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ARTICLE INFO ABSTRACT

Handling Editor: Xavier Querol In this study, Moderate Resolution Imaging Spectroradiometer active fire and land use products were integrated

to extract and classify biomass burning (BB) data for South Asia (SA) and Southeast Asia (SEA). Several trend and

Keywor d—9 ) geographic distribution analyses were conducted at the grid (0.25° x 0.25°) and regional scales. As the principal
Crop reﬁS‘d“e burning local form of BB, crop residue burning (CRB) in SA increased by 844 spots/yr, and the Mann-Kendall (MK)
Forest fire

reached 0.61. Additionally, the CRB in Punjab-Haryana, a region a well-known for severest CRB, presented a
significant declining trend. BB in mainland SEA was much more intense and was dominated by forest and
shrubland fires. Forest fires in mainland SEA declined at a rate of —209 spots/yr, and shrubland fire conversely
grew at a rate of 803 spots/yr, which was likely related to the dramatic land cover change induced by the local
swidden agriculture. Unlike other regions, BB in equatorial SEA primarily occurred in the second half of the year
(August to October), and it was extremely vulnerable to El Nino events. When the annual sea surface temperature
anomalies within the Nino 3 region improved by 1 °C, the annual BB spots and fire radiative power in equatorial
SEA increased by 5.18 x 10* and 2.40 x 10° MW, respectively. Although the interannual variations in equatorial
SEA were dramatic, the robust Siegel’s repeated median estimator still revealed that equatorial SEA BB signif-
icantly declined by —1825 spots/yr. This regional decline reflects government endeavors to curb indigenous BB.
However, regions with enhanced BB still need to draw more attention, and it is imperative for the Indonesian
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government to take substantial measures to reduce anthropogenic fire sources during El Nino events.

1. Introduction

Human-initiated biomass burning (BB) is a widespread practice for
deforestation, shifting cultivation, and post-harvest vegetative material
removal. It is also an important factor in shaping the landscape over a
long evolutionary scale (Hao and Liu, 1994; Hayasaka et al., 2014; Ita-
hashi et al., 2018). BB immediately releases greenhouse gases (GHGs)
into the atmosphere and induces a long-term shift in the balance be-
tween ecosystem carbon sequestration and liberation (Lorenz and Lal,
2010; Konovalov et al., 2014). Climatic changes, e.g., global warming,
are expected to change BB regimes, and they may accelerate the accu-
mulation of GHGs in the atmosphere, thus leading to further global
warming (Bond-Lamberty et al., 2007). Massive amounts of particulate
matter emissions from BB decease atmospheric visibility, causing severe
haze pollution and increasing respiratory and cardiovascular morbidity,
mortality, and hospital admissions (Arbex et al., 2007, 2010; Lin et al.,
2018; Marlier et al., 2013; Pun et al., 2017; Reddington et al., 2015). As
the primary aerosol released from BB, carbonaceous particles contribute
to variations in the global radiation budget (Myhre et al., 2013).
Moreover, BB is the second-largest source of trace gases; volatile organic
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compounds and NOy emitted from BB are critical precursors of global
tropospheric O3 and secondary aerosols (Bo et al., 2008; Lin et al.,
2013). Many studies have found that BB is not only a local pollution
source. Through long-range transport, BB pollutants pose a severe threat
to the health of those living in downstream regions, and they can even
induce severe pollution episodes in adjacent countries (McClure and
Jaffe, 2018; Afroz et al., 2003; Koe et al., 2001). BB types range from
open forest fires to biofuel burning (Akagi et al., 2011). The cause,
location, and timing of each BB type are difficult to determine. Typi-
cally, crop residue burning (CRB) is closely linked to certain farming
activities and crop types. In contrast, forest fires and other wildfires are
assumed to be linked to both natural and anthropogenic factors such as
lightning ignition and land clearing.

BB frequently occurs in most parts of South Asia (SA) and Southeast
Asia (SEA). Fires in equatorial SEA are highly affected by droughts
induced by the El Nino-Southern Oscillation (ENSO). Over the past four
decades, three devastating forest fires have occurred in Sumatra and
Borneo in 1982/1983, 1997/1998, and 2015. These ENSO-driven forest
fires released massive GHGs into the atmosphere, and the most severe
fire, which occurred in 1997/1998, was estimated to emit 0.95 Gt of
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carbon (van der Werf et al., 2010; Turetsky et al., 2015). The landscape
in mainland SEA is characterized by mountainous areas, and swidden
agriculture is a consistent threat to indigenous forests. Most BB in
mainland SEA is attributed to slash-and-burn agriculture and land
clearing, especially during the dry season (Chang and Song, 2010; Shi
et al., 2014). Kumar et al. (2011) revealed that springtime CRB in
northern Indian can increase the levels of surface O3 and black carbon by
34% and 145%, respectively. Furthermore, strong convections during
the summer monsoon season can also transport pollutants from SA to the
Mediterranean Sea (Lawrence et al., 2003; Park et al., 2007).

Because the BB characteristics in SA/SEA are inhomogeneous and
cannot be monitored at the ground-level, it is essential to apply remote
sensing technology to specify the spatiotemporal variations of BB. Some
of the most widely used satellite data in BB studies are the Moderate
Resolution Imaging Spectroradiometer (MODIS) fire products, which
exhibit temporal coverage from February 2000 to present day. MODIS
was designed to take measurements in a broad spectral range, and it can
extend and enhance many heritage sensor observations (Xiong et al.,
2015; Xiong et al., 2006). Previous BB studies over SA/SEA focused on
estimating the related emissions and assessing their effects on ambient
air quality (Liu et al., 1999; Lelieveld et al., 2001; Engling et al., 2011;
Sahu and Sheel, 2014). In this study, we collected MODIS fire and land
cover data from 2001 to 2018 to reveal the seasonal patterns and
spatiotemporal variations of various BB types over SA/SEA. Addition-
ally, we integrated active fire spot data with fire radiative power (FRP)
data, an important combustion rate physical metric, to determine the
fire characteristics. Analyses were conducted at several scales, including
at a 0.25° x 0.25° grid-scale, instead of only at a large scale, e.g.,
regional- or country-scale. Furthermore, the repeated median trend,
which is less sensitive to outliers, and monotonic trend combined with a
directional distribution analysis were utilized to explicitly illustrate the
interannual variations. Precipitation and ENSO events, which are
important climate factors that affect BB, are also considered to further
explore the fire—climate relationship. Given the inhomogeneity of BB
and vast expanse of the study region, the results of this work can be
utilized by policy makers to mitigate BB and reduce local air pollution.

2. Datasets and methodology
2.1. Datasets

2.1.1. Fire information

The MOD14A1 Collection 6 data, with a 1 km x 1 km spatial reso-
lution, were used to obtain the fire information for SA/SEA. The MODIS
Thermal Anomalies/Fire products algorithm uses brightness tempera-
tures derived from the MODIS 4-um and 11-um channels. The fire
detection strategy was based on the absolute detection of fires if the fires
were strong enough, and detection relative to the thermal emissions of
the surrounding pixels was utilized to detect weaker fires (Justice et al.,
2002; Giglio et al., 2003). The improved MOD14A1 Collection 6 prod-
ucts reduced the global commission errors to 1.2%, compared to 2.4%
for Collection 5 (Giglio et al., 2016). In this study, two fire indicators
were extracted from MOD14A1: the number of daily fire spots and the
corresponding FRP. A 0.25° x 0.25° grid was created to aggregate and
present the BB spatial distributions over SA/SEA.

2.1.2. Land cover

MCD12Q1, which includes the land cover products, also belongs to
the MODIS production series. The spatial resolution of MCD12Q1 is 500
m x 500 m, and the temporal resolution is 1 yr. Since the new millen-
nium, rapid economic development and urbanization have induced
dramatic land cover changes in SA/SEA, and numerous tropical forests
in SEA have been cleared by plantation companies (Miettinen et al.,
2016; Stibig et al., 2014; Fox et al., 2014). Therefore, it is vital to
consider land use and land cover changes when classifying BB types.
Given the high spatial resolution of MCD12Ql1, it can be utilized to
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incorporate land use changes into this study. The primary land cover
scheme of MCD12Q1 is the International Geosphere-Biosphere Pro-
gram, which identified 17 land cover classes (Loveland and Belward,
1997). Combining MOD14A1 with MCD12Q1 from 2001 to 2018, BB
was divided into four groups: forest fires, shrubland fires, CRB, and other
fires (primarily grass and sparsely vegetated fires). Table S-1 in the
supplementary material presents more information on the four groups of
land cover. Additionally, we also discussed the uncertainties of MODIS
fire and land cover products (refer to Sectionl in the supplementary
material).

2.1.3. Precipitation and SEA surface temperature

Monthly precipitation data were obtained from TerraClimate, that
formed a dataset of monthly climate at a high-spatial resolution (1,/24°).
Abatzoglou et al. (2018) downscaled coarser resolution temporal
anomalies from Climate Research Unit version 4.0 data and the Japanese
55-year Reanalysis from 1958 using high-resolution climatological
fields from WorldClim and climatic aided interpolation to create Ter-
raClimate. The data were validated using a variety of monitoring net-
works including the Global Historical Climate Network, Snow Telemery
network, and remote automated weather stations. The results revealed
that the TerraClimate dataset improved the overall mean absolute error
and increased the spatial realism compared to those of the coarser res-
olution gridded datasets. To be consistent with the BB distribution data,
the TerraClimate resolution was first aggregated to 0.25° x 0.25°, and
then the spatial correlation between precipitation and BB over SA/SEA
was explored. The historical SST in the four Nino regions (Nino 1 + 2,
Nino 3, Nino 4, and Nino 3.4) was obtained from the National Oceanic
and Atmospheric Administration (NOAA). It used Optimum Interpola-
tion Sea Surface Temperature (OISST) v2 to calculate SST anomalies and
the base period is from 1981 to 2010.

2.2. Methodology

Considering their vast range of geographic and climatic conditions,
SA and SEA were divided into three subregions: SA, mainland SEA, and
equatorial SEA. Fig. S-1 in the supplementary material displays the lo-
cations of the three subregions. Because the BB spatiotemporal charac-
teristics of each subregion are distinct, a spatial analysis was also
conducted at the subregional level. The seasonal patterns and interan-
nual variations of various BB types in the three subregions were
analyzed.

2.2.1. Time series trend analysis

The widely used Theil-Sen estimator was first proposed by Theil
(1950), and then Sen (1968) extended this estimator to handle ties.
Because it is based on the median slope, it is insensitive to outliers, and it
tends to accurately calculate the slope for non-normal data (Vanem and
Walker, 2013). Siegel (1982) modified the Theil-Sen estimator,
replacing the single median with the repeated media, which increased
the breakdown point to 50% compared to the 29% breakdown point of
the original Theil-Sen estimator (Lemmens and Krag, 2014; Lavagnini
etal., 2011). Siegel’s repeated median estimator is calculated as follows:

di di —
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where x; and x; are the number of fire spots or FRP value at time t; and ¢;
(i > j), respectively.

The Mann-Kendall (MK) statistic is a non-parametric test used to
detect significant trends in a time series, and it is based on the ranks of
the observations rather than their actual values (Kendall, 1955; Mann,
1945). Because the MK test is distribution-free, it has been widely used
to analyze many natural time series, such as temperature, precipitation,
river flow, and water quality time series (Hamed, 2009). The MK rank
coefficient 7 is defined as follows:
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where n is the number of data points, x; and x; are the data values in time
series i and j (j > i), respectively, and sgn(xj; — x;) is the sign function:

+1if (x; —x;) >0
0if (xj — x;) =0 (3
—1if (x5 —x) <0

The coefficient ranges from —1 to +1 and a value of +1 represents a
continuously increasing trend and never decreases. The opposite is true
when 7 is —1, and a value of 0 indicates no consistent trend.

sgnlx; —xi) =

2.2.2. Geographic distribution analysis

Given the inhomogeneous spatiotemporal distribution of BB, two
geographic distribution analyses were used to characterize BB over SA/
SEA: the standard deviation ellipse (SDE) and median center (MEC). The
SDE was firstly proposed by Lefever in 1926, and ever since then, it has
served as a versatile tool for bivariate distributions (Lefever, 1926; Wang
et al., 2015). The SDE is a centrographic measure used to characterize
the dispersion of points along two orthogonal axes. It results in an ellipse
that delineates the average location, dispersion (or concentration), and
orientation of all the points. The MEC is a measure of central tendency
that uses an iterative algorithm to explore the location of the point that
minimizes the Euclidean distance to all features in a dataset. Compared

1.5e+04
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with the mean center, MEC is less sensitive to data outliers. The inter-
annual variations of SDE and MEC can reveal the overall BB spatial
dynamic processes over the study region. Both BB parameters were
incorporated into these analyses: the number of burning spots and the
corresponding FRP. To more specifically delineate the BB geographic
distributions, the FRP of each BB spot was adopted as a weight factor in
the geographic analysis.

3. Results and discussions
3.1. Seasonal pattern of BB

3.1.1. SA

Fig. 1 demonstrates that BB presents distinctive seasonal patterns in
the three subregions. SA was dominated by CRB, which accounted for
57.30% of the annual fire spots and 39.84% of the annual FRP. Addi-
tionally, intensive CRB lasted much longer than the other BB types, and
the number of burning spots exceeded 1,500 from October to the
following May. The monthly CRB spots and corresponding FRP peaked
at 6,043 spots and 1.71 x 105 MW, respectively, in May (Fig. S-2).
Figs. S-3 and S-4 in the supplementary material display the box plots of
monthly BB spots and FRP, respectively. According to the Indian Min-
istry of New and Renewable Energy, India generates 500 Mt of crop
residue per year on average, nearly 100 Mt of which is burned directly
on the farmland (Bhuvaneshwari et al., 2019). Fig. 2 illustrates that the
most intense CRB from 2001 to 2018 was concentrated in northwestern
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Fig. 1. Monthly BB spots over SA/SEA (left panel) and the 100% stack column chart (right panel) for (a) SA, (b) mainland SEA and (c) equatorial SEA.



S. Yin

Environment International 145 (2020) 106153

Forest fires
*E

Shrubland fires

[0 H 80°F 100° E
1 L 1

K 20° N

Ferevs

T T
_S0°C 100° E

L oo Lo
CRB Other fires
60° E. 80 K 0° F. 80°E 100° E :
1 1 L 1 L W
Fire spots 9 |
B 20 50 100

Fig. 2. Spatial distribution of annual BB spots over SA/SEA.

India, where approximately two-thirds of the national food grains are
produced (Jethva et al., 2019). The principal crop system in this region
was the wheat-rice crop rotation, and the subsequent harvesting left a
large amount of straw in the fields (Kaskaoutis et al., 2014). With respect
to the monthly spatial distribution, severe CRB first occurred in Punjab-
Haryana after the rice harvesting season in October and November
(Fig. S-7). Then, the CRB gradually spread to southern India (e.g.,
Maharashtra and Karnataka) and southeastern Pakistan (e.g., Punjab
and Sindh); however, the CRB strength is much lower than that in
northwestern India. Since April, the CRB in northwestern India signifi-
cantly increased, coinciding with wheat harvesting, and the number of
CRB spots were substantially greater than that in the previous Octo-
ber-November burning season. Severe CRB during April-May was also
detected in central India (Madhya Pradesh), which is also an essential
producer of wheat. Each year, the CRB pollutants emitted in

northwestern India were transported thousands of kilometers down-
wind, severely deteriorating the air quality of the entire Indo-Gangetic
Plain (Sharma et al., 2010). From June to September, the southwest
monsoon induces abundant rainfall over India, and crops enter the
important summer growing season (Auffhammer et al., 2012). Thus,
Fig. 1a and Fig. S-7 indicate that there were hardly any clear CRB spots
in SA during this four-month period. The second-largest BB type in SA
was forest fire. Although it only constituted 17.75% of burning spots, the
corresponding FRP accounted for 32.73% of the SA annual average
versus 39.84% of that for CRB (Table 1). The forest fire burning season
was only two months (March and April), and it peaked in March with
4592 burning spots and 3.21 x 10° MW FRP. Forest fires were primarily
distributed in southern Nepal and northern India (Uttarakhand and
Himachal Pradesh). Sparsely distributed forest fire spots were also found
in central India (Fig. 2). The monthly variation and spatial distribution

Table 1
Summary of annual BB spots and FRP over SA/SEA.
Region Forest fires Shrubland fires CRB Other fires Total
SA Fire spot number 9184 7693 29,651 5223 51,751
Fire spot percentage 17.75% 14.87% 57.30% 10.09% 100.00%
FRP (x10° MW) 5.28 3.10 6.42 1.32 16.12
FRP percentage 32.73% 19.25% 39.84% 8.18% 100.00%
Average FRP (MW/spot) 57.4 40.3 21.7 25.2 31.1
Mainland SEA Fire spot number 32,113 38,057 17,171 8,544 95,885
Fire spot percentage 33.49% 39.69% 17.91% 8.91% 100.00%
FRP (x10° MW) 18.14 15.78 3.84 2.75 40.51
FRP percentage 44.77% 38.96% 9.49% 6.78% 100.00%
Average FRP (MW/spot) 56.5 41.5 22.4 32.1 42.3
Equatorial SEA Fire spot number 16,290 29,789 3,909 4,992 54,980
Fire spot percentage 29.63% 54.18% 7.11% 9.08% 100.00%
FRP (x10° MW) 7.16 11.58 1.01 2.13 21.87
FRP percentage 32.72% 52.92% 4.64% 9.72% 100.00%
Average FRP (MW/spot) 43.9 38.9 25.9 42.6 39.8
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of shrubland fires is extremely similar to that of forest fires; Table 1
shows that the annual number of shrubland fire spots and FRP were
7693 and 3.10 x 10° MW, respectively, which were lower than those of
forest fires. Other fires only constitute 10.09% of the SA burning spots,
and they were sparsely distributed in central India and southern
Pakistan. In March, the number of burning spots and FRP of other fires
also reached peaks of 1067 and 2.76 x 10* MW.

3.1.2. Mainland SEA

Table 1 shows that the fire spots and FRP in mainland SEA is much
higher than those in the other regions, and the annual average of FRP
exceeded 4 x 108 MW, which is higher than that of SA and equatorial
SEA combined. Additionally, the BB in this region primarily occurred
from January to April, and the burning type was dominated by forest
and shrubland fires (Fig. 1b), which accounted for over 70% of the
annual spots and over 80% of the annual FRP. In March, the number of
burning spots and FRP peaked at 32,816 and 1.65 x 10® MW, respec-
tively. The forest fire spatial distribution was consistent with that of
shrubland fires, and they were predominately concentrated in the
northern and southeastern mainland SEA (Fig. 2). In January, the
intense forest and shrubland fires only occurred in northern Cambodia.
Then, the fires began to spread to northern Laos and eastern/western
Myanmar in February. In March and April, the number of forest and
shrubland fires in the northwestern part of mainland SEA increased
dramatically, and the burning intensity was much higher than that in
other regions (Figs. S-5 and S-6). We assumed that the forest and
shrubland fires in the mountainous SEA were closely related to swidden
agriculture. For centuries, swidden cultivation, also referred to as
shifting cultivation or slash-and-burn farming, has been recognized as a
rational economic choice by farmers in SEA. This practice consistently
threatens indigenous forest resources and causes great amounts of
deforestation (Fox et al., 2009; Mertz et al., 2009; Rerkasem et al.,
2009). CRB in mainland SEA accounted for 17.91% of the annual fire
spots and 9.49% of the annual FRP. Fig. 1b illustrates that the number
and percentage of CRB spots started to increase in December, and the
number of CRB spots and corresponding FRP peaked at 4747 and 1.07 x
10° MW, respectively, in February. The CRB spatial distribution was
unlike those of the forest and shrubland fires. CRB was detected in
Thailand in December, and it gradually increased in Thailand and the
extreme west of Cambodia until March (Fig. S-7). Moreover, in February
and March, intense CRB was also found in the southern part of
Myanmar. Other fires only accounted for 8.91% of the annual fire spots;
they were scattered in southeastern mainland SEA, and they displayed
no clear aggregation from January to April (Fig. S-8).

3.1.3. Equatorial SEA

Unlike the BB of other regions, that of equatorial SEA primarily
occurred during the second half of the year, especially from August to
October. In September, the number of fire spots and FRP peaked at
12,568 and 4.99 x 10° MW, respectively (Fig. 1c and S-2c¢). Shrubland
fire was the principal form of BB in equatorial SEA, accounting for over
50% of the annual fire spots and FRP. Fig. 2 shows that the forest and
shrubland fires predominately occurred in eastern Sumatra (including
Riau, Jambi, and South Sumatra) and southern Borneo (including West
Kalimantan, Central Kalimantan, South Kalimantan, and North Kali-
mantan), where a world-renowned peatland is located. In Indonesia,
peatland fires are mostly anthropogenically induced to clear land and
produce ash for fertilizer (Goldammer and Seibert, 1990; Kanapathy,
1976). The growing demand for arable land, especially for oil palm
plantation, has further contributed to the deforestation and drainage of
peat swamp forests in Indonesia. Therefore, peatlands were more sus-
ceptible to fires during the dry season from April to October. Fig. 1 il-
lustrates that there was hardly any intense BB in SA and mainland SEA
during the wet season; the fire spot number in mainland SEA was
consecutively below 1000 from July to November. In contrast, con-
spicuous burning was detected during the wet season in equatorial SEA.
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In February and March, the multi-annual average number of fire spots
was nearly 3000, and this value was substantially higher in certain
years, e.g., severe BB occurred in February 2014 and March 2014, and
the monthly fire spot numbers reached 12,780 and 14,520, respectively,
which were higher than the multi-annual average fire spots in
September. The monthly spatial distribution of forest and shrubland
fires demonstrated that BB in February and March only aggregated on
the coastal lowland of central Sumatra (Riau Province), and hardly any
BB was discovered in southern Borneo during the wet season (Figs. S-5
and S-6). CRB only constituted 7.11% of the annual burning spots, which
was much lower than that in the other subregions. Fig. 2 shows that the
CRB was primarily distributed in the southernmost area of Sumatra,
eastern Java, and Mindanao. The number of other fires was limited in
equatorial SEA, and they accounted for approximately 9% of the annual
fire spots and FRP, which was slightly higher than that of CRB. Addi-
tionally, they were primarily distributed in central Sumatra and south-
ern Borneo.

3.2. Inter-annual BB variation

Fig. 3 indicates that the number of BB spots in SA significantly
increased from 2001 to 2009. In 2009, the annual fire spots and FRP
were 62,300 and 1.94 x 10° MW, respectively. The annual values
fluctuated and eventually peaked in 2012. The increasing trend in SA
was primarily induced by the CRB inter-annual variation, which was the
principal BB in this region. In the past 18 years, the number of CRB spots
grew from 23,095 to 42,791, and the corresponding FRP nearly doubled.
Fig. S-9 in the supplementary material displays the annual FRP for the
study region. The forest and shrubland fires did not exhibit clear trends,
and the corresponding annual number of fire spots ranged from 5000 to
15,000. In contrast, other fires showed an increasing trend, and the
number of burning spots peaked at 7276 in 2016. Fig. S-10 shows that
the annual fire spots aggregated along the Indo-Gangetic Plain and that
BB in southern India was more dispersed, and the intensity was not as
strong as that in the northern part. Unlike SA, the inter-annual variation
in BB spots in mainland SEA was irregular. In 2004, 2007, and 2010, the
annual number of fire spots exceeded 12,000, and the FRP exceeded 5 x
10® MW, which was much higher than those of the other years. Although
the annual number of forest and shrubland fire spots varied stochasti-
cally in mainland SEA, the proportion of forest fires decreased from
approximately 35% to 25%. In contrast, the proportion of shrubland fire
spots significantly increased from approximately 35% to 42% (Fig. 3b).
We assumed that this was mainly caused by the rapid land cover change
in mainland SEA. Swidden agriculture has greatly contributed to
indigenous deforestation, and forest area, primarily concentrated in
northern Laos and Cambodia, has decreased by over 10% in the past two
decades. In contrast, shrubland area had increased by approximately
15% (Yin et al., 2019). The annual number of CRB spots in this region
primarily fluctuated between 12,000 and 20,000, and it peaked at
26,178 in 2005. Other fires in mainland SEA substantially increased
before 2013, and the corresponding fire spots tripled to 17,340. Then,
the number of other fires declined to only 6000 in 2017 and 2018.
Compared with SA and equatorial SEA, Fig. S-10 shows that the fire
spots in mainland SEA covered a much larger region, and the area with
intense BB was further enlarged in 2004, 2007, and 2010. The inter-
annual variation in equatorial SEA was the most drastic; the number of
BB spots and FRP reached 145,000 and 6.58 x 10% MW in 2015, which
was far more than those of the other years. In 2017, the BB spots in
equatorial SEA declined to 14,800, which was only 10% of 2015. In
addition, the coefficients of variation (CVs) of annual BB spots and FRP
were 65.24% and 74.92%, respectively, in equatorial SEA. The CV in SA
was only 17.31% for BB spots and 16.53% for FRP. In mainland SEA, the
CVs of BB spots and FRP were 21.98% and 26.38%, respectively. In
addition to 2015, there were several other peak BB years in equatorial
SEA, e.g., 2002, 2006, and 2009, and the peak years likely corresponded
to the warm phase of the ENSO, which is discussed in the following
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Fig. 3. Interannual variation of BB spots (left panel) and its 100% stack figure (right panel) from 2001 to 2018 for (a) SA, (b) mainland SEA and (c) equatorial SEA.

sections. Fig. 3c reveals that forest and shrubland fires greatly contrib-
uted to the increase in BB in the peak years, and the proportion of these
two BB types exceeded 85% in 2002, 2006, 2009, and 2015. From 2001
to 2018, the annual BB was primarily concentrated in the Sumatra and
Borneo Islands; the number of fire spots in these two islands constituted

69.70% of that of equatorial SEA. Intense BB was also detected in
Indonesian New Guinea when a devastating fire occurred in 2015.

Table 2
Trend analysis of BB spot from 2001 to 2018.
Region Trend type Statistics parameter Forest fire Shrubland fire CRB Other fire All BB
SA estimator (RME) 92 55 844*** 136%** 1389%**
Siegel’s repeated median 95% CI upper limit 160 118 1049 186 1595
95% CI lower limit -70 -9 792 89 1057
T 0.05 0.22 0.61%** 0.39 * 0.54 **
Mann-Kendall 95% CI upper limit 0.42 0.57 0.82 0.68 0.81
95% CI lower limit —0.32 —0.14 0.40 0.09 0.28
Mainland SEA estimator (RME) —209 803* —122 480%** 103
Siegel’s repeated median 95% CI upper limit 173 1043 8 655 1087
95% CI lower limit —852 25 -313 351 —-800
T —0.18 0.16 -0.18 0.44* —0.06
Mann-Kendall 95% CI upper limit 0.21 0.53 0.13 0.74 0.29
95% CI lower limit —-0.57 -0.20 —-0.49 0.13 —0.40
Equatorial SEA estimator (RME) —411* —1083* —172%** -33 —1825*
Siegel’s repeated median 95% CI upper limit —95 -138 -121 91 -317
95% CI lower limit —1109 —1904 —212 —-107 —3224
T —-0.2 -0.16 —0.44* —0.07 -0.18
Mann-Kendall 95% CI upper limit 0.16 0.21 —0.14 0.31 0.19
95% CI lower limit —0.57 —0.47 —0.73 —0.45 —0.55

Note: * indicates p < 0.05; ** indicates p < 0.01 and *** indicates p < 0.001; CI stands for confidence interval.
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3.3. Trend and geographic distribution analysis

3.3.1. Time series trend analysis

BB in SA significantly increased at a rate of 1389 spots/yr, and the
corresponding MK t was 0.54 from 2001 to 2018. This is primarily
induced by the variation in CRB which is the principal local BB form.
Table 2 shows that the two trend indicators of CRB spots, repeated
median estimator (RME) and MK r, reached 844 spots/yr and 0.61,
respectively, in SA which were much higher than those of the other BB
types, and the increasing areas were mainly located in central/southern
India and eastern Pakistan. Furthermore, the indicators in Madhya
Pradesh (India) and Punjab (Pakistan) were even larger; the RME and
MK t exceeded 10 spots/yr per grid and 0.75, respectively (Figs. 4 and
5). In contrast, the CRB in northwestern India significantly declined,
particularly in Punjab-Haryana. Considering the entire SA, the area of
Punjab-Haryana is very small; however, this region accounted for
approximately one third of CRB spots in SA, and the burning intensity
was much stronger than that in other regions. To combat air pollution in
Delhi, the Indian government has taken many measures to curb CRB in
the Indo-Gangetic Plain, such as rewarding farmers who refrain from
CRB and promoting the usage of alternative sustainable management
methods. We infer that these measures have effectively mitigated CRB in
northwestern India, while the substantially enhanced CRB in other SA
regions requires more attention regarding developing sustainable man-
agement methods and improving SA ambient air quality. For the forest
and shrubland fires, the burning spots presented an insignificant
increasing trend in SA (p > 0.05), and they were primarily distributed in
the Indo-Gangetic Plain and east India. While, the FRP results indicated
a declining trend, where the RME was —15,217 MW/yr (p < 0.01) for
forest fires and —3314 MW/yr (p < 0.01) for shrubland fires (Table S-2).
Thus, we assume that although the number of forest and shrubland fire
spots grew slightly in SA, the radiant heat output from these fires was
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significantly reduced. Analogous to CRB, the number of other fire spots
also demonstrated a significant increasing trend, and the RME and MK t©
were 136 spots/yr and 0.39, respectively. The increase regions of other
fires were scattered in central/southern India and eastern Pakistan.

The RME of BB spots in mainland SEA was only 103 spots/yr, which
was not as drastic as that of the other two regions. Indeed, the BB trend
in mainland SEA was much more complex and inhomogeneous. Table 2
shows that the RME of forest fires was —209 spots/yr, and the MK t was
—0.18. This significant declining trend largely aggregated in western/
eastern Myanmar and northern Cambodia, corresponding to the area
with severe forest fires from 2001 to 2018 (Figs. 4 and 5). Additionally,
forest fires in central Vietnam were significantly enhanced. In contrast,
shrubland fires grew at a rate of 803 spots/yr, and the increase was
mainly distributed in the eastern part of mainland SEA, particularly in
northern Cambodia. Additionally, Figs. 4 and 5 reveal that the shrubland
fire decline in western Myanmar was more drastic than that in the other
regions. CRB in mainland SEA presented a decreasing trend; the burning
spot and FRP RMEs were —122 spots/yr and —6381 MW/yr, respec-
tively. The spatial distribution of CRB trend was highly random, and the
regions showing the increases and decreases were blended in north-
eastern Thailand and southern Cambodia. For other fires, the two in-
dicators revealed a significant increasing trend in mainland SEA that
was primarily dispersed in Laos and Cambodia.

Although the previous section illustrates that the amplitude of the
annual BB in equatorial SEA was much larger, there were still significant
declining fire spot and FRP RME trends of —1825 spots/yr and —98,419
MW/yr, respectively. Because the shrubland fires accounted for over
50% of BB spots and FRP, its decrease rate was —1083 spots/yr, which
was much higher than that of the other BB types. The decrease region of
the shrubland fire was primarily distributed in southern Sumatra and
Borneo, where massive peatlands were more susceptible to fire. While,
the shrubland fires on the coastal lowland of central Sumatra presented
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an increasing trend, and the RME of certain grids exceeded 10 spots/yr.
The characteristics of the forest fire trends were consistent with those of
the shrubland trends; only the RMEs were considerably lower, which
were —411 spots/yr and —25,327 MW/yr for fires spots and FRP,
respectively. Both trend indicators revealed that the number of CRB
spots substantially decreased from 2001 to 2018; the RME and MK t
were —172 spots/yr and —0.44, respectively. The decrease region was
scattered in the eastern Java, southernmost Sumatra, and southern
Borneo. Other fires presented an insignificant decreasing trend, and the
spatial distribution was highly dispersive and nearly negligible. Since
2000, five El Nino events have occurred, with the strongest one occur-
ring in 2014-2016. The warm phase of the ENSO always accompanied
abnormal BB in Indonesia, which could interrupt the accuracy of trend
analysis. The linear trend and Theil-Sen estimator were also calculated,
and the results demonstrated that they were unable to detect any sig-
nificant trends in equatorial SEA. As the RME can resist up to 50% of
outliers, it is more likely to disclose significant trends of this region. The
results further prove that RME is a more reliable and suitable indicator
for this study, rather than the linear trend or Theil-Sen estimator.

3.3.2. Geographic distribution analysis

The data time period of 18 years was divided evenly into 6 sub-
periods to conduct the geographic distribution analysis. Because the
distribution of forest fires was more aggregated and concentrated, its
SDEs were much smaller than those of the other burning types. Fig. 6
demonstrates that the MEC of the forest fires was located in central
Thailand in the first and second sub-periods (2001-2003 and
2004-2006). The enhanced forest fires in Myanmar resulted in the MEC
moving northwestward, and the major axis of the SDEs also decreased in
the following sub-periods. Table S-3 in the supplementary material
contains the SDE and MEC features. With the devastating BB in
Indonesia in 2015, the MEC moved substantially toward Sumatra and
Borneo. The SDE axes also abnormally expanded to 5153 km and 1457
km, which were the longest of the six sub-periods. In the final sub-period
(2016-2018), the forest fire SDEs returned to the northwest of mainland
SEA, and the major axis also shrank to only 3669 km. The SDEs of the
shrubland fires look extremely similar to those of the forest fires, with
slightly larger sizes. The MECs of the shrubland fires were located more
southeastern, and they also substantially moved toward Indonesia in the
fifth sub-period (2015-2018). Because there was intense CRB in both SA
and mainland SEA, the CRB SDE major axis was longer than that of the
forest and shrubland fires. With the CRB intensification in India, the CRB
MEC gradually moved northwestward after the second sub-period.
When abnormal BB occurred in Indonesia, the CRB MEC also moved
toward Sumatra and Borneo; however, this move was not as significant
as that of the forest and shrubland fires. Then, the MEC returned to
eastern India, and the two SDE axes were also reduced to only 5497 km
and 1264 km, which were the shortest of the six sub-periods. The SDEs
and MECs of other fire varied more stochastically and irregularly. The
SDEs covered the entirety of SA/SEA, and the MECs were concentrated
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around Thailand and Cambodia. Unlike the forest fires, shrubland fires,
and CRB, we did not observe the SDEs and MECs of other fires deforming
and moving toward any specific direction from 2001 to 2018 (see Fig. 6).

3.4. Discussion

3.4.1. Effect of precipitation and El Nino

The correlation between monthly precipitation and BB spots was
explored, and the results indicated that monthly precipitation was an
important factor in constraining BB in SA/SEA (Fig. 7). The negative
slopes in South Sumatra and Borneo, which were susceptible to peatland
fires, were always less than —0.2 spots/mm, which was lower than that
for the other regions. A negative slope was also found in northwestern
India, northern Laos, eastern/western Myanmar, and central Thailand.
BB in mainland SEA, especially in the southern part (e.g., Thailand and
Cambodia), demonstrates stronger correlations with rainfall, and the
correlation coefficient (r) reached —0.50 in most parts of southern
mainland SEA (Fig. 7). Compared with the other regions, Fig. 1b shows
there was hardly any BB in mainland SEA during the wet season which
was possibly related to the stronger correlation with rainfall. Although
the negative slopes in southern Sumatra and Borneo were greater than
those in the other regions, the r only ranged from —0.25 to —0.35, which
was not as significant as that of southern mainland SEA. During the wet
season in equatorial SEA, intense BB still occasionally occurred in
February and March; hence, a lower r was likely in this region. For SA,
the correlation in the west coastal region was more significant than that
in northwestern India where the BB was the severest, and the slope was
approximately —0.1 spots/mm.

Because the BB of equatorial SEA was enhanced during El Nino years,
it is essential to examine the correlation between the two BB indicators
(number of fire spots and FRP) and SST anomalies in the four Nino re-
gions. Fig. 8 demonstrates that in the second half of the year, the SST
variation along the equatorial Pacific Ocean, especially in the Nino 3 and
Nino 3.4 regions, significantly affected BB intensity in equatorial SEA,
and the r was always above 0.70 (p < 0.001). For the BB in the first half
of the year, Fig. S-11 shows that the r was always below 0.3, and it did
not significantly correlate to the variation in SST anomalies along the
equatorial Pacific Ocean (p > 0.05). When the annual SST anomalies in
the Nino 3 region improved by 1 °C, the annual BB spots and FRP
increased by 5.18 x 10* and 2.40 x 10° MW in equatorial SEA (Fig. S-
12). To investigate whether El Nino events impacted BB in SA and
mainland SEA and quantify its effect on BB intensity, a correlation
analysis for annual BB and SST anomalies in the Nino 3 region was also
conducted at the grid-scale. Fig. 9 indicated that the SST anomalies in
the Nino 3 region tremendously affected BB in southern Sumatra and
Borneo. The slope in some parts of Central Kalimantan, South Sumatra,
and Jambi exceeded 200 spots/°C and 15,000 MW/°C per grid. SST
anomalies in the Nino 3 region also exhibited a positive effect on BB
intensity in northern Cambodia; however, it was insignificant (p >
0.05), and the region was limited. In contrast, BB in western Myanmar
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and northern Laos was negatively affected by El Nino events. The slopes
in these regions reached —50 spots/°C and —10,000 MW/°C, respec-
tively, and they were also insignificant (p > 0.05). Fig. 9 reveals that the
SST anomalies in the Nino 3 region exhibited hardly any effect on the BB
in SA.

3.4.2. The distribution and variation of average FRP

Fig. 10 indicated that the average FRP along the India-Myanmar
border, in northern Laos, and in eastern Myanmar was much higher
than that in the other regions, and the average FRP of certain grids even
exceeded 200 MW/spot. As discussed in Section 3.1, the regions were
characterized by severe forest fires. The average FRP of forest fires in
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SA/SEA was 53.1 MW/spot, which was the largest of the BB types, fol-
lowed by shrubland fires (40.3 MW/spot), other fires (33.0 MW/spot),
and CRB (22.2 MW/spot). The dense forests in these regions provided
abundant fuel loads; therefore, they were likely to release more radiant
energy when a fire occurred. Table 1 and Fig. 10 demonstrate that the
average FRP in mainland SEA was higher than that in the other regions,
which was likely induced by the local large number and high proportion
of forest fires. Because the principal form of BB in SA was CRB, the
average FRP in most parts of this region ranged from 25 MW/spot to 30
MW/spot, which was much lower than that in mainland and equatorial
SEA. Moreover, the SA annual average FRP presented a significant
declining trend which decreased from 43.0 MW/spot in 2001 to only
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Fig. 10. Spatial distribution of average FRP (left panel) and its interannual variation over SA/SEA (right panel).

25.6 MW/spot in 2018. This was assumed to be primarily due to two
reasons. First, CRB, with the lowest average FRP, substantially increased
in SA, and the number of fire spots nearly doubled from 2001 to 2018.
Second, the intense forest and shrubland fires along the India-Myanmar
border significantly declined, and the more scattered burning in this
region likely released less energy per spot than that released by the
aggregated burning. Similar to the results presented in Fig. 3, the
interannual variation in average FRP also severely fluctuated in equa-
torial SEA, and the value was always larger during El Nino years. In
2005, the average FRP reached 50.7 MW/spot, which was twice as large
as the lowest value in 2017. When the severe 2015 Indonesian fire
occurred, the average FRP of equatorial SEA was the second largest
(45.3 MW/spot).

4. Conclusion

In this study, MODIS active fire and land use products were inte-
grated to classify and evaluate BB spatiotemporal variations over SA/
SEA. Because the BB time series in equatorial SEA was too noisy, a more
robust trend analysis, Siegel’s repeated median, was adopted to reduce
the influence of outliers. Additionally, a monotonic trend analysis (MK
test) and two geographic distribution analyses (SDE and MEC) were
conducted to further quantify the interannual variations and summarize
the spatial characteristics of BB. Finally, the influence of rainfall and
ENSO were fully explored. The results indicated that BB in SA was
dominated by CRB, which accounted for 57.30% of the annual BB spots.
From 2001 to 2018, CRB in SA significantly increased by 844 spots/yr,
and the MK 7 reached 0.61. The increase region was primarily distrib-
uted in central/southern India and eastern Pakistan. CRB in Punjab-
Haryana, which was characterized by severe CRB and deemed a signif-
icant source of air pollution for the Indo-Gangetic Plain, presented a
substantial declining trend. This indicates that the measures imple-
mented by local governments effectively mitigate CRB in Punjab-
Haryana; however, the increase in CRB in central/southern India and
eastern Pakistan still require more attention, which is indispensable in
improving the air quality in SA. The number of fire spot and FRP show
that BB in mainland SEA was significantly more intense than that in the
other regions, and the principal forms are forest and shrubland fires,
which accounted for over 70% of the annual spots and over 80% of the
annual FRP. Forest fires in mainland SEA declined at a rate of —209
spots/yr, and shrubland fires conversely grew at a rate of 803 spots/yr,
which was likely related to the dramatic land cover changes induced by
local swidden agriculture. Additionally, forest and shrubland fires along
the India-Myanmar border were substantially reduced. Unlike the other
regions, BB in equatorial SEA primarily occurred in the second half of
the year, and shrubland fires constituted over 50% of the local BB. BB in
equatorial SEA was extremely vulnerable to El Nino events, and when
the annual SST anomalies within the Nino 3 region improved by 1 °C,
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the annual number of BB spots and FRP of equatorial SEA increased by
51,800 and 2.40 x 10° MW, respectively. During the strong 2014-2016
El Nino event, the number of BB spots and FRP in equatorial SEA surged
to 145,000 and 6.58 x 10° MW, respectively, which were much larger
than those in the other years. Although the interannual variation in
equatorial SEA is dramatic, the RME still reveals that the BB significantly
declined by —1825 spots/yr and that as the principal form of BB,
shrubland fires declined by —1083 spots/yr. This decreasing trend re-
flects the Indonesian government endeavors to curb indigenous BB and
restore peatland ecosystems. However, taking substantial measures to
reduce anthropogenic fire sources remains imperative in preventing
devastating BB during El Nino events.
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