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Abstract
A high temperature and lack of rainfall in the South Sumatra Region during the dry season of 2019 led to an increase in 
intense land fires that were attributed to biomass burning and the pyrogenic combustion process. This study tried to analyze 
the spatiotemporal distributions of atmospheric BC (black carbon) over the South Sumatra Region during 2016–2019 land 
fire events using the MERRA-2 satellite images. The spatial analysis was applied to estimate the increment in black carbon 
concentrations during land fire episodes. Some meteorological conditions that affect black carbon diffusion and transport 
over the study area are explained using a backward trajectory analysis. The results exhibited that the black carbon masses 
mostly came from local and long-range transports (from eastern to western) over the study area. A significant percentage 
increment of black carbon concentration during 2016–2019 was observed at around 139%. The highest black carbon con-
centration recorded in October 2019 was 3.96 ×  10−6 kg/m2, as hotspots were still abundant, especially on the eastern side 
of the study area. The black carbon trend was strongly related to total hotspots and burned areas. As a whole, this finding 
could be beneficial for mitigating black carbon pollution due to land fires by implementing geospatial technology for rapid 
monitoring of air pollution in vast areas.
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Introduction

Black carbon is a component of very fine particles in the 
atmosphere that permeate ultraviolet and visible wave-
length ranges (Takemura and Suzuki 2019). Black carbon 

is typically dispersed into the atmosphere as soot from bio-
mass burning, industry, diesel machine, and factory sites 
(Rendana et al. 2016; Xu et al. 2020). The increment in black 
carbon concentration generally leads to an increase in air 
temperature (Yamineva and Liu 2019). Thus, black carbon 
emissions become one of the most prominent contributors 
to global warming. According to a previous study by Ram-
anathan and Carmichael (2008), the climate effect of black 
carbon is considered an agent for the increase in global sur-
face temperature reaching 1 degree Celsius. Furthermore, 
the impact of black carbon can affect thermal balance and 
meteorological patterns, specifically in the troposphere layer. 
According to related research on the radiation impact of 
black carbon, it can also influence regional climate regimes 
and the monsoon cycle (Xie et al. 2020). In the air, black 
carbon may be transferred and accumulated on ice or snow 
surfaces. The lifetime of black carbon in the air is around 
4–12 days (Guo et al. 2020); thus, the effect of black carbon 
can affect regional climate scales. As a result, most research-
ers agreed that reducing black carbon emissions could signif-
icantly reduce global warming (Brewer 2019). In a primary 
process for diminishing black carbon from the air through 
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dry and wet depositions, more comprehensive analyses are 
needed to understand this mechanism (Sitnov et al. 2020).

Black carbon has a severe effect on human health and the 
environment due to its carcinogenic character (Kirrane et al. 
2019). It enters the respiratory path, and particles accumu-
late in the alveoli, which then block gas circulation between 
the blood and lung, resulting in cardiovascular system sick-
ness (Rendana et al. 2022a). The greatest source of black 
carbon in Indonesia is from biomass burning sites (around 
60%) (Santoso et al. 2008). The average concentration of 
black carbon in many urban areas in Indonesia ranges from 
2.6 to 3.8 µg/m2 (Sattar et al. 2014).

The major source of black carbon emission in the South 
Sumatra Region comes from peatland fires. In aprevious 
report from the Indonesian Disaster Management Agency, 
the South Sumatra Region has sustained the biggest fire areas 
in Indonesia that increased from 8,505 ha to 144,410 ha 
during 2014–2015. To date, there were unsufficient data 
regarding black carbon concentration in the South Sumatra 
Region. Hence, if we compared to another adjacent province 
(Riau province), a study by Sari et al. (2022) obtained the 
black carbon concentration of 5.5 ×  10−9 kg/m3 during the 
severe forest fire event of 2019. In general, there are three 
main methods to estimate atmospheric black carbon emis-
sion: ground monitoring instruments, numerical analysis, 
and satellite acqusition. Notwithstanding, ground monitor-
ing cannot investigate the large-scale black carbon emission 
and time consuming. Meanwhile, satellite data often occur 
miss, errors, over and under estimations of the data due to 
clouds, and other disturbances on the air (Li et al. 2020). 
Therefore, to overcome the weakness of ground observa-
tion and satellite data, a data reanalysis was applied. The 
Modern-Era Retrospective Analysis for Research and Appli-
cations (MERRA-2) satellite has adopted this innovation. It 
useful to diffuse data from various types and sources with 
a specific model to obtain an optimal combination. Then, 
the MERRA-2 with reanalysis data gives a better data with 
high spatiotemporal resolution to analyze deeply the black 
carbon emission.

Peatland fires in the South Sumatra Region are common 
incidents especially they mostly occur during the dry season. 
Yin et al. (2020) reported that there was an increase of total 
hotspot and fire radiative value in the region with values of 
78,055 and 4.05 × 106 MW, respectively, which aggravated 
to climate change phenomenon. Unfortunately, after knowing 
that the black carbon has a crucial role in climate change, its 
variation over the South Sumatra Region is less monitored. 
Because of that, the assesment of black carbon emission from 
peatland fires in the South Sumatra Region are uncertainty. 
Furthermore, the analysis of long-range transport of black car-
bon from fire areas over the South Sumatra Region has also 
been insufficiently investigated. The application of MERRA-2 
reanalysis data may examine the spatial and temporal variation 

of black carbon during severe peatland fires incidents. There-
fore, the objective of this study was to analyze a regional scale 
of black carbon pollution over the South Sumatra Region dur-
ing 2016–2019 using the integration of MERRA-2 satellite 
data and backward trajectory analysis.

Materials and methods

Study area

This research was conducted in the Indonesian province of 
South Sumatra, at longitudes 101 0′0″E–106 0′0″E and lati-
tudes 1 0′0″S–5 0′0″S (Fig. 1). According to a report from 
the Ministry of Environment and Forestry, this province is 
one of the major contributors to land fire events in the Indo-
nesian region. While most land fires in Indonesia occurred 
in mineral soils, land fires in South Sumatra were more often 
attributed to organic soils, also known as peatlands (Lestari 
et al. 2021). This condition has made the area more vulner-
able to wildfires. In 2019, around 11,826 hectares of land in 
South Sumatra have been burned (Sarmiasih and Pratama 
2019). This region has also been home to many industries 
in the area, such as fertilizer, oil and gas, coal, and pulp and 
paper companies. The primary commodity in this area is 
the agricultural sector, such as oil palm plantations, and the 
remaining areas are developed as fish farms and horticultural 
activities (Rospiani and Lifianthi 2022).

Data sources

Monthly black carbon column mass density (M2TMNXAER 
v5.12.4) from the MERRA-2 satellite data with a spatial 
resolution of 0.5° × 0.6° was applied in this study. The data 
in geotiff format were acquired from the NASA Giovanni 
website (https:// giova nni. gsfc. nasa. gov/ giova nni/) and cor-
respond to the border of the study area. Hotspot data with 
coordinates were obtained from the Indonesian Ministry of 
Environmental and Forestry and used to assess the fire events 
within the South Sumatra Region during 2016–2019. Mete-
orological data in Microsoft Excel format containing daily 
temperature, rainfall, and wind speed during 2016–2019 
over the study area were collected from the Indonesian 
Meteorological, Climatological, and Geophysical Agency. 
In order to enhance the accuracy of the study, we selected 
some months in the dry season period (October–December) 
in each year of the study.

Methods

IDW (Inverse distance weighted)

Inverse distance weighted (IDW) is a prevalent technique of 
interpolation in geospatial analysis. It applies a linear weight 

https://giovanni.gsfc.nasa.gov/giovanni/
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integration from various sample points in order to estimate 
cell values (Masroor et al. 2020; Rendana et al. 2022b). 
Greater weight values indicate the nearest to target point. 
Z(So) or the unknown value, So is computed using a formula 
as specified below:

where n is the observation station, Z(Si) means values at the 
sampled point Si, while Wi indicates Si weight:

(1)Z(So) =

n
∑

i=1

WiZ(Si),

(2)Wi =

1

dk
i

�

∑n

i=1

1

dk
i

� i = 1, 2,… , n,

where di means a horizontal gap between interpolation 
points and points studied, and k means a distance power. All 
interpolation analysis were conducted using the ArcGIS 10.2 
software (Esri, USA). The geotiff format of spatial black car-
bon column mass density was processed using the ArcGIS. 
In order to create a fine spatial resolution, we converted a 
raster layer to vector point data and then applied an IDW 
technique for each black carbon column mass.

HYSPLIT model

Hybrid single particle Lagrangian integrated trajectory 
(HYSPLIT) is a model that created by NOAA and the Aus-
tralian Weather Bureau. It is useful to estimate real time 
and reasonable assessment of air pollutants transport from 
sources (Ma et al. 2021). It can also predict air pollutants 
trajectory through diffusion, transport, and transport air 

Fig. 1  Location of the study area. South Sumatra Province (red polygon) located in the southern part of Sumatra Island with total area around 
91,592.43  km2
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masses. It provides various parameters that can be used in 
the transport model such as various meteorological input and 
emission sources from distinct clusters. Because of the accu-
racy and real-time data production, the HYSPLIT has been 
used to many studies regarding settlement, transport, and dif-
fusion of air pollutants (Kim et al. 2020). The HYSPLIT data 
are extracted from NCEP global data assimilation system 
(GDAS) using 0.5° × 0.5° spatial resolution and 1–6 tem-
poral resolution to determine the air masses transport from 
biomass burning. The black carbon is presumed to be carried 
with the air mass trajectory without including the impact of 
deposition, particle size, and emission rate. In this study, 72 
and 120 h back trajectory analyses were conducted at 250, 
500, and 750 mdpl to predict local and regional air pollutant 
transport according to prior studies (Sumaryati et al. 2022).

Pearson's correlation

Pearson's correlation coefficients are generally applied to 
determine the statistic of a linear correlation between two 
parameters. In order to analyze the association between the 
black carbon and several meteorological parameters (rain-
fall, temperature, wind speed, and humidity), the Pearson's 
correlation was carried out during the study period using 
IBM SPSS statistics software (version 20). Additionally, 
the association between the concentration of the black car-
bon and its corresponding fire events was deeply examined. 
The Pearson's correlation formula is shown in the following 
equation:

where r is Pearson's correlation coefficient, n is total number 
of values, x is values in the first set of data, and y is values 
in the second set of data. This study used remote sensing 
and supporting data to produce spatiotemporal black carbon 
concentration in the study area. Those data then were inte-
grated using the pearson correlation anaylsis to check the 
accuracy of study. Hysplit model and GIS technique were 
applied to assess black carbon distribution comprehensively. 
The details of flowchart of this study are shown in Fig. 2.

Results and discussion

Yearly distributions of black carbon pollution 
in South Sumatra related to land fires

Figure 3 depicted the annual mean concentration of black 
carbon in South Sumatra from 2016 to 2019, as well as the 
annual total hotspots in South Sumatra. The figure showed 
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that high fire events in the study site were recorded in 2019, 
while 2016, 2017, and 2018 were distinguished by low fire 
events. It was obviously found that the variation in black 
carbon concentration in this area corresponded to the hotspot 
variation. A correlation analysis obtained a positive associa-
tion between black carbon concentrations and fire events in 
South Sumatra with an r value of 0.80 (p < 0.05) (Table 1). 
Based on the trend in Fig. 3, we could calculate the rate 
of black carbon concentration change corresponding to fire 
event changes, so we obtained 0.63 ×  10−6 kg/m2 per 1,000 
fire events.

Figure 4 depicts the spatial variations of black carbon 
concentrations during a severe haze event (October–Decem-
ber 2019). High concentrations (> 4 ×  10−6 kg/m2) were 
mostly observed in the north-west part of the study area 
and spread toward the center, while low concentrations were 
found in the southern side, where human activity origins of 
black carbon were less. This result was much higher than 
a previous study by Mulyana (2017) who found the black 
carbon concentration ranged from 2 to 3 ×  10−6 kg/m2. Fur-
thermore, this study also showed that the high black carbon 
concentration was more observed in the center and north 
part of the South Sumatra Region as we found in our study. 
If we compared to a study in New Delhi, India, the black 
carbon concentration in the South Sumatra also showed a 
notable higher concentration than that city which obtained 
the black carbon value around 1.5 ×  10−6 kg/m2 (Chauhan 
et al. 2023).

According to Fig. 4, the black carbon became more con-
centrated in the center of South Sumatra, causing Palem-
bang, the capital city, to experience a severe haze event dur-
ing November 2019. This black carbon anomaly dispersed 
to other nearby areas with lower concentrations, with areas 
on the outskirts of the South Sumatra Region having the 
lowest concentration. Finally, because this area had begun to 
receive a lot of rainfall, black carbon concentrations signifi-
cantly decreased in December 2019. We conducted a corre-
lation analysis between black carbon concentration and wind 
speed because this dynamic variation was closely related to 
wind condition. The obtained correlation coefficient value 
was r =  − 0.85, p < 0.01 (Table 1), indicating that lower wind 
speed contributes to higher accumulated black carbon con-
centration in the area.

We assumed there were anthropogenic sources of black 
carbon in the western part of the study area because biomass 
burning was the main source of black carbon in the north-
ern and eastern parts of the study area, which came from 
peatland (Fig. 4). So, not all black carbon emissions came 
from biomass burning activities; some could also originate 
from other anthropogenic sources around the study area. As 
a whole, the spatial variation of black carbon over the study 
area was dynamic because it quickly shifted from one area 
to other areas in a 1-month interval (Fig. 4). Although it was 
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Fig. 2  Flowchart of the study
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Fig. 3  Totals of hotspot and mean BC (black carbon) concentration in the study area during 2016–2019. (black carbon unit: ×  10−6 kg/m2)
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dynamic, the mean concentration continuously decreased 
from October through December 2019. The enhanced black 
carbon concentration in South Sumatra during 2019 could 
be related to the increasing number of hotspots and total 
burned areas in South Sumatra (Fig. 3). These occasions 
have contributed to a higher black carbon level through 
regional land fire events and long-range transport pollutants 
from black carbon sources. The percentage changes in black 
carbon concentration from 2016 to 2019 increased around 
139% (Table 2). In comparison, when we look at data from 
2019, the percentage changes in black carbon concentra-
tion decreased by around 72%. This result was consistent 
with the total hotspots in the study area from 2016 to 2019 
(Fig. 5).

The long‑distance transport of black carbon 
amounts in the air over South Sumatra 
during the 2019 severe haze event

The backward trajectory of air masses reached in Palem-
bang, the capital city, on October 14, 2019, revealed that 
three trajectories traversed in the midst of severe land fires 
in the eastern part of South Sumatra (Fig. 6). As a result, 
the increase in black carbon in Palembang on October 14, 
2019, could be attributed to local transport of black carbon 
from eastern peatland fires. Further, the backward trajectory 
showed that the air masses arrived in Palembang city from 
areas distinguished by a high level of human air pollution by 
black carbon, which are situated in other long-range regions 
such as east Java, east Nusa Tenggara, and other eastern 
regions of Indonesia. As a result, the highest levels of black 
carbon concentration on October 14 may be related to air 
masses that arrived in Palembang City from those areas. 
Three types of trajectories in Fig. 6 were indicated by dis-
tinct colors. The red line represented most of the air masses 
traversed at 250 m, the blue line at 500 m, and the green 
line at 750 m. But basically, these three trajectories showed 
the same direction. In addition, for long-range transport, 
the blue trajectory first came from a higher altitude around 
1,500–2,000 m, which it observed on October 10, 2019, and 

then, it started to move at a lower altitude (500 m) on Octo-
ber 11, 2019 (Fig. 6). Other trajectories revealed more of 
the typical way air masses transport. Because air masses 
at higher altitudes are more stable, they may be capable of 
long-distance transport to other regions (Kang et al. 2019). 
Based on the comparison of local and long-range transport 
of air masses, it could be assumed that the accumulative 
black carbon concentration traversed over peatland forest 
fires in South Sumatra exceeded the trajectory from the east-
ern region of Indonesia.

Spatial and temporal variations of hotspots in the South 
Sumatra Region in the dry season of 2019 (Fig. 7) showed 
the existence of two groups of land fires: the first on the 
eastern side and the second on the northern side, which 
were based on the peatland distribution in the South Suma-
tra Region. The data report from the Ministry of Environ-
ment and Forestry on October 14, 2019, noted that the total 
number of hotspots on the eastern side was 2–3 times greater 
than hotspots on the northern side (Fig. 7). This was due to 
the fact that the majority of peatland in the country’s east 
has been converted into agricultural land (i.e., oil palm), 
which is frequently intentionally burned by humans to 
reduce the cost of replanting. While, in the northern region, 
the peatland areas are threatened by opening land activities 
for the agricultural sector, The highest black carbon con-
centration in the dry season was recorded in October 2019 
(3.96 ×  10−6 kg/m2). This value was much exceeded (3 times 
greater) as compared with the previous years, which only 
recorded 1.24 ×  10−6 kg/m2 during 2016–2018 (Table 2). 
The increment in local black carbon amounts during 2019 
was more substantial. This result was much higher than the 
black carbon concentration in Northern Eurasia that was 
induced by Sirebian forest wildfires, with an average value of 
1 ×  10−6 kg/m2 (Sitnov et al. 2020). But, if we compared our 
result to other regional studies, we found almost the same 
result where the black carbon level in adjacent provinces 
exceeded 2 ×  10−6 kg/m2.

The northern and eastern parts of the study area, toward 
the center, had the highest concentration of black carbon, 
according to spatial analysis. Based on the trajectory analy-
sis, the air masses first originated in the eastern areas, where 
they might be dispersed by the wind to the northern side. 
The prolonged dry season increased air temperature in South 
Sumatra from 2016 to 2019 (Fig. 8). Lack of rainfall con-
tributed to a severe drought condition and then raised the 
risk of intense land fire occurrences. Several studies have 
shown that atmospheric blocking can affect long-distance 
transport of air masses such as biomass burning particu-
lates (Steinfeld and Pfahl 2019). The air pollutants could be 
transported in a zonal or southerly direction (Lawrence and 
Lelieveld 2010). The wind direction and speed affected the 
long-range transport of pollutants in the air of South Suma-
tra in October 2019. The east wind dominated the entire 

Table 1  Pearson's correlation coefficient between black carbon con-
centration and meteorological variables

*Correlation is significant at 5%

Black carbon 
(×  10−6 kg/m2)

Temperature (˚C) − 0.15
Rainfall (mm) 0.18
Relative humidity (%) − 0.25
Wind speed (m/s) − 0.85*
Total fire events 0.80*
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2016-2018

(a) (b)

(c) (d)

Fig. 4  Spatial variation of the BC (black carbon) column mass density (unit: ×  10−6 kg/m.2) in South Sumatra Region during the study period: a 
during 2016–2018, b October 2019, c November 2019, and d December 2019

Table 2  Percentage changes of the mean black carbon concentration during the study period

2016–2018 Oct0ber 2019 November 2019 December 2019 Changes% (2016–2019) Changes% (October–
December 2019)

Black carbon (×  10−6 kg/
m2)

1.24 3.96 3.84 1.12  + 139  − 72
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troposphere layer, according to trajectory analysis. It showed 
that black carbon transfer from east to west in South Sumatra 
during the 2019 dry season occurred frequently in the lower 
troposphere zone.

The black carbon obtained a negative relationship with 
all the meteorological variables, except for the atmos-
pheric temperature (Table 1). Sahin et al. (2020) assessed 
the relationship between black carbon and the similar 

meteorological variables and found same outputs. The rain-
fall had a prominent effect of diminishing the particles of 
black carbon, while an increase in wind speed assisted in the 
black carbon dispersion. Based on a study by Kumar et al. 
(2023), the black carbon and wind speed were very anti-
associated, regardless the various time (by day or seasonal). 
In addition, the black carbon showed a negative association 
with temperature in an urban area studies (Ambade et al. 
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Fig. 5  Totals of hotspot and burnt areas over the study site during 2016–2019

Fig. 6  Backward trajectories analysis in the study area on October 14, 2019, at various height of 250, 500, and 750 mdpl: a a local trajectory 
arriving and b a regional trajectory arriving
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2021; Liakakou et al. 2020), but a low positive association 
was reported in this current study.

Conclusions

An assessment of the spatial and temporal patterns has 
obtained a high level of black carbon pollution within South 
Sumatra in October 2019, which was caused by black carbon 
emissions associated with peatland fire events in the eastern 
part of Sumatra and contributed to local transport of black 
carbon from the eastern region toward the center and north-
ern parts. The analysis of air masses’ trajectories obtained 
the black carbon transport in the study area on October 14, 
2019. This first came from local air transport and long-range 
air transport with various altitudes (250–750 m). On October 

10, 2019, the black carbon concentration from other sources 
in the eastern regions of Indonesia was distributed westward 
into the Sumatra Region. From 2016 to 2019, the increase 
in the black carbon plume over South Sumatra Region cor-
responded to higher temperatures and an increase in the 
total number of hotspots and burned area around this region. 
Because of the limitation of study area and monitoring tech-
niques, there is a lack of black carbon ground monitoring 
dataset. Therefore, the evaluation of MERRA-2 black car-
bon was validated by the ground black carbon monitoring 
acquired from the published literatures. For future studies, 
we suggest to use hyperspectral satellite images or active 
sensors to compare with MERRA-2 black carbon concentra-
tion; thus, it can produce a new notion regarding the accu-
racy of the black carbon studies over a certain area.

Fig. 7  Active fires distributions in the study area. Red dot indicates active fire events on the date of October 14, 2019, during severe haze event 
period. Source from Indonesian Ministry of Environment and Forestry
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