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Abstract: Moderate Resolution Imaging Spectroradiometer (MODIS) burnt area products are widely
used to assess the damaged area after wildfires and agricultural burning have occurred. This study
improved the accuracy of the assessment of the burnt areas by using the MCD45A1 and MCD64A1
burnt area products with the finer spatial resolution product from the Landsat-8 Operational
Land Imager/Thermal Infrared Sensor (OLI/TIRS) surface reflectance data. Thus, more accurate
wildfires and agricultural burning areas in the Greater Mekong Subregion (GMS) for the year 2015 as
well as the estimation of the fire emissions were reported. In addition, the results from this study were
compared with the data derived from the fourth version of the Global Fire Emissions Database (GFED)
that included small fires (GFED4.1s). Upon analysis of the data of the burnt areas, it was found that
the burnt areas obtained from the MCD64A1 and MCD45A1 had lower values than the reference
fires for all vegetation fires. These results suggested multiplying the MCD64A1 and MCD45A1
for the GMS by the correction factors of 2.11−21.08 depending on the MODIS burnt area product
and vegetation fires. After adjusting the burnt areas by the correction factor, the total biomass burnt
area in the GMS during the year 2015 was about 33.3 million hectares (Mha), which caused the burning
of 109 ± 22 million tons (Mt) of biomass. This burning emitted 178 ± 42 Mt of CO2, 469 ± 351 kilotons
(kt) of CH4, 18 ± 3 kt of N2O, 9.4 ± 4.9 Mt of CO, 345 ± 206 kt of NOX, 46 ± 25 kt of SO2, 147 ± 117 kt of
NH3, 820 ± 489 kt of PM2.5, 60 ± 32 kt of BC, and 350 ± 205 kt of OC. Furthermore, the emission results
of fine particulate matter (PM2.5) in all countries were slightly lower than GFED4.1s in the range
between 0.3 and 0.6 times.

Keywords: air pollution; forest fires; savannah fires; crop residue burning; MODIS burnt area products

1. Introduction

The Greater Mekong Subregion (GMS) is a group of countries located in the northern part of
Southeast Asia and Southern China consisting of Cambodia, Lao People’s Democratic Republic,
Myanmar, Thailand, Vietnam, and Yunnan province and Guangxi Zhuang Autonomous Region, China.
The GMS occupies a large amount of agricultural area, particularly rice, corn, and sugar cane, as well as
forested area, including deciduous forest or evergreen forest [1,2]. Burning in agricultural and forested
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areas is a common practice in the GMS [3,4]. According to the report of the ASEAN Specialized
Meteorological Centre (ASMC), which monitors the occurrence of fire in the Association of Southeast
Asian Nations (ASEAN) by using the National Oceanic and Atmospheric Administration (NOAA)’s
satellite information, about 26,000−126,000 hotspots were found in the GMS during the years 2009–2018,
especially during the dry season [5].

Due to the biomass burning situation, people in the GMS face an air pollution problem. In Thailand,
the Pollution Control Department (PCD) monitors the air quality in Northern Thailand, nearby
the forested and agricultural areas, and reported that the 24-h mean concentrations of PM2.5 during
February–May 2019 were in the range of 38–151 micrograms per cubic meter (µg/m3) [6]. Additionally,
the World Health Organization (WHO)’s air quality guidelines advise that PM2.5 should not exceed
a 25 µg/m3 24-h mean [7]); however, 112 days of this 120-day period were reported to be over
this standard [6]. Fine particles from biomass open burning have an influence on the people who
live in the GMS and transboundary neighboring countries. Khamkaew et al. [8] studied the chemical
composition of aerosol particles from emissions occurring during the dry season of 2014 in the northern
part of Thailand and found that biomass open burning was an important source of PM2.5 released
into the atmosphere. Liang et al. [4] found the impact on background aerosols in Southern China
(the northern part of the GMS) from the long-range transport of aerosols from biomass burning over
the Indochinese Peninsula during March–May 2015.

There are various types of information related to the inventories of biomass burning emissions
based on the burnt area derived from satellite products; for example, the Global Fire Emissions
Database (GFED) [9], Global Fire Assimilation System (GFAS) [10], the Fire INventory from NCAR
(FINN) [11], and the Global Inventory for Chemistry−Climate studies (GICC) [12]. All this information
is open access, which can be used as input data for air quality simulation as well as air quality
management planning.

The GFAS v1.0 employs the measurement of fire radiative power (FRP) derived from the fire
product MOD14 [13,14], which is linked to the biomass consumption rate [15]. The FRP data are
obtained at shortwave infrared wavelengths of around 3.9 µm, which measures the radiant energy
released per unit of time by the burnt biomass during the combustion process (MJ/s). The results of
the GFASv1.0 are able to estimate the emissions in real time and present the high spatial and temporal
resolutions of fire emissions.

The emission assessments of the FINN, GICC, and GFED are calculated based on the burnt
area derived from multiple satellite products. The FINN uses active fires from the MODIS Thermal
Anomalies Product [16], whereas the GICC uses the burnt area data set from the Global Burnt Area
2000 Project (GBA2000) derived from the SPOT VEGETATION Earth Observation system, known as
the L3JRC product [17,18].

The GFED uses the MODIS global burnt area products, which continuously improves
the assessment of the burnt area. Recently, GFED version 3.1 (GFED v3.1) assessed the emissions from
biomass open burning by using the burnt area data set developed by Giglio et al. [19], which reported
that during the 1997−2010 period, the annual average of released carbon (C) was approximately
89 million tons (Mt) of C in the GMS consisting of 10.8 Mt of C from savannah fires, 3.6 Mt of C from
woodland fires, 62.8 Mt of C from deforestation and degradation fires, 7.5 Mt of C from forest fires,
and 4.3 Mt of C from agricultural waste burning. The highest annual average of released C was found
in Myanmar (40 Mt of C), followed by Cambodia at 21 Mt of C, Thailand with 12 Mt of C, Lao PDR.
with 12 Mt of C, and Vietnam with 4 Mt of C. Additionally, the annual average emissions from biomass
open burning consist of 300 Mt of CO2, 1 Mt of CH4, 0.4 Mt of N2O, 17 Mt of CO, 0.1 Mt of BC, 0.8 Mt of
OC, and 1.6 Mt of PM2.5 [20].

Lastly, data from the GFED version 4.1 that included small fires (GFED 4.1s), developed by
van der Werf et al. [21], was released in the year 2017. This version assessed the burnt area data set
from Giglio et al. [22] and small fire burnt areas from Randerson et al. [23], which was updated by
van der Werf et al. [21]. A small fire is a burning area, smaller than the spatial resolution of the MODIS
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product, which is assessed by using the MOD14A1 active fire (1-km resolution) information together
with the MCD64A1 Burnt Area Product (500-m resolution) information. Randerson et al. [23] found that
during the years 2001–2010, the global burnt area increased about 35% or 120 million hectares per year
(Mha/y) due to the burning of small fires, which included 46.4 Mha/y from burning of woody savannah,
30.5 Mha/y from savannah, 11.8 Mha/y from burning of cropland, 11.2 Mha/y from vegetation mosaics,
and 9.6 Mha/y from grassland. This study also suggested to validate the assessment of small fire areas
by using a finer resolution product to obtain an accurate assessment of the burnt area.

From the recommendation of Randerson et al. [23], other research validated the MODIS burnt
area products with the reference to higher resolution satellite products. Tsela et al. [24] presented
the validation results for the MCD45A1 and MCD64A1 products from MODIS across four fire-prone
biomes in South Africa encompassing savannah, grassland, fynbos, and exotic pine forest plantations.
The methods were based on the error matrix and MODIS subpixel analysis to compare the 500-m burnt
area products with the fire reference data from the multitemporal Landsat TM imagery distributed over
six validation sites. The results indicated that the MCD45A1 presented higher detection probabilities
in the range of 3.0–37.9% for small fractions (≤50% of a burnt MODIS pixel), whereas the MCD64A1
appeared more reliable in the range of 12.0–89.2% in detecting large fractions (>50% of a burnt MODIS
pixel), respectively.

Next, Zhu et al. [25] focused on the 2012 burning season in Boreal Eurasia to determine the correction
factors for the total area burnt via validation of the MCD64A1 burnt area product with reference burnt
areas, including the Landsat 7 ETM+, RapidEye, WorldView−2, and GeoEye−1 (spatial resolution
of 30, 5, 2, and 2 m, respectively) satellites. The main result showed that the burnt area from
the MCD64A1 comprised only 13% of the reference burnt areas in the cropland. The results indicated
that the MCD64A1 could be corrected by multiplying with the correction factors. On an ecotype basis,
the correction factors were estimated as 7.70 for the cropland, 0.80 for mixed forest, 1.40 for deciduous
forest, 0.47 for wetlands, 0.99 for grassland, and 0.95 for shrubland.

Lastly, Fornacca et al. [26] evaluated the potential of the MCD64A1 product to detect fire events in a
mountainous area of Northwest Yunnan, China. The burnt area was compared with a reference fire data
set based on the visual interpretation of the Landsat TM scenes for two sample years (2006 and 2009).
The MCD64A1 product showed lower performances in the detection of fire events. Fires smaller than
50 ha were poorly detected by the products. The probability of detection increased by 25% for fire sizes
larger than 50 ha, and when excluding smaller fire events from the analysis.

According to the findings of previous studies [21], the current monitoring of biomass burning
emissions in the GMS has been based on the medium to coarse resolution fire data. Additionally,
the current air quality model to support the air quality management used the global emission database
for biomass burning emissions, e.g., GFED [27], which was found to be insufficient for identifying
the areas to reduce haze pollution in the GMS. Hence, this study was designed to estimate more accurate
burnt areas and fire emissions in the GMS (excluding China) for the year 2015 based on the MODIS burnt
area products. We identified the corrective factors to adjust the burnt area derived from the MCD45A1
and MCD64A1 products. Furthermore, this work provided spatial and temporal gridded emissions
from biomass open burning to support air quality modelling and management. Finally, the emissions
obtained from this study were compared with those from the GFED4.1s. The targeted emissions
included CO2, CH4, N2O, CO, NOX, SO2, NH3, PM2.5, BC, and OC.

2. Materials and Methods

2.1. Assessment of the Emissions from Biomass Open Burning

The emissions from biomass open burning could be estimated using the equation developed by
Seiler and Crutzen [28], which represented the relationship between the combustion process and its
emission. This was as follows:

Ei = M× EFi × 10−3, (1)
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where Ei is the air pollutant emission i (t); M is the mass of dry matter burnt (t of dry matter), and EFi
is the emission factor of the air pollutant i (g/kg of dry matter burnt). The amount of the burnt
biomass was determined using the modified version of the equation provided in the Revised 1996 IPCC
Guidelines for National Greenhouse Gas Inventories [29]. The equation was expressed as follows:

M = BA× BL×CC, (2)

where BA is the burnt area (ha) while BL is the biomass load (t of dry matter/ha), and CC is the fraction
of the mass combusted by fire, also known as the combustion completeness (unitless). For the emission
factors of biomass burning, this study referred to the report of Akagi et al. [30]. They reviewed the set
of the emission factors from various studies, which was measured in a laboratory or in the field.
They considered a subset of the available literature focusing on the measurements of smoke that had
cooled to an ambient temperature. The value was reported in terms of the mean values, which were
used to estimate the fire emissions in the GFED4.1s. The values of the emission factors for each of
the analyzed trace gases or aerosols are summarized in Table 1.

Table 1. Value of the emission factors in each of the trace gases and aerosols (standard error in
parentheses).

Species
Value of the Emission Factors (g Specie per kg Dry Matter Burnt) 1

CL FL SV, GL, SL

CO2 1585 (100) 1643 (58) 1686 (38)
CO 102 (33) 93 (27) 63 (17)
CH4 5.82 (3.56) 5.07 (1.98) 1.94 (0.85)
NOX 3.11 (1.57) 2.55 (1.40) 3.9 (0.8)
N2O 0.1 (−) 0.2 (−) 0.2 (−)

PM2.5 6.26 (2.36) 9.1 (3.5) 7.17 (3.42)
OC 2.3 (−) 4.71 (2.73) 2.62 (1.24)
BC 0.75 (−) 0.52 (0.28) 0.37 (0.20)
SO2 0.40 (−) 0.40 (0.19) 0.48 (0.27)
NH3 2.17 (1.27) 1.33 (1.21) 0.52 (0.35)

1 CL = cropland; FL = forestland; SV = savannah; GL = grassland; SL = shrubland.

This study used the propagation of errors method to present the range of fire emissions
(Ei ± δEi) providing Ei (BA,BL,CC,EF) as the function, which showed the relationship of the factor
variables. The calculations of the uncertainty of the emissions estimation (δEi) are presented in
Equations (3) and (4).

Ei(BA, BL, CC, EF) = BAa
× BLb

×CCc
× EFi

d, (3)

δEi = Ei ×

√(aδBA
BA

)2
+

(
bδBL
BL

)2

+
(cδCC

CC

)2
+

(
dδEFi
EFi

)2

. (4)

2.2. Assessment of the Burnt Area in the GMS

The estimation of the burnt areas directly from the MODIS burnt area product had a relatively
large rate of errors of detection of small fire sizes (<50 ha) because of the medium to coarse resolution
of the products [25–27]. To avoid such errors, this study used higher resolution spatial satellite images
as a reference fire to adjust the burnt area-derived MODIS products. This study used the MCD64A1
and MCD45A1 together with the Landsat-8 with a 30-m resolution to evaluate the corrective factor for
the burnt area in Northern Thailand (Figure 1) covering forested and agricultural areas for the years
2014–2016, which classified the burnt area into five vegetation types: Cropland, forestland, savannah,
grassland, and shrubland. The information of each satellite product used in this study is as follows:
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Figure 1. The Greater Mekong Subregion (GMS) map showing the study area.

2.2.1. The MODIS Burnt Area Product (MCD45A1)

The MCD indicated that the MODIS on board both the Aqua and Terra satellites provided
input data and the number 45 indicated the burnt area product [31]. There were three different
formats of the MODIS burnt area product: The official MCD45A1 in the MODIS Hierarchical
Data Format, NASA Earth Observation System (HDF-EOS), and the Geotiff and Shapefile versions.
In this study, we used the Geotiff version of the MCD45 monthly product, which was derived from
the standard MCD45A1 HDF version developed by the University of Maryland Information for Resource
Management System for the global detection of fires (http://modis-fire.umd.edu/) [32]. The version was
reprojected from the world Plate Carree projection map and showed a set of subcontinental windows
(24 windows) [33–35]. The algorithm of the product used a bidirectional reflectance distribution
function (BRDF) model based on a change detection approach, which removed all the MODIS band 6
(mid-infrared, 1550–1750 nm) multi-temporal tests, and caused omission errors on the land surface
with temperatures greater than 327.7 K. This was used over certain forested areas and agricultural
land and detected the burning per pixel by daily (range 1–366) gridded MODIS at a 500 m × 500 m
spatial resolution land surface reflectance time series [34,35].

2.2.2. The MODIS Burnt Area Product (MCD64A1)

In this study, we also used the MODIS burnt area product version 6 (MCD64A1) [36,37] to
estimate the burnt areas in the GMS. The general improvement of version 6 was the reduction of error
in terms of the detection of the burnt areas. Significantly, this provided better detection for small
burns [37]. The MCD64A1 product was a monthly global gridded 500 m product containing per-pixel
burnt-area and quality information. The MCD64A1 burnt area mapping approach employed MODIS
surface reflectance imagery (500 m resolution) combined with MODIS active fire observations (1-km
resolution). The hybrid algorithm applied dynamic thresholds to compound the imagery generated from
a burn-sensitive vegetation index (VI), providing VI was equal to (b5 − b7)/(b5 + b7), where bi referred

http://modis-fire.umd.edu/
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to the reflectance of band i. The mapping algorithm ultimately identified the date of the burning for
the 500-m grid cells within the individual MODIS tile being processed (http://modis-fire.umd.edu/) [32].

2.2.3. Reference Fires

We assessed the MODIS burnt area products occurring in the study area (Thailand’s northern
region as seen in Figure 1) over a three-year period (2014–2016) by using Landsat-8 OLI/TIRS satellite
images. The burn scars (reference fires) were created by using medium spatial resolution (30 m)
and a 16-day temporal resolution by the using the Landsat-8 Operational Land Imager/Thermal
Infrared Sensor (OLI/TIRS) surface reflectance data products through Earth-Explorer (EROS) (http:
//earthexplorer.usgs.gov) [38]. Landsat imagery has been available for acquisition as a free download
from 2013 to the present using the Earth-Explorer tools to select specific scenes. Reference fires
focused on the fires occurring in the five vegetation types: Cropland, forestland, savannah, grassland,
and shrubland. The satellite imagery technique involved an analysis of the selected prefire and post−fire
conditions that represented equations as the differenced normalized burn ratio (∆NBR) derived from
Key and Benson [39] to interpret the polygon of the burn scars. The equations are provided in
the following formulas:

∆NBR =
(
NBRpre −NBRpost

)
× 1000, (5)

NBRpre = (NIR−MIR)/(NIR + MIR), (6)

NBRpost = (NIR−MIR)/(NIR + MIR), (7)

where ∆NBR is a differenced Normalized burn ratio, NBRpre is a normalized burn ratio of a pre-burn
image, NBRpost is a normalized burn ratio of a post-burn image, NIR is the reflectance of near-infrared
and MIR is the reflectance of the mid-infrared.

From the equation for assessing the burnt areas via the ∆NBR method, we needed to use the data
of the pre-burn image where no burnt areas appeared at that time. Consequently, we chose to use
the satellite image data during November 2013–2015 (the period which there was a small number of
burnt areas) in the equation together with the March 2014–2016 post-burn images.

Regarding the quantity of the satellite images, to cover all areas of the study in the 10 provinces of
Thailand’s northern region, we used Landsat WRS-2 (Worldwide Reference System) path 129 to 132
and row 46 to 49. Figure 2 presents that the pre-fire image (a) was Landsat-8 images (MIR, NIR, GREEN)
path/row 130/47 acquired on 24 November 2014. The post-fire image (b) was a dark purple-colored
Landsat-8 image (MIR, NIR, GREEN) path/row 130/47 acquired on 16 March 2015.Climate 2020, 8, x FOR PEER REVIEW 7 of 29 
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2.2.4. Land Use and Land Cover Mapping

As the vegetation and properties of the biomass in each continental group were different [40,41],
fires occurring in each area had different behavior, burnt area spread [42–47], and emission factors [30,48].
In this study, we categorized the burnt areas derived from the MODIS burnt area products and the reference
fires by overlaying all the burnt areas with a land cover map of the MODIS-based Global Land Cover
(MDC12Q1) version 6 data product [49]. Figure 3 shows the land use and land cover map derived from
the MCD12Q1 for the GMS in 2015. We reclassified the vegetation types of the MCD12Q1 following
the GFED4 burnt area product [21,22].Climate 2020, 8, x FOR PEER REVIEW 8 of 28 
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Figure 3. Land use map of (a) cropland, (b) forestland, (c) savannah, (d) grassland, and (e) shrubland in
the GMS for the year 2015 derived from the MCD12Q1.

From the land use and cover map, it could be seen that in Thailand, the cropland area was
distributed along the central, eastern, and southern parts of the country, while the savannah areas, where
burning occurred every year, were in the northern part of the country. In Myanmar, the cropland area
was in the central part of the country, such as Ayerarwady, Yangon, Bago, Magwe, and Mandalay,
and the large forestland and savannah area was located in the central eastern region, i.e., Shan State
and the western region, i.e., Rakhine State and Chin State of the country bordering the upper part of
Thailand. In Cambodia, the cropland was in the central, southern, and western parts of the country,
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whereas the forestland, comprising evergreen forests and deciduous forests, was in the upper and eastern
part of the country. In Vietnam, the cropland was in the southern part of the country, which was mostly
planted along the north to south stretch of the western part, while the forestland was only in the central
part of the country bordering Cambodia.

2.2.5. Validation of the MODIS Burnt Area Products with the Reference Fires

We wanted to seek the burnt area detection rate of the MODIS burnt area products per actual
burnt area through a reference fire derived from the Landsat-8 OLI/TIRS, as such a product had a
higher image resolution than the MODIS burnt area products. The interpretation of the Landsat-8
images found that there were many small fires occurring in the study area. This can be explained as
the behavior of forest fires in the GMS area was not severe compared to areas in other continents since
most of them were surface fires [42,50–53], which often occurred as people living close to forests lit
fires, while agricultural fires in the GMS area were also small with a short duration [54,55]. As a result,
the direct overlay polygon of the burnt areas of both products influenced being unable to find the burnt
area detection rates. Therefore, we made square grids to gather the sizes of the burnt areas shown
in the grids by determining the grid size to be larger than the resolution of the MODIS burnt area
products but not too large. Therefore, we selected the size 12 km × 12 km, similar to the grid size,
to analyze the spatial distribution of the burnt areas and fire emissions.

The percentage of overlap between the MODIS burnt area products and the reference burnt areas
was calculated from the number of grids showing the burnt areas from the MODIS burnt area products
and reference fire per the total number of grids showing the burnt areas from the reference fire.

In order to bring the total sum of the burnt areas from small fires to assess the emission of
air pollutants, the amount of actual burnt area in each grid cell was collected from three products.
This information was used for scatter graph analysis in order to assess the correlation slope, which
represented the correction factor, and was used for adjusting the burnt area of small fires in the MODIS
products according to the assessment of the emissions. We separated the burnt areas in accordance
with the vegetation types since the occurring fires had different behavior. The fires were separated
into three groups having different behavior: (1) Forest fires; (2) agricultural fires; and (3) savannah,
grassland, and shrubland fires.

2.3. Assessment of the Biomass Load and Combustion Completeness

2.3.1. Agricultural Fires

According to the report of the Food and Agriculture Organization Corporate Statistical Database
(FAOSTAT) [1], agricultural fires related to biomass open burning emissions in the GMS during the years
2010–2016 were reported to mostly occur in paddy, corn, and sugar cane fields. Approximately, 144 Mt
of agricultural residue in total was consumed by fire, including 114 Mt of rice residue, 22 Mt of corn,
and 8 Mt of sugar cane. The burning in the paddy and corn fields was to clear the fields for the planting
of the next crop, while the burning of the tops and leaves of sugar cane was to eliminate parts, which
impeded the harvesting operation that was mostly carried out by humans.

From the literature review on the emissions from biomass open burning in the GMS or Southeast
Asia, most of the previous studies [56,57] referred to the data of Koopmans and Koppejan [58]
and Turn et al. [59], which provided the value of the residue to the product ratio (RPR) at 1.76 for
rice residue with a moisture content of 12.7%. This rate was obtained from the field measurement in
Thailand under the condition of harvesting by humans at two inches above ground level. In addition,
Chang and Song [60] used the RPR (1.5), and the percentage of dry matter residue burnt in the field for
developing countries reported by Yevich and Logan [61]. The biomass load of cropland in the GMS
was in the range of 0.9–3.7 t/ha. Recently, Shi and Yamaguchi [62] used the default value of the biomass
load and combustion completeness from the 2006 IPCC Guidelines [40], which obtained the data from
an expert’s assessment.
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However, recently, updated and locally specific studies for crop types have been published.
Cheewaphongphan and Garivait [63] assessed the biomass load and combustion completeness specific
for rice stubble and straw by the paddy field measurement in nine subregions covering various rice
varieties planted in Thailand, which reported the biomass load for stubble and straw at 2.74–5.98
and 2.10–2.41 t/ha, respectively, and the rate of the combustion completeness at 0.02–0.33 for stubble
and 0.23–0.86 for straw. Those rates were aggregated to represent the rice residue as 7.62 ± 1.91 t/ha for
the biomass load and 0.34 ± 0.06 for the combustion completeness.

Sornpoon et al. [64] studied the biomass load and the combustion completeness for sugar cane
residue by the measurement of sugar cane fields in three regions (northern, northeastern, and central),
which are the largest sugar cane plantation areas in Thailand. The prescribed burning experiment
was done for four cane varieties, which covered all cane species planted in Thailand and provided
the biomass load in the range of 5.0–13.9 t/ha (average rate at 9.40 ± 2.80 t/ha) and the combustion
completeness of preharvest burning at 0.64 ± 0.05.

For the burning of corn residue, Kanokkanjana and Garivait [65] measured the biomass load
and the combustion completeness for corn residue in the northeastern part of Thailand by using a
prescribed burning experiment in the cornfields. The area of the prescribed burn was 7 m × 8 m.
The burning was prepared and conducted using the traditional way of the farmer. They prepared
the biomass by bending the residue down and igniting the fire at an upwind point. The results presented
the rate of the biomass load and combustion completeness at 5.26± 0.91 t/ha and 0.85± 0.13, respectively.

In taking these results into consideration, this study used land use and a land cover map from
the MCD12Q1 [49], which classified the land as cropland and unidentified crop types. Thus, in order to
obtain the rates of the biomass load and combustion completeness representing each crop, this study
utilized the weighted average method as presented in Equation (8) for the biomass load and Equation
(9) for the combustion completeness by obtaining the biomass load and combustion completeness for
each crop type from the literature review mentioned above (Cheewaphongphan and Garivait [63];
Kanokkanjana and Garivait [65]; Sornpoon et al. [64]) together with the average harvesting area for
each crop during the years 2010–2015, taken from FAOSTAT [1]:

BLcropland =

∑
p, c, s(BL×HA)∑

p, c, s(HA)
, (8)

CCcropland =

∑
p, c, s(BL×HA×CC)∑

p, c, s(BL×HA)
, (9)

where BLcropland and CCcropland are the biomass load and the combustion completeness of the cropland for
the GMS, respectively; HA is the average of the harvested area of the paddy field (p), corn (c),
and sugar cane (s) in the GMS during 2000–2015 (paddy field = 208 M/ha, corn = 22 M/ha,
and sugarcane = 12.5 M/ha); BL is the biomass load of the paddy field (7.62 ± 1.91 t/ha),
corn (5.26± 0.91 t/ha), and sugar cane (9.40± 2.80 t/ha); CC is the combustion completeness of the paddy
field (0.34 ± 0.06), corn (0.85 ± 0.13), and sugar cane (0.64 ± 0.05), which referred to previous studies.
After the calculation, the rates of the biomass load and combustion completeness of the cropland in
the GMS, used to estimate the crop residue burning, were 7.50 ± 1.90 t/ha and 0.39 ± 0.06, respectively.

2.3.2. Forest Fires

Fires are common in most deciduous forests in the GMS. Forest fire is in the category of surface fire,
which occurs on the surface and consumes only low-layer vegetation, e.g., grass, dead leaves, twigs,
and undergrowth. Surface fires usually have low to moderate severity and do not cause extensive
mortality in the standing vegetation [66]. This kind of fire occurs mainly during the dry season due to
the high accumulation of dead leaves on the ground from deciduous plants.

Most fires are caused by deliberate or accidental human activities, especially by the rural people
who live in or adjacent to the forest. Forest fires are due to activities associated with the collection of
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non-timber forest products, burning agricultural residue, especially in shifting agriculture, hunters,
carelessness, etc. Uncontrolled fire from shifting agriculture is one of the main causes of forest fire in
the GMS [42,50]. In addition, the cause of fire in the GMS is not from clearing or cutting standing trees
to make way for a plantation or a new settlement. The Global Forest Resources Assessment 2015 [2]
reported a significant decrease in the reduction rate of forested area in the GMS, so this study focused
on the surface fire behavior, which used the values of the biomass load and combustion completeness
from the prescribed burning experiment in the forested area from the various previous studies.

There have been several previous studies on fire behavior in the GMS. For example,
Wanthongchai et al. [51] studied the fire behavior in the deciduous forest of Huai Kha Khaeng
Wildlife Sanctuary located in Northern Thailand during December 2004–January 2005, which has
the highest frequency of wildfires occurring in the GMS area. The study measured the biomass load in
four sampling plots with the dimension of 50 m × 50 m and started a fire at the bottom of the sampling
plot to let the propagation of fire to be in a line. The results reported the rates of the biomass load
and combustion completeness in the range of 5.1 ± 0.4–12.2 ± 0.9 t/ha and 0.65 ± 0.02–0.84 ± 0.2,
for specific burnt biomass, including saplings, seedlings, shrubs, herbs, grass, leaf litter, and small
fuel. Then, Junpen et al. [42] studied the fire behavior during the forest fire season (January–May
2008) in deciduous forest located in the northern part of Thailand. That study arranged 40 circular
sampling plots varied by forest slope (0–40%) and started the fire at the center of the plot. The obtained
biomass loads were in the range of 2.74–4.69 t/ha (average rate at 3.88 ± 0.75 t/ha) and the combustion
completeness in the range of 0.6–0.87 (average rate at 0.78 ± 0.13).

Next, Chaiyo et al. [52] studied the fire behavior in deciduous forest located in the central part of
Thailand by setting three sampling plots varying by steep slope (20–40%) and terrain slope, and started
the fire from the bottom of the plot. This study found that dead leaves were the main component
consumed of the surface biomass with coverage higher than 90% in volume and mass. The dead leaves
load was 3.42 ± 1.90 t/ha followed by a little mass load of twigs (1.00 t/ha). The amount of the surface
biomass consumed was 2.71 ± 1.38 t/ha, which was equal to the combustion completeness (0.79 ± 0.08).
A part of that study also reviewed the biomass load and combustion completeness of deciduous forest
in the central and northern parts of Thailand, which recorded values in the range of 3.42–8.10 tons/ha
for the biomass load and 0.40–0.90 for the combustion completeness.

Because there was a variation of the biomass load and combustion completeness reported in
the literature review (Chaiyo et al. [52]; Junpen et al. [42]; Wanthongchai et al. [51]), this study used
the average rates from the previous studies as 4.88 ± 0.42 t/ha for the biomass load and 0.76 ± 0.02 for
the combustion completeness.

2.3.3. Savannah Fires

Ratnam et al. [67] studied the distribution of biogeographic savannah in Asia. They reported that
there were at least three distinct Asian savannah communities; namely, deciduous broadleaf savannah,
deciduous fine-leafed and spiny savannah, and evergreen pine savannah, with distinct functional
ecologies consistent with fire and herbivory driven community assembly. Likewise, in savannah
classification systems, Sankaran and Ratnam [68] consistently reported that the characteristic vegetation
type of the lowland regions from Northern Myanmar through Thailand, Lao PDR., Cambodia,
and Vietnam was an open dry dipterocarp forest with the ground covered by grass and undergrowth.
These regions experienced mean annual rainfall in the range of 800–2000 mm with dry seasons ranging
from five to seven months. The dominant tree species were Dipterocarpus tuberculatus, S. obtusa,
S. siamensis, and D. obtusifolius. The mixed deciduous forest consisted of Lagerstroemia duperreana,
Terminalia mucronata, Tectona grandis, X. xylocarpa, and P. macrocarpus and some Bambusa membranacea,
and B. nutans.

From the literature review, there were quite a few previous studies on fire behavior in dry
dipterocarp forest or savannah in the GMS. During the forest fire season from 2008–2009, Junpen et al. [53]
developed a fire spread model for dry dipterocarp forest fires by using a simple statistical model.
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A series of 80 experimental fire plots were set in actual dry dipterocarp forests in Northern Thailand.
The biomass load and combustion completeness were conducted under a range of weather and fuel
conditions to gather quantitative data on fire spreading. Some parts of the results presented the average
biomass load of dry dipterocarp forest that were 3.88 ± 0.11 t/ha (in the range of 2.4–5.17 t/ha), which
included the biomass load of dead leaves and grass = 2.36 ± 0.10 t/ha and biomass load of twigs
and undergrowth = 1.52 ± 0.06 t/ha. The combustion completeness was 0.98 ± 0.02 for dead leaves
and grass and 0.49 ± 0.04 for twigs and undergrowth (average at 0.80 ± 0.02).

2.3.4. Grassland and Shrubland Fires

For grassland and shrubland, this study used the results of van Leeuwen et al. [41], which
compiled the peer-reviewed literature on fuel combustion for various biomes and fuel categories
to understand fuel combustion and its variability better. They provided a database that could
be used to constrain biogeochemical models with fire modules. Their research was compiled
in a total of 77 studies covering 11 biomes. The biomass load of grassland and shrubland was
7.60 ± 6.50 t/ha and 5.30 ± 2.00 t/ha, respectively. The combustion completeness was 0.81 ± 0.16 for
grassland and 0.71 ± 0.26 for shrubland.

The biomass loads and combustion completeness, which were used in this study, are summarized
in Table 2.

Table 2. Value of the biomass loads and combustion completeness in each vegetation fire (standard
error in parentheses).

Vegetation Types Biomass Load (t/ha) Combustion Completeness

Cropland 7.50 (1.90) 0.39 (0.06)
Forestland 4.88 (0.42) 0.76 (0.02)
Savannah 3.88 (0.11) 0.80 (0.02)
Grassland 7.60 (6.50) 0.81 (0.16)
Shrubland 5.30 (2.00) 0.71 (0.26)

2.4. Assessment of the Spatial and Temporal Distribution of the Burnt Areas and Fire Emissions

The spatial distribution of the burnt areas from the biomass open burning was assessed by using
the satellite information resulting from the Monthly Burnt Area Product (MCD64A1). This product
covered five layers as follows: Burn date, burn data uncertainty, quality assurance, and along with
the first day and last day of the reliable change detection of the year. For the year 2015, the burnt
area data from the MCD64A1 was categorized by the vegetation area, which was reclassified from
the land use and land cover map of the MCD12Q1 version 6 in 2015 [49] (Figure 3). The monthly
amount of the burnt area per grid was calculated from the total burnt area in each grid (12 km × 12 km).

Next, the spatial distribution of the emissions was calculated by the amount of biomass burnt
in each grid multiplied with the emission factors, which were presented in the form of a yearly
12 km × 12 km grid.

Compared with the GFED4.1s dataset, we firstly compared annual and total PM2.5 emissions
classified by vegetation fires over the study area. We also compared maps of the annual intensity of
PM2.5 emissions. Since different datasets have varying spatial resolutions, we resampled both datasets
into 1 km × 1 km grids.

3. Results

3.1. Assessment of the MCD45A1 and MCD64A1 in the GMS

The total burnt area in the GMS during the year 2015 assessed by the MODIS products MCD45A1
and MCD64A1 was about 4.41 and 10.70 Mha, respectively (Table 3). In addition, both MODIS
products detected the largest burnt areas to be in Myanmar, Cambodia, and Thailand in descending
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order. The total burnt areas occurring in the GMS derived from the MCD64A1 was 2.4 times higher
than the MCD45A1, especially the detection of the burnt areas occurring in forestland and savannah
(3.5 times and 2.7 times higher, respectively). As it was described that most wildfires occurring
in the GMS area were surface fires (refer to Section 2.3), making the spread of burnt areas not too
large when compared to other types of wildfire caused the GMS area to have a large number of
small size burnt areas. Similar to agricultural fires occurring in the GMS area, most burnt areas
were small since most farmers grew plants on a small plot of land rather than a large plot [69,70].
Based on the ability to detect small fire sizes of the MCD64A1 collection 6 whose algorithm was
improved and more appropriate than the MCD45A1 and MCD64A1, which was modified to meet
different regions’ conditions in many ecosystems, it was considered a significant positive aspect of
this product [37] that enabled the total sum of burnt areas derived from the MCD64A1 to be greater
than that of the MCD45A1.

Table 3. General results of the estimation of the burnt areas derived from the MCD45A1 and MCD64A1
in the GMS classified by vegetation fires in 2015.

Countries
Estimation of the Burnt Areas Derived from the MCD45A1 (Mha) 1

CL FL SV SL GL Total % of BA

Myanmar 0.60 0.70 0.89 0.002 0.03 2.21 50%
Cambodia 0.43 0.04 0.83 0.002 0.06 1.37 31%
Lao PDR. 0.01 0.006 0.02 0.00 0.002 0.04 1%
Thailand 0.41 0.10 0.17 0.00 0.01 0.68 15%
Vietnam 0.07 0.003 0.04 0.00 0.00 0.11 3%

GMS 1.52 0.85 1.94 0.004 0.11 4.41 100%
% of BA 34% 19% 44% 0% 2% 100%

Countries
Estimation of the Burnt Areas Derived from the MCD64A1 (Mha) 1

CL FL SV SL GL Total % of BA

Myanmar 0.39 1.77 1.65 0.001 0.02 3.82 36%
Cambodia 0.35 0.34 2.59 0.01 0.06 3.35 31%
Lao PDR. 0.09 0.42 0.20 0.00 0.004 0.71 7%
Thailand 0.59 0.32 0.51 0.00 0.01 1.43 13%
Vietnam 0.98 0.13 0.27 0.00 0.01 1.40 13%

GMS 2.40 2.98 5.21 0.008 0.11 10.70 100%
% of BA 22% 28% 49% 0% 1% 100%

1 CL = cropland; FL = forestland; SV = savannah; GL = grassland; SL = shrubland; BA = burnt area.

The peak of burning was found to be in January to March, particularly in March (Figure 4a–d).
Taking into consideration the monthly temporal distribution of the burnt areas in the GMS found
in January, both MODIS products detected the burnt area to be mainly in Cambodia, especially in
cropland and savannah. In February, the burnt area was mainly found in cropland and savannah in
Myanmar, whereas the burnt area in Cambodia decreased by half from the previous month. In March,
both MODIS products detected the burnt area to be mainly found in forestland and savannah in
Myanmar, Thailand, and Vietnam. However, the difference between these two products was the amount
of the burnt area detected in each month. In particular, the MCD64A1 detected the highest amount
of burnt area in March which was about two times higher than the amount detected in January
and February. On the other hand, the MCD45A1 detected the highest amount of burnt area in March.
The amount of the burnt area detected in March was higher than the amount detected in January
and February by about 13% and 25%, respectively.
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3.2. Detection Rate of the MODIS Products and Correction Factor

Table 4 presents the number of grids where the burnt areas were detected by three satellite
products, distinguished by vegetation types, and provides the assessment of the percentage of
the overlap between the MODIS burnt area products and the reference burnt area detected by Landsat-8
OLI/TIRS. The total number of grids in which the reference fire occurred in the savannah, grassland,
shrubland, forestland, and cropland was about 2382 grids, 2019 grids, and 1964 grids, respectively.
The total number of grids on the burnt area classified by vegetation types from the MODIS products
and Landsat-8 found the percentage of the overlap between the MCD64A1 and the reference burnt
area to be about 72% (savannah, grassland, and shrubland), 70% (forestland), and 41% (cropland),
respectively, while the overlapping percentage of the MCD45A1 was only about 34% (savannah,
grassland, and shrubland), 21% (forestland), and 14% (cropland), respectively. In addition, there were
some reference fire grids, especially in the cropland, which did not overlap with the MODIS products.
Based on the percentage of the detection rate, the results demonstrated that the MCD64A1 could detect
the reference fire higher than the MCD45A1, especially in the savannah and forestland.
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Table 4. Detection rate of the gridded fire court overlap between the MCD64A1 and MCD45A1
and the reference fires.

Vegetation Types 1

Detection Rate of the MCD64A1

Gridded Fire Court 2

Detection Rate (%)
RF MCD64A1 Overlap of the MCD64A1

and RF
Occurrence of RF without

the MCD64A1

SV, GL, and SL 2382 1784 1723 659 72%
FL 2019 1539 1408 638 70%
CL 1964 896 798 1,108 41%

Vegetation Types 1

Detection Rate of MCD45A1

Gridded Fire Court 2

Detection Rate (%)
RF MCD45A1 Overlap of the MCD45A1

and RF
Occurrence of RF without

the MCD45A1

SV, GL, and SL 2382 847 812 1566 34%
FL 2019 462 425 1618 21%
CL 1964 300 283 1679 14%

1 CL = cropland; FL = forestland; SV = savannah; GL = grassland; SL = shrubland; 2 RF = reference fires.

Table 5 presents the total burnt area derived from Landsat-8 and the MODIS products. The ratio
of the burnt areas between the MODIS products and reference fires was about 0.35 and 0.08 for
the MCD64A1 and MCD45A1, respectively. Based on the differences of the burnt areas between
the reference fires and MODIS products, the burnt areas from the MODIS products had to be adjusted
by the correction factor as well as be used for the estimation of the emissions. The average correction
factor for the MCD64A1 and MCD45A1 was about 2.89 and 12.01, respectively. These results
demonstrated that the burnt areas from the MCD64A1 were more closely associated with actual fires
than the MCD45A1.

Table 5. General results of the validation of the MCD45A1 and MCD64A1 and the reference fires.

Vegetation Types 1

Validation of the MCD45A1 2

Burnt Area (kha)
MCD45A1/RF Correction Factor

RF MCD45A1

SV, GL, and SL 2641 317 0.12 8.34
FL 3255 217 0.07 14.99
CL 1194 57 0.05 21.08

Total 7089 590 0.08 12.01

Vegetation Types 1

Validation of the MCD64A1 2

Burnt Area (kha)
MCD64A1/RF Correction Factor

RF MCD64A1

SV, GL, and SL 2641 1251 0.47 2.11
FL 3255 977 0.30 3.33
CL 1194 229 0.19 5.21

Total 7089 2457 0.35 2.89
1 CL = cropland; FL = forestland; SV = savannah; GL = grassland; SL = shrubland; 2 RF = reference fires.

3.3. Spatial and Monthly Temporal Distribution of the Burnt Areas

To understand the seasonal variation of the burnt area situation in the GMS, this study assessed
the monthly distribution of the burnt areas by using the information of the MCD64A1 during the year
2015 (Figure 5a–l).

Figure 5a presents the spatial distribution of the burnt area in January 2015, which found biomass
burning was mainly in Cambodia and was distributed throughout the country. The burning mainly
occurred in cropland areas, particularly in the upper western region (Preah Vihear, Oddar Meanchey,
Siem Reap, Banteay Meanchey, and Battambang provinces), and occurred in the savannah areas in
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the eastern region of the country (Kratie and Mondulkiri provinces). The amount of burnt area was in
the range of 5000 to 14,000 ha/grid. There were also a few burnt areas distributed in the other countries,
such as in the central part of Thailand and Myanmar, which was mainly due to crop burning.
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In February (Figure 5b), the highest density of burnt area, 5000−14,000 ha/grid, was still found
mostly in Cambodia, especially in the upper part of the country, which occurred in the savannah.
There was also burning of agricultural areas in the central region of the western part of Cambodia
(Pursat, Kampong Speu, and Battambang provinces). There was also a high density of burnt areas
in the forestland and savannah in the western part of Myanmar, and cropland in the southern part
of Vietnam. For the moderate density of the burnt area, 1000−5000 ha/grid, areas were found widely
distributed in the cropland of Thailand (particularly in the central, northeastern, and Lower North
regions), Lao PDR (lower part of the country), and Myanmar (the central part of the country).
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In March (Figure 5c), the burning in Cambodia decreased significantly; simultaneously, it was
mostly found in Myanmar, especially in the western and eastern parts of Shan State, and the upper
part of Thailand. The burning of those areas were forest fires and savannah fires. A high intensity of
burning in cropland was also found in the southern region of Vietnam.

In April (Figure 5d), the burnt area decreased but was still found in the areas that it had occurred
in March. However, there was high burning distributed around Lao PDR, which mainly occurred in
the forestland and savannah.

During May-November (Figure 5e–k), there was only a few burnings found in the GMS. This was
mostly cropland, especially in the central part of Thailand and the southern part of Vietnam, which was
the burning of agricultural residue for the off-season crop plantation. In December (Figure 5l), the burnt
area was mainly found in Cambodia in the savannah in the east and the cropland in the western part
of the country.

From these results, the peak period of biomass burning of the GMS area varied by country.
The peak period of Cambodia was during December and February (of the following year), Myanmar
was during February to March, Thailand was in January to March, Lao PDR was in February to March,
and for Vietnam during February-April, which was found only in the lower part of that country.

The analysis found that the burnt area of each country was mostly found in the dry season.
For example, in Cambodia, the MCD64A1 detected the burnt area during the northeast monsoon
season (December to April), especially mostly in January and February, which was the driest period
of the year. In Myanmar, the burnt area was found mostly during the dry inter-monsoonal season
(mid-February-mid-May). In Thailand, the burnt area was detected typically during the hot season
(summer) from March to June, with April and May being the hottest months of the year.

3.4. Estimation of the Burnt Area in the GMS

Accordingly, the MCD64A1 product should be used instead of the MCD45A1 product when
evaluating the amount of the burnt area for biomass burning in the GMS, so as to obtain results that
would be more consistent with the actual biomass burning activity. Upon adjustment of the data of
the burnt area obtained from the MCD64A1 with the correction factors (Table 5), it was found that
there were approximately 33.7 Mha of burnt area in the GMS. The largest total burnt area occurred
on cropland with over 37.1%, or approximately 12.50 Mha. The savannah, forestland, grassland,
and shrubland areas were combusted by fire at approximately 11.0 (32.6%), 9.9 (29.5%), 0.23 (0.7%),
and 0.02 Mha (0.1%), respectively.

3.5. Estimation of Air Pollutant Emissions in the GMS

The overall burnt area in the GMS during the year 2015 was about 33.7 Mha, which burnt a
total biomass of approximately 109 ± 22 Mt. The burnt biomass included 36 ± 15 Mt of biomass in
the cropland, 37± 4 Mt of biomass in the forestland, 34± 2 Mt of biomass in the savannah, 0.09± 0.11 Mt
of biomass in the shrubland, and 1 ± 0.6 Mt of biomass in the grassland. The country with the highest
amount of burnt biomass was Myanmar (39 ± 6 Mt), followed by Cambodia (27 ± 4 Mt), Vietnam
(18± 6 Mt), Thailand (16± 4 Mt), and Lao PDR. (8± 1 Mt). By multiplying this amount with the emission
factors, the burning of these biomasses emitted approximately 178 ± 42 Mt of CO2, 469 ± 351 kilotons
(kt) of CH4, 18 ± 3 kt of N2O, 9.4 ± 4.9 Mt of CO, 345 ± 206 kt of NOX, 46 ± 25 kt of SO2, 147 ± 117 kt of
NH3, 820 ± 489 kt of PM2.5, 60 ± 32 kt of BC, and 350 ± 205 kt of OC (Table 6). The actual amount of air
pollutant emissions from biomass open burning in the GMS for the year 2015 classified by vegetation
types and countries is shown in Appendix A (from Tables A1–A10 in Appendix A).

3.6. Spatial Distribution of PM2.5 Emissions

Among the pollutants, emissions of PM2.5 were a major concern in the region because of
the well-known adverse effects to human health [71]. Medium spatial resolution maps of PM2.5
from biomass burning were useful to support the development of the control strategy and air quality
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modelling. The amount of PM2.5 during the year 2015 in the countries along the GMS was about
820 kt consisting of 316, 199, 65, 117, and 123 kt produced in Myanmar, Cambodia, Lao PDR, Thailand,
and Vietnam, respectively (Table 6).

Table 6. The actual amount of emissions from biomass open burning in the GMS in 2015 (standard
error in parentheses).

Countries

Emission from Biomass Open Burning in the GMS in 2015

CO2 CH4 N2O CO NOX SO2 NH3 PM2.5 BC OC
(Mt) (kt) (kt) (Mt) (kt) (kt) (kt) (kt) (kt) (kt)

Myanmar 64 167 7 3.3 117 16 48 316 20 146
(12) (102) (1) (2) (66) (10) (41) (172) (12) (93)

Cambodia
45 87 5 2.0 96 12 26 199 13 78
(8) (61) (1) (1) (42) (7) (20) (116) (7) (44)

Lao PDR.
13 37 1 0.7 23 3 10 65 4 31
(2) (22) (0.5) (0) (14) (2) (8) (36) (3) (20)

Thailand
27 79 2 1.5 51 7 27 117 10 48
(9) (68) (0.5) (1) (36) (4) (21) (77) (5) (27)

Vietnam
30 99 2 1.8 58 8 36 123 13 47

(12) (97) (0.5) (1) (48) (4) (27) (90) (6) (22)

GMS
178 469 18 9.4 345 46 147 820 60 350
(42) (351) (3) (5) (206) (26) (117) (489) (32) (205)

As presented in Figure 6a, the densities of the emissions of PM2.5 from agricultural fires were
1000–2500 t/grid (grid size 12 km × 12 km) for the central region of Thailand, the western region of
Cambodia, and the southern region of Vietnam; 500–1000 t/grid for the central regions of Myanmar
and Cambodia; and only 100–500 t/grid for the other regions of all countries.

As demonstrated in Figure 6b,c, the density of the emissions of PM2.5 from forest fires and savannah,
grassland, and shrubland fires was 1000–2500 t/grid for the northern region of Thailand, the western
region of Myanmar, as well as the northern regions of Cambodia and Lao PDR, while it was only
500–1000 t/grid for the central region of Myanmar, Cambodia, and Lao PDR.

In combining all fires (Figure 6d), the highest PM2.5 emissions were found in the northern region
of Thailand, the western region of Myanmar, and the central and northern regions of Cambodia at
the density of 1000–2500 t/grid, followed by the central and northeastern regions of Thailand, the whole
of both Lao PDR and Vietnam at the density of 500–1000 t/grid, and other regions of all countries at
the density of 100–500 t/grid. Hence, these regions entailed effective mitigation measures to reduce
the amount of smoke and smog pollution, such as extending the no-burning period by the local
authorities and promoting alternative uses of straw.

3.7. Comparison with the Global Fire Emission Database

The results of the emissions from the biomass fires in the GMS from this study were compared with
the GFED4.1s. The emission data were at 0.25-degree latitude by 0.25-degree longitude spatial resolution
and were available from 1997 through 2018, depending on the individual data set. This revised GFEDv4
data set included monthly burnt areas without small files for 2016 and 2015–2003 to 2015–2012, as well
as all files for emissions with small fires that were replaced for the years 1997–2014 and the year 2015.
The GFEDv4 was compiled as a set of emission factors based mostly on the study of Akagi et al. [30].

The comparison of the PM2.5 emissions between this study and the information of the GFED4.1s
(Table 7) found that the total emissions from the biomass open burning from each country estimated in
this study were slightly lower than those in the GFED4.1s in the range between 0.3–0.6 times. Taking
into consideration the details of the fire types, it was found that the results for the cropland in this study
were about 1.8 times higher than the GFED4.1s, while conversely in the savannah and forestland, they
were approximately 0.2 and 0.4 times lower than the GFED4.1s, respectively.
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Table 7. Comparison of the PM2.5 emissions between this study and the GFED4.1s.

Country

PM2.5 Derived from
This Study (kt) 1 PM2.5 Derived from GFED4.1s (kt) 1 Ratio (This Study/GFED4.1s) 1

CL SV, GL, SL FL Total CL SV, GL, SL FL Total CL SV, GL, SL FL Total

Myanmar 37 79 200 316 14 368 204 585 2.6 0.2 1.0 0.5
Cambodia 34 127 38 199 26 232 347 605 1.3 0.5 0.1 0.3
Lao PDR. 8 10 48 65 4 155 89 248 2.0 0.1 0.5 0.3
Thailand 57 25 36 117 34 196 49 280 1.7 0.1 0.7 0.4
Vietnam 94 13 15 123 50 93 59 202 1.9 0.1 0.3 0.6

GMS 230 253 337 820 128 1043 749 1920 1.8 0.2 0.4 0.4
1 CL = cropland; FL = forestland; SV = savannah; GL = grassland; SL = shrubland.

PM2.5 derived from the GFED4.1 was higher than the result obtained from this study, which was
caused by the following:

(1) Selected fuel consumption values (calculated from the multiple results between the biomass
load and combustion completeness) that were different; the value of the selected GFED4.1 was higher
than the value used in this study. For example, for the fuel consumption of biomass burning in forested
areas, the GFED4.1 selected the fuel consumption values from the review of van Leeuwen et al. [41]
in which the fuel consumption of tropical forests was determined at 126 t/ha (determined from a
biomass load of 285 t/ha and combustion completeness of 0.49). The selected value was the behavior
of the combusted biomass for clearing the forest area or deforestation, which was different from
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the behavior of surface fires that burnt only the surface fuel and undergrowth. This study determined
the fuel consumption value of the forests to be 3.71 t/ha (Table 2). As for the fuel consumption in
the savannah areas, the GFED4.1 selected the value equal to 4.6 t/ha (the biomass load was equal to
7.6 t/ha and the combustion completeness was equal to 0.71), which was 1.5 times higher than the value
in this study.

(2) The amount of the burnt areas assessed in the GMS was different. Though, in this study,
the MCD64A1 was selected to assess the burnt areas similar to the GFED4.1s, the burnt areas were
modified by the correction factor, so to combine small size burnt areas that the MCD64A1 could not
detect, and they were calculated to evaluate the emission of air pollutants.

From the results of the estimation of the emissions, the gridded emissions of the PM2.5 resolution
12 km × 12 km were created in order to see the spatial allocation of the emissions’ intensity (Figure 7a)
and also validated with the results from the GFED4.1s (Figure 7b). This study found the highest PM2.5
intensity was about 15.0 t/km2, which was lower than the result from the GFED4.1s that reported
the intensity rate at 42.0 t/km2. The details of the fine resolution of the emissions’ intensity were
important information for government officers in acquiring an explicit understanding of the biomass
open burning situation in the GMS. Likewise, this information could be used as input data in air
quality modelling to simulate the air quality at the national and regional levels. The improvement of
fine emissions’ intensity would support the greater accuracy of the study results of the simulation of
the air quality [72,73].Climate 2020, 8, x FOR PEER REVIEW 22 of 29 
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4. Conclusions

This research emphasized improving the estimation of the burnt area available for biomass open
burning that employed remote sensing data from the MODIS burnt area products, which have been
widely used in the evaluation of burnt areas from vegetation fires. The improvement was performed
by using reference fires obtained from medium-resolution remote sensing data, namely, Landsat-8
(OLI/TIRS) Surface Reflectance data products. The results suggested multiplying the MCD64A1
and MCD45A1 for the GMS by the correction factors. Moreover, the MODIS burnt area products could
be corrected for further regional-scale applications.

The emission results of the air pollution were compared with the GFED4.1s, particularly PM2.5,
which is considered to have significant effects on air quality in the GMS. Upon comparison, it was
found that, in 2015, the PM2.5 emissions obtained from this study were lower than the results obtained
from the GFED4.1s for every country. This research proposed a modified method of evaluating air
pollution from biomass open burning that would deliver more accurate results and a higher resolution
of spatial emission data than the data obtained from the GFED4.1s, which could be applied to the air
quality model.

With respect to future research, the study area should be expanded to cover other regions in
the GMS in order to enhance the accuracy of the evaluation of the burnt area, especially as this research
only focused on 10 provinces of Northern Thailand. Likewise, other variables relating to the evaluation
of air pollution emissions from biomass burning should be considered, which could include biomass
load, combustion completeness, and emission factors. Additionally, it is recommended to review
and examine local country-specific data to obtain results that would be more accurate and representative
of each area.
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Appendix A

Table A1. The actual amount of CO2 from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
CO2 from Biomass Open Burning in the GMS in 2015 (Mt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 9 36 18 0 0 64
Cambodia 9 7 29 1 0 45
Lao PDR. 2 9 2 0 0 13
Thailand 14 7 6 0 0 27
Vietnam 24 3 3 0 0 30

GMS 58 61 57 2 0 178
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Table A2. The actual amount of CH4 from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
CH4 from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 34 111 21 0 0 167
Cambodia 31 21 33 1 0 87
Lao PDR. 8 27 3 0 0 37
Thailand 52 20 6 0 0 79
Vietnam 87 8 3 0 0 99

GMS 213 188 66 2 0 469

Table A3. The actual amount of N2O from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
N2O from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 1 4 2 0 0 7
Cambodia 1 1 3 0 0 5
Lao PDR. 0 1 0 0 0 1
Thailand 1 1 1 0 0 2
Vietnam 1 0 0 0 0 2

GMS 4 7 7 0 0 18

Table A4. The actual amount of CO from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
CO from Biomass Open Burning in the GMS in 2015 (Mt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 1 2 1 0 0 3
Cambodia 1 0 1 0 0 2
Lao PDR. 0 0 0 0 0 1
Thailand 1 0 0 0 0 2
Vietnam 2 0 0 0 0 2

GMS 4 3 2 0 0 9

Table A5. The actual amount of NOX from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
NOX from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 18 56 42 1 0 117
Cambodia 17 11 66 2 0 96
Lao PDR. 4 13 5 0 0 23
Thailand 28 10 13 0 0 51
Vietnam 47 4 7 0 0 58

GMS 114 94 133 4 0 345
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Table A6. The actual amount of SO2 from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
SO2 from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 2 9 5 0 0 16
Cambodia 2 2 8 0 0 12
Lao PDR. 1 2 1 0 0 3
Thailand 4 2 2 0 0 7
Vietnam 6 1 1 0 0 8

GMS 15 15 16 0 0 46

Table A7. The actual amount of NH3 from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
NH3 from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 13 29 6 0 0 48
Cambodia 12 6 9 0 0 26
Lao PDR. 3 7 1 0 0 10
Thailand 19 5 2 0 0 27
Vietnam 33 2 1 0 0 36

GMS 79 49 18 1 0 147

Table A8. The actual amount of PM2.5 from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
PM2.5 from Biomass Open Burning in the GMS, 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 37 200 78 1 0 316
Cambodia 34 38 122 4 1 199
Lao PDR. 8 48 9 0 0 65
Thailand 57 36 24 1 0 117
Vietnam 94 15 13 1 0 123

GMS 230 337 245 7 1 820

Table A9. The actual amount of BC from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
BC from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 4 11 4 0 0 20
Cambodia 4 2 6 0 0 13
Lao PDR. 1 3 0 0 0 4
Thailand 7 2 1 0 0 10
Vietnam 11 1 1 0 0 13

GMS 27 19 13 0 0 60
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Table A10. The actual amount of OC from biomass open burning classified by vegetation types in
the GMS in 2015.

Countries
OC from Biomass Open Burning in the GMS in 2015 (kt)

Cropland Forestland Savannah Grassland Shrubland Total

Myanmar 14 103 28 0 0 146
Cambodia 12 20 44 1 0 78
Lao PDR. 3 25 3 0 0 31
Thailand 21 19 9 0 0 48
Vietnam 34 8 5 0 0 47

GMS 84 174 89 3 0 350
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