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Abstract. This paper aims to estimate the extent of the burned area in ex-Mega Rice Project (MRP) 

(Block A and Block E), Central Kalimantan and quantify the carbon emission as a result of peat fires in 

this area. A Synthetic Aperture Radar TerraSAR-X image was the main input in this study. Pre-

processing included radiometric calibration, geometric reprojection and speckle filtering (Gamma MAP 7 

× 7 kernel size). Maximum Likelihood (ML) classification was used for classifying burned areas. The 

classification result was validated based on data from the Kalimantan Forests and Climate Partnership 

report (KFCP). The burned area in 2010 as estimated by the TerraSAR-X satellite image HH/HV 

polarization was 47.6113 km2 (4761.13 ha). Main pollutants (carbon dioxide (CO2), carbon monoxide 

(CO), particulate matter (PM), black carbon (BC) and organic carbon (OC)) emissions were estimated 

based on an empirical equation. The average annual carbon releases into the atmosphere from this area 

were estimated to be 173,019.46 ton CO2, 11,388.62 ton CO, 1,149.81 ton PM10, 996.50 ton PM2.5 

569.43 ton OC and 72.27 ton BC. This study suggests that the methodology proposed based on Earth 

Observation data can be used to locate burned areas in tropical environment and quantify carbon 

emissions. 

Keywords: burned area, emission factor, earth observation, forest fire, Ex-mega Rice Project, 

TerraSAR-X, dual polarization 

Introduction 

Peatlands are wetland ecosystems frequently encountered in Southeast Asia. They 

play a vital role in the biosphere’s biogeochemical processes (Immirzi, 1992). At a 

global scale, they hold an important ecological function as they represent a major store 

of soil carbon, sink for carbon dioxide and source for atmospheric methane (Strack, 

2011); at a local scale they host habitats for several rare and endangered species (Posa, 

2011). Page et al. (2011) estimated the volume of tropical peat to be 1758 Gm3 (∼18–

25% of global peat volume) with 1359 Gm3 located in Southeast Asia (77% of all 

tropical peat). During the last decades, the area of tropical peat swamps has been 

reduced and degraded due to deforestation, drainage, fires, clearing for agriculture and 

oil palm plantations and illegal timber harvest (Peace Report, 2018; Koh et al., 2009). 

From all these causes of environmental degradation, fires are a unique one that can be 
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attributed partially to anthropogenic interference, however sometimes they can occur 

naturally; for instance, it has been demonstrated that fires have been observed during El 

Niño events as a direct consequence of the extensive drought incurred from the latter 

(e.g. in 1997, 2002, 2004, 2006 and 2009) (Ballhorn et al., 2009; Putra et al., 2008). 

Therefore, monitoring of tropical peatlands is crucially important for inventorying the 

magnitude of carbon stock and estimating the pollutants emitted to the atmosphere. 

Deforestation has been a major cause of peatland disturbance; in 2005, 25% of all 

deforestation in SE Asia was on peatlands according to Rieley et al. (2008). Within 

Southeast Asia, Indonesia is the country with the largest share of tropical peat carbon 

stock estimated at 57.4 Gt (Page et al., 2011). In 1996, the Indonesian government 

initiated the Mega Rice Project (MRP) in the southern parts of Central Kalimantan. The 

aim of this project was to convert one million hectares of peat swamp forest to rice 

paddies. Consequently, forest cover decreased from 64.8% in 1991 to 45.7% in 2000, 

and clearance has continued since then. The MRP project led to frequently large fire 

occurrences during dry seasons. Approximately 4,740 km2 in MRP have been damaged 

from severe fire episodes in 1997 and released 0.19 – 0.23 Gt of carbon to the 

atmosphere. This huge amount of carbon suggests that severe peat fires occurred in the 

MRP area (Putra et al., 2008). 

Chemical species have long been detected and quantified directly from specialized 

satellite instruments such as the GOME instrument onboard ERS-2, the MODIS 

instruments onboard TERRA and AQUA satellites and the SCIAMACHY instrument 

onboard ENVISAT. Streets et al. (2013) provide a review on emission estimates from 

satellite retrievals. Another indirect approach to estimate gas emissions is to spatially 

quantify the phenomenon generating the emissions and then estimate the latter based on 

empirical relationships or models. This indirect approach is of special interest in land 

cover applications since Earth Observation has advanced significantly in estimating the 

spatial extent of deforestation activities and subsequently the calculation of 

environmental parameters (e.g. Kim et al., 2015; Zeng et al., 2018; Broich et al., 2017; 

Krasovskii et al., 2018; Joshi et al., 2015; Fawzi et al., 2018; Nugroho et al., 2018; 

Grinand et al., 2013). For instance, Carlson et al. (2013) estimated high-resolution 

carbon flux estimates from Kalimantan oil palm plantations based on land cover 

classification from Landsat data (at spatial resolution of 30 m). In the context of forest 

fires, an immediate consequence is forest loss and the associated outcome is the 

pollution emissions during the combustion (Page et al., 2002; Hooijer et al., 2010). 

Forest fires result to emission into the atmosphere of particulate matter (PM10, PM2.5), 

particulate black carbon (BC), organic carbon (OC) and gaseous emissions (carbon 

monoxide (CO), carbon dioxide (CO2), nitrogen oxides, non-methane volatile organic 

compounds (NMVOC), methane (CH4), nitrous oxide (N2O), sulfur dioxide (SO2) and 

ammonia (NH3)) (Shrestha et al., 2013). CH4 and N2O emissions from tropical peatlands 

are low (Strack, 2008). On a global scale, fire impacts the net carbon balance of global 

terrestrial ecosystems; this impact has been quantitatively assessed by Li et al. (2014). 

Recent research from Junpen et al. (2018) suggested that emissions from biomass open 

burning can be estimated based on burned area products derived from satellite data. In a 

similar context, Hawbaker et al. (2016) mapped the extent of burned area in the 

Southern Rocky Mountains, USA, subsequently use the LANDFIRE Fuel Characteristic 

Classification System to assign biomass loads and finally estimate biomass 

consumption and greenhouse gas emissions based on the CONSUME model. Several 

other studies have quantified burned area based on satellite data (e.g. Junpen et al., 
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2013; Permadi and Oanh; 2013). A critical aspect in such methodological approach is 

the spatial resolution of the satellite image which plays an important role in the 

accuracy of the burned area estimation and subsequently the estimation of pollutants 

emissions (Belenguer-Plomer et al., 2018; Yun and Pritchard, 2018). For a review of the 

strengths and limitations of remote sensing in estimating tropical forest biomass, the 

reader is directed to Mitchard (2015) and Saatchi (2015). 

The aim of this paper is to assess the burned area based on fine spatial resolution 

Synthetic Aperture Radar (SAR) satellite images and field data, and consequently 

quantify the carbon emissions through empirical relationships that occurred from peat 

fires in blocks A and E of the MRP. 

Materials and methods 

Study area 

Central Kalimantan, Indonesia is the second largest province of the island of 

Kalimantan and the third largest province of the country, covering 153,800 km2. The 

climate is tropical with a significant amount of rainfall; the drier season usually begins 

in May and lasts until October while the wetter season covers the period between 

November and April. The temperature fluctuates between 25-27 °C and the rainfall 

ranges from 2,776 to 3,393 mm per year with an average of 145 rainy days annually 

(Moore et al., 2011). The central area of Central Kalimantan is covered by tropical 

forests while the southern area is swampy with an extensive river network. Peat swamp 

forest areas in Indonesia are primarily located at low altitudes in the coastal and sub-

coastal lowlands of Papau (4.6 Mha), Sumatra (8.3 Mha) and Kalimantan (6.8 Mha) 

(Page et al., 1999); central Kalimantan contains one of the largest tropical peatland 

areas in the world. Figure 1 presents the study area which is part of the MRP. 

 

Satellite data 

A SAR image was used in this study as the main input. TerraSAR-X is a high spatial 

resolution X-band SAR active system operating at 9.65 GHz centre frequency. The 

satellite was launched in 2007 and provides single, dual or full polarization data at a 

spatial resolution between 1 m and 16 m depending on the mode of acquisition. A 

TerraSAR-X Single Look Slant Range Complex (SSC) product in the DLR-defined 

COSAR binary format and the associated Multi Look Ground Range Detected (MGD) 

product in GeoTiff format were provided by ASTRIUM GEO-Information. The MGD 

product is a multi-look product with reduced speckle and approximately square ground 

resolution cells. The image was acquired in dual polarization (HH/HV) StripMap 

imaging mode on 05/04/2010 with a 6.6 m spatial resolution and 37.489 incidence 

angle. The image coordinates are oriented along the flight direction and the ground 

range. A simple polynomial projection was performed in range to an ellipsoid in order 

to achieve approximately quadratic pixels. The advantage of this product is the fact that 

no image rotation to a map coordinate system has been performed and interpolation 

artefacts are thus avoided. 

 

Satellite image processing 

The TerraSAR-X image was preprocessed by applying sequentially radiometric 

calibration, geometric reprojection and speckle filtering. An absolute radiometric 
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calibration of Sigma Naught (σ0) was performed providing radar reflectivity per unit 

area at ground range. The simplified approach was followed where Noise Equivalent 

Beta Naught (NEBN) was ignored. The image was then reprojected onto the 

Geographic Lat/Lon (WGS 84) Coordinate Reference System (CRS) using the nearest 

neighbour resampling method. Finally the Gamma MAP filter with 7 × 7 kernel window 

was applied to reduce the speckle noise of the image as it has been shown to provide the 

best results in a tropical environment (Nuthammachot et al., 2017). 

 

 

Figure 1. A true-colour satellite image representation of the study area in Central Kalimantan, 

Indonesia 

 

 

For the detection of the burn areas the Maximum Likelihood (ML) algorithm was 

used to classify pixels corresponding to burned land as it is one of the most traditional 

classification algorithms developed, yet has been proven very powerful in a variety of 

remote sensing challenges. The thematic map produced indicating the burned area as 

estimated from TerraSAR-X dual polarization (HH/HV) was validated with the field 
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data published in the Kalimantan Forests and Climate Partnership (KFCP) report (KFCP 

Vegetation Monitoring, 2014). The results of the validation were presented with an 

error matrix (contingency table) as suggested by Congalton (1991). 

 

Emission estimation 

The burned area calculated from the SAR data was used as an input to estimate the 

emission pollutants in this study area. Particulate matter and trace gas emissions from 

forest fires can be approximated based on the availability of field data in a given area. 

Hao and Liu (1994) present a methodology to estimate forest fire emissions (Eq. 1) 

based on which the emission of each pollutant can be quantified. 

 

 Emi,j=∑
j

M j× EFi,j× 10−3
 (Eq.1) 

 

where: 

Emi,j = Emission of pollutant i from land cover type j (tonne/yr) 

Mj = Amount of burned biomass on land cover type j (tonne/yr) 

Efi,j = Emission factor of pollutant i from land cover type j (g/kg of dry matter) 

 

The amount of biomass burned each year from forest fires was calculated by 

multiplying the factors burned area, fraction of total area burned annually, dry matter 

density and burning efficiency as presented in Equation 2. Dry matter density ρi and 

forest burned area fraction fj values were taken from the FAO Forest Resource 

Assessment (FAO, 2003). 

 

 M j =A j × f j× ρj ×η j  (Eq.2) 

 

where: 

Aj = Area of land cover type j (ha) 

fj = Fraction of total area burned annually of land cover type j 

ρj = Dry matter density (tonne/ha) 

ηj = Burning efficiency (oxidized in the combustion) 

 

The emission factors of forest burning in a tropical forest environment were adapted 

from Andreae and Merlet (2013) and are provided in Table 1. The unit of emission 

factors (g/kg dry mass residue burning) was calculated by the division of the mass 

concentration of a pollutant (e.g. CO2) {g} and the dry mass residue before burning 

{kg}. This parameter is reliable to use for pyrogenic emission factors for pollutants in 

tropical forest areas. In the literature, most of available CO2 emission factors from 

biomass burning especially from forest fires are reported higher than 1,000 g/kg, e.g. 

Andreae et al. (2001), Chaiyo and Garivait (2014), Shrestha et al. (2013). In case of a 

complete combustion, the carbon released into the atmosphere would be equal to the 

carbon in the form of CO2. As forest fire is frequently an incomplete combustion, the 

carbon discharged in the form of CO2 represents more than 90% of the total carbon lose; 

CO emissions account for less than 5% of the total carbon release and minor 

carbonaceous compositions comprise of BC and OC (Chaiyo and Garivait, 2014). 

Consequently, the emission factor for CO2 is higher comparing to other emission 

factors. 
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Emission factors and other parameters i.e. dry matter density, burning efficiency for 

determining the biomass burned differ for each vegetation species, geographic location 

and environmental conditions. At global scale and national level, the estimation of 

emissions has been based on available guides such as the Intergovernmental Panel on 

Climate Change (IPCC) report 2006 for greenhouse gases emission inventory and 

research data or the approach proposed from Andreae and Merlet (2001). However, a 

country-specific value is needed to apply to Indonesia area for accurate data. In this 

study, we used primary data from Asian countries to estimate carbon emission. When 

the default parameters have been unavailable for Asia countries, the others parameters 

for a simlar climatic conditions and vegetation type have been the first choice (Junpen 

et al., 2013; Phairuang et al., 2017). 

 
Table 1. Pyrogenic emission factors for pollutants of interest for the tropical forest 

environment (adapted from Andreae and Merlet, 2013) 

Pollutant (abbreviation) Pollutant Tropical forest (g/kg) 

CO2 Carbon dioxide  1580  

CO Carbon monoxide  104 

PM10 Particulate matter less than 10 microns in diameter 6.5-10.5 

PM2.5 Particulate matter less than 2.5 microns in diameter 9.1 

OC Organic carbon 5.2 

BC Black carbon 0.66 

Results and discussion 

Burned areas enclosed in the MRP sites at Central Kalimantan, Indonesia were 

detected using a dual polarization TerraSAR-X image acquired in April 2010. Figure 2 

depicts the burned area as reported by the KFCP report (KFCP Vegetation Monitoring, 

2014) and as estimated from the SAR image classification followed in this paper. It is 

apparent that the spatial distribution of the binary classification results from the 

classification of the SAR image correspond closely to the results reported by the KFCP. 

We estimated that the cumulative burned area calculated from the SAR image 

processing algorithm accounts for 47.6113 km2 (4761.13 ha). The cumulative burned 

area reported from the reference map was 50.4128 km2 (5041.28 ha). It has to be noted 

that these two datasets refer to two consecutive years. Table 2 provides the accuracy 

assessment, with the reference data represented from the KFCP report (KFCP 

Vegetation Monitoring, 2014). The overall accuracy was 88.26%. The commission error 

for the burned area was 26.21%, which is attributed to the fact that several very small 

areas scattered around the image (salt and pepper effect) were classified as burned areas 

while they have been noise from the SAR image instead. A larger kernel in the speckle 

filter could have eliminated these pixels and reduce the commission error, however 

other artefacts would have been introduced in the image by selecting a kernel with a 

larger than 7 × 7 window size. The omission error was 33.80% and these are areas at the 

south-east side of the image and further away from the drainage canals; either the 
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classifier has underestimated the burned effect in this part of the image, either this was a 

direct consequence of the difference in date acquisition of the two data sets. 

 

 

Figure 2. Burned area map in the location of the MRP site Central Kalimantan, Indonesia: (a) 

burned area in 2009 by KFCP (KFCP Vegetation Monitoring, 2014); (b) burned area in 2010 

by TerraSAR-X satellite image HH/HV polarization 

 

 
Table 2. Confusion matrix illustrating the results of the estimation of the burned area based 

on the SAR data and using the KFCP as reference data (KFCP Vegetation Monitoring, 

2014). The numbers indicate number of pixels (and percentage for omission/commission 

errors and overall accuracy) 

 
Reference data 

Unaffected Burned area Total Commission error (%) 

S
A

R
 d

a
ta

 

Unaffected 22105909 2049716 24155625 8.48546 

Burned area 1425878 4014568 5440446 26.208844 

Total 23531787 6064284 29596071  

Commission error (%) 6.05937 33.799802   

Overall accuracy (%) 88.26    

Kappa 0.63    

 

 

The estimation of pollutant emissions from burned areas in the area of interest based 

on the SAR data classification results (Table 3) showed that the emission pollutants of 
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CO2 was 173,019.46 ton, CO (11,388.62 ton), PM10 (1,149.81 ton), PM2.5 (996.50), OC 

(569.43 ton) and BC (72.27 ton). These results indicate that CO2 has the highest annual 

carbon releases into the atmosphere in this study area while BC are estimated to the 

lowest value comparably (Table 3). 

 
Table 3. Emission pollutants estimated based on the identified burned areas from the SAR 

satellite image classification 

Pollutant Tropical burned forest (tons) 

CO2 173,019 

CO 11,388 

PM10 1,149 

PM2.5 996 

OC 569 

BC 72 

Conclusions 

In this paper the burned area of a tropical peatland area in Central Kalimantan, Indonesia 

was estimated based on a very high spatial resolution SAR satellite image and evaluate 

against field collected data reported from KFCP (KFCP Vegetation Monitoring, 2014). The 

two results agree spatially in regard to the distribution of burned areas. The burned area 

estimated from the SAR image was subsequently input in an equation developed to estimate 

pollution emittance. We found that the average annual carbon release from the area of study 

into the atmosphere is 173,019.46 ton CO2, 11,388.62 ton CO, 1,149.81 ton PM10, 996.50 ton 

PM2.5, 569.43 ton OC and 72.27 ton BC. The workflow presented, based on SAR satellite 

data, can be followed to map the burned area, estimate the cumulative land affected by fire 

and its corresponding biomass and quantitatively approximate the pollutants emission. The 

future research direction is a comparative analysis between SAR and other optical satellite 

images, such as Landsat and Sentinel-2, to improve the accuracy of the results. 
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