annual mean air temperature 
was −9.2 , with the lowest recorded temperature of −45 . ℃ ℃
The average annual number of precipitation days was 142, 
and almost all precipitation was in the form of snowfall. 
The wind speed was reasonably high, with winds above 
grade 8 (17.2–20.4 m·s−1) occurring on up to 174 d annually, 
and the maximum recorded wind speed was 50.3 m·s−1. To 
avoid potential contamination from the activities conducted 
at ZSS, the sampling site was established on bare rock at the 
northernmost point accessible, which is approximately 100 
and 600 m from the ocean and the research station, 
respectively. The predominant easterly surface wind at the 
sampling site effectively minimizes the transport of air from 
the direction of ZSS (Li et al., 2020).  

Sampling was normally conducted once per week. 
Before the field season, all the required Whatman 41 quartz 
filters (20 cm×25 cm; Whatman Ltd., Maidstone, UK) were 
wrapped in aluminum foil, placed in a muffle oven, and 
baked at 500  for 5 h to remove organic impurities℃  (Li et 
al., 2020). After cooling to room temperature, the filters 
were placed in a box held at constant temperature (25±3 ) ℃
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and constant humidity (22%±3%) for 72 h. Field blank filters 
were collected by exposing filters in the sampler but without 
drawing air through them; these were acquired to account for 
any artifacts that might have been introduced during the 
sample handling process. Between February 2006 and 
December 2020, 230 filters were collected. After each 

sampling, the filters were sealed with aluminum foil and stored 
in a cold and dark refrigerator. At the end of each field season, 
the filters were shipped back to the State Key Laboratory of 
Cryospheric Science (SKLCS) in Lanzhou (China) in frozen 
state (i.e., below −18 ) and stored in a dark refrigerator ℃
(−20 ) until required for further processing.℃  

 
Figure 1  The location of the sampling site at Zhongshan Station (ZSS), and locations of atmospheric EC aerosol concentration 
measurements at other sites in Antarctica (Hansen et al., 1988; Bodhaine, 1995; Pereira et al., 2006; Hara et al., 2008; Chaubey et al., 2010; 
Weller et al., 2013; Khan et al., 2018; Srivastava et al., 2021). 

Data of meteorological parameters (i.e., wind speed, 
wind direction, and days with strong winds) at ZSS were 
obtained from the Chinese Academy of Meteorological 
Sciences, and from automatic weather stations that 
performed measurements at 6-h intervals. For each 
parameter, 7308 measured data and 230 meteorological data 
samples (i.e., temperature and relative humidity) were 
acquired. 

2.2  Sample analysis 

2.2.1  EC analysis  

An organic carbon (OC)/EC analyzer (Sunset Laboratory 
Inc., USA) was used to test for EC via thermal light 
reflection analysis at the SKLCS of the Northwest Institute 
of Eco-Environment and Resources, Chinese Academy of 
Sciences (Brown et al., 2019; Vodička et al., 2020). The 

detected limit of EC is 0.02 μg·cm−2 (Brown et al., 2019). 
The program was set to Improve A, and the operating 
temperature range was between 1 and 840°C. The OC and 
EC were released by heating at different temperatures and 
detected by the flame ionization detector (Brown et al., 
2019). Each sample was heated gradually in a nonoxidizing 
environment of He, causing OC to be heated and volatilized. 
Then, gradual heating continued in an He/O2 environment 
(Brown et al., 2019). In the process, EC was oxidized to a 
gaseous oxide for quantitative detection, and then fed into 
quantitative He/CH4 for calibration (Brown et al., 2019). 
During the entire process, a laser beam was shone on the 
quartz film, and the transmitted or reflected light gradually 
decreased when the OC carbonized. When the He was 
switched to He/O2 and heated, the transmitted or reflected 
laser light gradually increased with the carbonization and 
oxidation decomposition of EC (Brown et al., 2019). The 
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initial intensity moment is called the OC/EC segmentation 
point; that is, the carbon detected before (after) this moment 
is defined as OC (EC). 

2.2.2  Soluble ions analysis 

Cations (i.e., Na+, K+, Mg2+, Ca2+, and 4NH ) were analyzed 

using a Dionex 600 with an Ion Pac CS-12A 4 mm 
analytical column, CG-12A guard column, CSRS-ULTRA  
4 mm suppressor, 20 mM methanesulfonic acid (MSA) 
eluent, and a cation electrolytically regenerated suppressor. 

Anions (Cl−, 3NO , and 2
4SO  ) were analyzed using a 

ICS-2500 ion chromatograph (ICS-2500, Thermo 
Scientific, USA) with an Ion Pac AS11-HC analytical 
column, AS11-HC guard column, ASRS-ULTRA II 4 mm 
suppressor, KOH eluent and an anion electrolytically 
regenerated suppressor. For all measured ions, the 
detection limit was 1 ng·g−1; that is, three times the 
standard deviation of the noise from the baseline. The 
limit of quantification, defined as 10 times the standard 
deviation, was 3 ng·g−1. Blanks were monitored regularly 
during sample analysis, and all blanks were found to be 
lower than the detection limit. All tests were completed in 
the Ultra-Clean Laboratory of the SKLCS of the 
Northwest Institute of Eco-Environment and Resources, 
Chinese Academy of Sciences. 

Thorough pretreatment was necessary before the ion 
tests were conducted. First, three pieces of aerosol film with 
area of 2.83 cm2 were adopted by a sampler, placed into a 
wide-mouth bottle with 20 mL of ultra-clean water for more 
than 60 min with an ultrasonic device, removed and filtered, 
and then tested on the machine. Finally, the concentration in 
the atmosphere is inferred from the ion concentration. The 
inference formula is expressed as: y = pvs/s1, where p is the 
concentration of the measured ions, v is the volume of the 
prepared solution, s is the total aerosol film area placed in 
the field, and s1 is the aerosol film area obtained with a 
sampler. The standard solution of the National Reference 
Standards Center, China was used to prepare the test 
standard, and the sample test results need blank correction 
and method correction.  

In this study, Origin 2018, IBM SPSS Statistics 21, 

Adobe Photoshop CC 2017, and Adobe Illustrator 2020 
were used to process and analyze the content of BC, and the 
MeteoInfo backward trajectory model was used to analyze 
the source of the BC aerosols. Two forms of trajectory 
simulation are possible with the MeteoInfo model: 
backward transmission and forward diffusion. The former is 
mainly used to explain the problem of sinks, and the latter is 
mainly used to explain the problem of sources. The 
MeteoInfo model was used to track the backward 
trajectories from the coast of East Antarctica, and the 
clustering algorithm was used to group the trajectories 
according to the principle of closest trajectories, thereby 
representing the main sources of the air masses in the study 
area during the analysis period. 

3  Results and discussion 

3.1  Seasonal variation of EC and influencing factors 

The mean concentration of atmospheric EC at ZSS during 
the sampling period (February 2016 to December 2020) was 
44.87 ± 48.92 ng·m−3, with a range of variation of 
0.02–257.81 ng·m−3 (Figure 2). In comparison with other 
sites located in Antarctica and surrounding areas, the 
concentration at ZSS was always much higher than that 
inland and at some other coastal sites (Figure 1). However, 
EC at ZSS showed values comparable to those at Syowa 
Station and Maitri Station in East Antarctica (Hara et al., 
2008; Chaubey et al., 2010), but much lower than those in 
the Indian and Atlantic sectors of the Southern Ocean 
surrounding the East Antarctica continent, which were even 
hundreds of times higher (Srivastava et al., 2021). The 
Antarctic continent, especially the interior region, is 
considered the last remaining pristine region on Earth, and 
the atmospheric EC concentrations are generally regarded 
as natural background values (Bisiaux et al., 2012a, 2012b). 
Previous measurements showed a gradient of increase in 
atmospheric EC concentrations from inland regions of 
Antarctica toward the coast, with the lowest EC 
concentration detected at the South Pole (i.e., 0.65 ng·m−3), 
higher values near the eastern and western coasts 

 
Figure 2  Temporal variation of atmospheric EC aerosols at ZSS during 2016–2020. 
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(2.6 ng·m−3) (Bodhaine, 1995; Weller et al., 2013), and 
much higher concentrations on the Antarctic Peninsula 
(8.3 ng·m−3) (Pereira et al., 2006). According to Hara et al. 
(2008), different transport mechanisms and variation in 
temporal distribution account for the discrepancy in EC 
concentration between different sites. Long-range transport 
via the lower troposphere during frequent storm conditions 
can lead to many peaks in atmospheric EC concentration 
over coastal Antarctica during the austral winter–spring 
seasons, whereas conditions favorable for EC transport via 
the free troposphere toward inland regions of Antarctica 
usually dominate during summer.  

Statistical results show that atmospheric EC 
concentrations at ZSS always present the highest values 
during austral winter (June–August; 59.04±59.46 ng·m−3), 
followed in descending order by those in austral autumn 
(March–May; 45.80±49.54 ng·m−3), austral spring (September– 
November; 43.53±47.05 ng·m−3), and austral summer 
(December–February; 27.26±25.81 ng·m−3) (Figure 3). 
Notably, individual years and consecutive years show 
different variations, such as the low concentration of EC in 
winter 2017. This might reflect the impact of the westerly 
circulation restricting the contribution from South America 
(Figure S1). The entire pattern of seasonal variation is 
consistent with the EC deposited in snow layers near ZSS in 
East Antarctica (Ma et al., 2020). Ma et al. (2020) identified 
that the seasonal variation of EC is caused by EC emissions 
from source regions where bush fires and anthropogenic 
emissions of EC are intensified during winter and 
diminished during summer. However, because of the low 
temporal resolution of ice core records, no further detail on 
the variation could be extracted for comparison with our 
results. Monthly statistical results on the EC in aerosols at 

ZSS show that the annual variation of EC has a single peak 
that occurs in July (Figure 4). This peak is 1 month earlier 
than that observed at Syowa Station (August) (Hara et al., 
2008) and 3 months earlier than that observed at Neumayer, 
Halley, and Ferraz Stations (October) (Pereira et al., 2006; 
Weller et al., 2013). The observed difference prompted us to 
speculate that some factors other than emission source 
might also play an important role in influencing the 
seasonal variation of EC at ZSS. Hara et al. (2008) 
highlighted that the transport of EC via blizzards has 
considerable influence on its atmospheric concentration at 
coastal sites in East Antarctica, and that the higher 
concentrations observed during winter are always 
associated with strengthened katabatic winds that carry high 
concentrations of EC in continental air toward the coastal 
regions. The time of occurrence of high concentrations of 
EC during winter at ZSS is temporally consistent with the 
duration of strong winds. Meanwhile, the wind direction 
during winter always has a continental contribution 
(Figure 4). At ZSS, monthly statistical results show that 
July always has the highest number of days with strong 
winds (i.e., >10 m·s−1, weekly geometric mean value) and 
the greatest number of blizzards (Wang et al., 2011). 
However, this seems inconsistent with the statistical results 
of the meteorological conditions during our sampling 
campaign, which showed that the highest wind speeds and 
the highest number of days with strong winds occurred in 
August. We thus speculated that the actual concentrations of 
EC in continental air might play the dominant role, and that 
the difference in the wind direction in different months 
might also be partially responsible for that. 

Correlation analysis (IBM SPSS Statistics, Version 21) 
was performed on the EC and major ions (Na+, Cl−, K+, 

 
Figure 3  Seasonal variation of EC and other ions in atmospheric aerosols at ZSS during 2016–2020. Note: all data are expressed as the 
arithmetic means ± the standard deviation. 
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Figure 4  Monthly statistics of EC concentrations (a) in aerosols at ZSS, and monthly statistical results (b, c, d) of meteorological 
conditions (days per month with strong winds). 

2
4SO  , 3NO , Mg2+, Ca2+, and 4NH ) of the aerosols, and the 

meteorological conditions (temperature, relative humidity, 
wind speed, and wind direction) (Table 1). Significant 
correlation was found between Na+ and Cl−  and 
undoubtedly sea salt played the dominant role in their 

deposition. No significant correlation was detected between 
EC and the ions of marine origin, implying that EC has 
different sources and transport pathways than the latter. 
However, EC and wind direction had positive correlation (R 
=0.229, P<0.01, n=230), which might indicate that material  

Table 1  Correlation matrix between measured BC, ions, and meteorological parameters at ZSS derived via principal component analysis 

 Cl− 2
4SO   3NO  Na+ Mg2+ Ca2+ 4NH  EC TEM RH WS WD 

Cl− 1 0.319** −0.086 0.859** 0.739** 0.331** 0.237** −0.042 0.028 0.196** 0.467** −0.164* 

2
4SO    1 0.341** 0.384** 0.357** 0.535** −0.027 0.054 0.172** 0.182** 0.085 −0.012 

3NO    1 −0.055 −0.004 0.128 −0.026 0.165* 0.138* 0.004 −0.223** 0.066 

Na+    1 0.594** 0.347** 0.140* −0.047 0.069 0.175** 0.422** −0.193** 

Mg2+     1 0.438** 0.139* −0.018 0.008 0.223** 0.458** −0.118 

Ca2+      1 −0.068 0.023 0.024 0.134* 0.123 −0.073 

4NH        1 −0.161* 0.094 0.127 0.147* −0.035 

EC        1 −0.290** 0.225** −0.264** 0.229** 

TEM         1 −0.036 0.021 −0.266** 

RH          1 
−0.108 

 
0.075 

WS           1 −0.395** 

WD            1 

Notes: TEM=Temperature, RH=Relative humidity, WS=Wind speed, WD=Wind direction. Different confidence levels are indicated as follows: ** for P<0.01, * for 

P<0.05, n=230 
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transported from the continental interior might carry more 
EC aerosols to the coastal regions. The positive correlation 
with relative humidity (R=0.225, P<0.01, n=230) indicates 
that relative humidity has some influence on the stagnation 
of the EC aerosols in the atmosphere. 

3.2  Analysis of potential source regions 

Controversy remains regarding the source regions of the EC 
found on the Antarctic continent (Bisiaux et al., 2012a, 
2012b; Li et al., 2022). South America, Australia, and New 
Zealand have long been regarded as potential source regions 
for the EC deposited in Antarctica, especially West 
Antarctica, because forest fires, bush fires, and 
anthropogenic emissions usually contribute substantially to 
EC emissions within the Southern Hemisphere (Marquetto 
et al., 2020a, 2020b). Although southern Africa produces 
the largest emissions of EC annually in the Southern 
Hemisphere, it is considered a negligible source region for 
the EC deposited in Antarctica because of its relatively 
distant location and the blocking effect of the prevailing 

westerly winds around Antarctica (Bisiaux et al., 2012a, 
2012b).  

To ascertain the potential source regions of the EC 
transported to ZSS, back trajectory analysis was conducted 
to track the pathways of the transporting air masses. For this 
purpose, the MeteoInfo model analysis method developed 
by the Chinese Academy of Meteorological Sciences for 
GIS applications and scientific computing environments 
was used in this study. Considering the maximum lifetime 
of EC in the troposphere (Bond et al., 2013; IPCC, 2013), 
we calculated the 14-d back trajectories during 2016–2020 
from an initial height of 1000 m. All back trajectory 
calculations were driven using the National Centers for 
Environmental Prediction–National Center for Atmospheric 
Research (NCEP/NCAR) reanalysis data (1°×1°, 17 vertical 
levels). We calculated the back trajectories of air masses in 
spring, summer, autumn, and winter, and the simulations for 
each season were grouped into clusters (Figure 5) using the 
model’s cluster analysis algorithm. Meteorological track 
calculations were performed at 6-h intervals during the  

 
Figure 5  Backward trajectory clustering analysis of 14 d in four seasons at ZSS during 2016–2020: spring (a), summer (b), autumn (c), 
and winter (d) in the Southern Hemisphere, respectively. The date range of the analyzed day was the first to last day of the month. 
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entire calculation process. The analysis revealed that the 
movement of air masses in the four seasons was disturbed 
by the westerly wind, and that the air masses arriving at 
ZSS were mainly from the northwest; therefore, the 
westerly wind can be inferred to have important influence 
on the transport of atmospheric aerosols to the Antarctic 
continent. The westerly belt can transport EC to the 
troposphere, which then participates in the large-scale 
atmospheric circulation (Shi et al., 2019; Ma et al., 2020). 
Thus, BC emissions from Australia and South America 
could be transported via the atmospheric circulation to the 
coast of East Antarctica (Ma et al., 2020). 

In comparison with other seasons, the long-range 
transport pathways of fast-moving air masses showed 
higher percentages during winter (38.02% for cluster 4; 
Figure 5d) and autumn (25.63% for cluster 4; Figure 5c), 
and their pathways were located closer to the air mass 
output pathway from southern South America, which might 
indicate higher loading of the air mass from southern South 

America during autumn and winter. Spring and summer 
showed lower percentages of long-range transport pathways 
of the air masses, and the pathways were located further 
from the source region of South America. Most of the 
simulated air masses arriving at ZSS during spring and 
summer were characterized by clusters with slow speed, 
thereby indicating that local sources might play the major 
role in atmospheric input. Detailed trajectory information of 
all clusters also indicated certain influence from southern 
South America during all four seasons, together with 
possible influence from southern Australian sources, 
especially during winter (Figure 6). 

3.3  Influences of the 2019–2020 Australian bush fires 

An unusually strong positive Indian Ocean Dipole caused 
hot and dry weather in southeastern Australia in 2019, and 
devastating wildfires were promoted from June 2019 to 
December 2020 (Chang et al., 2021; Wang et al., 2022).  

 
Figure 6  Plots for every cluster in the four seasons at ZSS from 2016 to 2020: spring (a), summer (b), autumn (c), and winter (d) in the 
Southern Hemisphere, respectively. 
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These extensive and severe wildfires started in June 2019 in 
Queensland and then extended to New South Wales and 
Victoria in eastern Australia. The most severe fires that 
developed in New South Wales and Victoria persisted from 
September 2019 to December 2020 (Filkov et al., 2020; 
Graham et al., 2021; Wang et al., 2022). The catastrophic 
and unprecedented 2019–2020 Australian bushfire season 
destroyed more than 3000 homes, killed at least 33 people, 
and earned it the epithet of the “Black Summer” (Filkov et 
al., 2020; Graham et al., 2021). 

To investigate the potential influence of the 2019–2020 
Australia bushfires on EC deposition at ZSS, we collected 

details of the burned area in Australia from https:// 
www.geo.vu.nl/~gwef/gfed/gfed4/. Furthermore, details of 
the burned area in southern South America were also 
collected, as shown in Figure 7. Annual mean EC 
concentration at ZSS showed significant increase in 2019, 
consistent with the simultaneous increase in the burned area 
in both Australia and southern South America (Figure 7). 
The burned area in Australia decreased in 2020, whereas a 
trend of increase was sustained in southern South America. 
The simultaneous increase in EC deposition at ZSS might 
indicate that emissions from the latter source provided the 
dominant contribution. 

 
Figure 7  Monthly variation of burned area (a) in Australia and southern South America in relation with annual mean EC concentration at 
ZSS (b) from January 2019 to December 2020. 

Monthly mean burned area data show that the highest 
values in Australia occurred during November–December 
2019, whereas the highest values in southern South America 
in 2019 occurred in August–October; even higher values 
were detected during August–October 2020 in southern 
South America. From this, we speculate that southern South 
America might be the dominant source regions of the EC 
detected at ZSS. This is confirmed by the back trajectory 
results that indicate that southern South America might be 
the primary source region. However, some trajectories also 
extended to the southern part of Australia during winter; 
therefore, we cannot eliminate the potential for influence 
from Australian sources. Moreover, during the wildfires in 
2019, an enormous volume of biomass-burning aerosols 
emitted from Australia traveled across the Pacific Ocean to 
reach South America (Chang et al., 2021).  

4  Conclusions 

This study analyzed the seasonal variation in the EC of 
atmospheric aerosols deposited during 2016–2020 at ZSS in 
East Antarctica. No significant correlation with the major 
ions was detected, implying that EC had different sources 
and different transport pathways. Higher EC concentrations 
were detected in winter, which coincided with higher 
emissions of EC from source regions in the Southern 

Hemisphere, and periods of strong winds at ZSS. We 
speculated that air masses enriched with aerosols of EC 
transported from inland regions of Antarctica via katabatic 
winds made important contributions. Back trajectory 
analysis showed that southern South America was the major 
source region of the EC deposited at ZSS, although 
emissions from southern Australia also contributed, 
especially in winter. The 2019–2020 Australian bush fires 
also influenced EC deposition at ZSS, especially during 
2019, but the contribution was diminished in 2020, leaving 
southern South America as the dominant source of EC.  
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Figure S1  Backward trajectory clustering analysis of 30 d in winter at ZSS from 2017. 


