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Abstract  

Fire and biomass burning are unique disturbances on ecosystem processes and 

dynamics. They can  lead to the direct rele ase of ecosystem carbon that is  stored in 

large terrestrial pools (live vegetation, dead vegetation, litter, organic soil), which 

have deep implication to the ecosystem productivity and stability. At the same time, 

they can result i n elevated concentrations of trace gases (e.g., carbon monoxide, 

methane) and aerosol particles in the atmosphere, which have significant effects on 

global atmospheric chemistry and climate change in various regions of the world, 

and are causing serious air pollutions as well.  

Carbon emissions induced by biomass burning are commonly calculated as a 

product of burned area, fuel loads, and combustion completeness, integrated over the 

time and space scales of interest. With the help of the r ecently released satellite 

product s, and terrestrial biosphere model , this study developed a new high -

resolution and multi -year inventory of carbon emissions by  open biomass burning in 

Southeast Asia (SEA) during the period of 2001 -2010, and evaluated thei r global 

warming potentials. The high resolution emission grid showed its advantage in 

quantifying small sized fire emissions , which were frequently misinterpreted by the 

coarse grid data due to their smoothed large pixels.  

Using the recently developed MODerate resolution Imaging Spectroradiometer 

(MODIS) burned area  product s and the improved biosphere model integrating fire 

carbon processes at a spatial resolution of 5  km , our results showed that  burned 

areas were predominantly concentrated in Myanmar, north  Thailand, eastern  

Cambodia, and northern  Laos, with marked differences in Sumatra and Kalimantan 

of Indonesia , where peatland is extensively distributed. Through compari son among 

different burned area products, we found that the burned area datasets from 

MCD64A1, MCD45A1 and GFED3 (Global Fire Emission Database) showed 

consistent temporal variation from 2001 to 2010  with  average annual burned areas 

of 68104, 50933 and 61263 km 2 year -1, respectively. Fire carbon emissions estimated 

in the three simulat ions (BEAMS/MCD64A1, BEAMS/MCD45A1 -Peat and 
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BEAMS/GFED) by using the three burned area products exhibited similar spatial 

patterns with respect to the burned area s, with average annual fire carbon emissions 

of 232.6, 214.1 and 228.8 TgC, respectively . The best result among the three 

estimations was BEAMS/MCD45A1 -Peat, which was close to that obtained by 

GFED3 with 210.7 TgC. Aerosol Optical Depth  (AOD) values showed good 

consistency with both fire CE and Multivariate ENSO (El Niño Southern Oscillation)  

Inde x values from  2001 to 2010, likely because  of the deep peat soil burning under 

the influence of the El Niño phenomenon and Indian Ocean Dipole pattern in 

combination with anthropogenic disturbance through deforestation for palm oil 

plantation.  

Besides, by using the biomass density and spatio -temporal variable combustion 

factors  derived from the satellite observation data , our study also developed a new 

high -resolution and multi -year emissions inventory for open biomass burning on SO 2, 

NO x, CO, Non-Methane Volatile Organic Compounds  (NMVOC), NH 3, Black Carbon 

(BC), Organic Carbon ( OC), CH 4, CO2, and N 2O in SEA during the period of 2001 -

2010, and evaluated their global warming poten tials. The average annual biomass 

burning emissions were 261.8 Gg year -1 SO2, 1013.2 Gg year -1 NO x, 51838.2 Gg year -

1 CO, 3529.0 Gg year -1 NMVOV, 437.3  Gg year -1 NH 3, 302.0 Gg year -1 BC, 2278.0 Gg 

year -1 OC, 3525.6 Gg year -1 CH 4, 761948.6 Gg year -1 CO2, 96.0 Gg year -1 N2O, 

respectively. The result  showed that high emissions by biomass burning were mainly 

concentrated in Myanmar, Cambodia, and Indonesia, and were accounted for 

approximately 60% of the total biomass burning emissions. And forest burning 

emissions were found to be the dominant  contributor to the total emissions am ong 

all land types. In addition, we found that the biomass burning emissions exhibited 

similar trends from 2001 to 2010 with strong interannual and intraannual 

variability. Three high emission years were 2004, 2007, and 2010,  which  were 

attributed to the t hree peaks of corresponding burned areas in 2003 , 2007, and 2010, 

respectively.  The intraannual trend showed that biomass burning emissions in 

January -March were the highest all year around, with another small peak in Oct. 

The total net global warming pote ntial estimated from the SEA biomass burning 
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emissions during 2001 -2010 was around 792 (20 year horizon) and 775 (100 year 

horizon) Tg CO 2 equivalent, which contributed to 8.6% and 10.5% for both time 

horizons to the globe , respectively.  
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Chapter 1  

Introduction  

 

1.1 General introduction  

Fire and biomass burning are unique disturbances on ecosystem processes and 

dynamics (Carlson et al., 2012). They can lead to the direct release of ecosystem 

carbon that are stored in large terrestrial pools (live vegetation, dead vegetation, 

litter, organic soil), which have deep implication to the ecosystem productivity and 

stability. At the same time, they can result in elevated concentrations of trace gases  

(e.g., carbon monoxide, methane) and aerosol particles in the atmosphere, which 

have significant effects on global atmospheric chemistry and climate change in 

various regions of the world (Andreae and Merlet, 2001; Zhang et al., 20 13). 

Since the late 1970s, biomass burning has been known to be a major source of 

trace gases and aerosols pollutants in local, regional and global atmospheric 

environment (Seiler and Crutzen, 1980; Streets et al., 2003; Zhang et al., 2008). The 

emitted polluta nts from biomass burning, e.g., organic carbon (OC)  and black carbon 

(BC), may have significantly influenced the light absorption and altered the climate 

system (IPCC, 2011). The a ctive trace gases released from biomass burning, e.g., 

NO x and volatile orga nic compounds (VOCs),  can act as precursors of tropospheric 

ozone (O3) and secondary organic aerosols (Langmann et al., 2009), which can alter 

the atmospheric composition, deteriorate local or regional air quality , and then have 

significant impacts on  huma n health and the environment (Bo et al., 2008).  

Globally, biomass burning contributes today to about 50% of the total direct 

carbon monoxide (CO) emissions (Petron et al., 2004) and about 15% of surface NO x 

emissions (IPCC, 2001). During the period of 1997-2004, biomass burning resulted 

in approximately 2.5 PgC year -1 being emitted globally, and considerable interannual 

and intraannual variability were observed (van der Werf et al., 2006). During the 
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period 2000-2010, fires associated with deforestation  emitted approximately 1.0 PgC 

year -1 worldwide (Baccini et al., 2012). The recently most severe and devastating 

1997/98 El Niño event caused a total range of emissions at between 0.8 and 2.6  PgC 

(Page et al., 2002), which is equivalent to approximately 40 % of global fossil fuel 

emissions during that time (van der Werf et al., 2008).  

Many  efforts have been made during the past few decades worldwide to improve 

biomass burning emission estimates, such as conducting laboratory or fi eld 

measurements (Reid et al ., 2005; Akagi et al., 2011; Zhang et al., 2013) and 

employing  satellite remote sensing information to capture  fi re events (Duncan et al., 

2003). However, little progress has been made on biomass burning emissions in 

developing countries and regions due to  the poor coverage of fire products  (Yan et al., 

2006; Zhao et al., 2011). Meanwhile, b iomass burning estimates have much 

uncertainty due to the input data , primarily by new ly developed satellite information 

on burned area, improved biogeochemical models for  fuel loads  estimates , and time 

variable combustion factors and emission factors . 

1.2 Burned area data  

Biomass burning emissions are usually estimated by using the product of burned 

area, fuel loads, combustion factors and emission factors , integrated o ver the time 

and space scale of interest. Among all inputs , burned area is usually considered to 

be the most important and also uncertain parameter  because of the potentially high 

spatial and temporal variability at continental to global scales (Giglio et al., 2006). 

Burned area identification makes full use of  change detection techniques based on 

classification and threshold techniques that strongly depend  on the relationship 

between the actual signal and the change of features compared to the previous sce ne 

(Roy et al., 2002). Burn scars are captured  by identifying the areas that were 

previously related with active fires and have a spectral signature that corresponds 

with that of a burn scar (Chu et al., 2002 ; Joy, 2010). The satellite burned area 

products such as Global Burnt Area - 2000 (GBA2000) (Tansey et al., 2004), 

European  Space Agencyõs monthly Global Burn Scar satellite product (GLOBSCAR ) 
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(Simon et al., 2004)  and MODIS burned area product (Roy et al., 2002)  have been 

developed, which have been widely used due to their broad spatial and long -term 

temporal coverage.  

 
Fig. 1.1 Annual burned area (as percentage of the area of the grid cell), averaged over 

1997-2009. For November 2000 onwards it is for 90% based on mapped MODIS burned 

area using the direct broadcast algorithm, aggregated from the native 500 -meter 

resolution to 0. 5 degree. The remaining 10% and burned area for 1997 - October 2000 

are based on relations between active fires (ATSR, TRMM -VIRS, and MODIS) and 

mapped burned area for periods they overlap.  From Global Fire Emission Database 3 

(GFED3).  

The MODIS burned are a product integrates  a bi-directional reflectance model 

with inverted multi -temporal 500 m land surface reflection  observations, identifying 

the location  of a fire and approximate day of burning  (Justice et al ., 2002). Due to 

the failure in accounting  for the difference between old and new burns  from the 

spectrally similar unburned features  and burned features , MODIS burned area 

product  may overlook small and spatially fragmented fires or burns  with low 

combustion complete ness (Roy et al ., 2005). Besides, the exact day of burning cannot 

always be accurately reflected because of cloudy or missing data (Korontzi et al ., 

2004). The MODIS burned area has a spatial resolution of 500 m and monthly 

temporal resolution since 2001, and the day of burning and a temp oral uncertainty 

range of the burn date are recorded for every pixel (Fig. 1. 1). For the years 1998 -
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2008, global estimates of the total annual burned area ranged between 3 .3 and 4.3 

million km 2, with the maximum occurring in 1998  (Giglio et al., 2010) . 

1.3 Active fire products  

The active fire algorithm identifies thermal anomalies in separate pixels which 

indicate fires, as well as other high temperature sources, such as gas flares and 

power plants (Justice et al ., 2002). Fire detection is performed using a contextual 

algorithm that exploits the strong emission of mid -infrared radiation from fires  

(a) 

 

(b) 

 

Fig. 1.2 Global 10 -day fire maps generated using the MODIS fire locations to represent 

the current fire activity around the world. (a). 04/21/2013 - 04/30/2013; (b). 08/19/2013 - 

08/28/2013. From NASA Earth Data Global Fire Maps.  
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(Giglio et al., 2003 ) (Fig. 1.2) . The algorithm ultimately classified the whole image 

into 6 classes (missing data, cloud, water, non -fire, fire, or unknown ) after examin ing 

each pixel of the MODIS swath. Active fire detection algorithms are used to 

determine the location of hotspots using satellite data, emphasizing the practicality 

of using satellite remote sensing as a method to monitor bio mass burning over an 

extensive area (Roy et al ., 2005). Active fire data can provide us the fire location and 

counts, even though , it can not be directly converted into the amount of burn ed area 

and emissions released (Schultz, 2002; Korontzi et al ., 2004). As a crucial interim  

(a) 

 

 (b) 

 

 

Fig. 1.3 Fire count s (#/0.5o grid  year -1). (a). MODIS/Terra MOD14CMH  (2001-2008), (b). 

MODIS/Aqua MYD14CMH  (2003-2008). Data source: University of Maryland ftp server.  
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product , satellite observations are capable of detecting the location of a fire, but 

cannot provide information regarding the fire intensity, amount and type of biomass 

burned without additional data ( Joy, 2010) (Fig. 1.2) .  

The MODIS daily Level 3 fire product is tile -based, with each product file 

spanning one of the 460 MODIS tiles, of which 326 contain land pixels. The product 

is a 1-km gridded composite of fire pixels detected in each grid cell over each daily 

(24-hour) compositing period  (Roy, 2010). Validation of the product took place using 

data that has a reliable and known level of accuracy, such as other fire products, 

ground validation and a global sample of Advanced Spaceborne Thermal Emission 

and Reflection Radiometer (ASTER) data, due to its high resolution of fire detection 

(Justice et al., 2002). The Global 10 -day fire maps  from MODIS showed conspicuous 

spatial and temporal variations in fire activity across the globe. Of which, extensive 

fires can be found in Amazon, South of Africa, Siberia, Southeast Asia and Australia 

with strong se asonality (Fig. 1.2, 1.3). Currently, t here are a number of fire products 

available at the moment (Table 1.1). 

 

Table 1.1 A summary of active fire products . 

Product name Resolution Frequency Agency Products available at 

NOAA/AVHRR  1 km  
Global active fire day & 

10 day 
JRC http://www -gvm.jrc.it/tem/  

ERS-ATSR-AATSR 
1 km  

Global active fire day & 

10 day 
ESA 

http://shark1esrin.esa.it/io

nia/FIRE/AF/ATSR/  ENVISATAATSR  

TRMM -VIRS 
2.2 km  

+/-40º from Equator 

active fire day & night  NASA  

http://earthobservatory.nas

a.gov/Observatory/Datasets

/fires.trmm.html  0.5º Monthly  

GOES 

WF_ABBA  
1 km  

Western hemisphere 

active fire day & night  
CIMMS  

http://www.nrlmry.navy.mil

/flambe/  

MODIS-AQUA, 

TERRA 

500 m 

Lat lon  

Global active fire day  

and night  
MODIS team  

http://rapidfire.sci.gsfc.nas

a.gov/ 

MSG FIR 3 km  
MSG coverage 

Active day & night  
EUMETSAT  http://eumetsat.int  

Note: from Joy (2010). 
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1.4 Biomass burning emissions  

Biomass burning contributes a significant amount of trace gas and aerosols into 

the atmosphere. Presently , there are some biomass burning emissions database 

available, which combine satellite information on fire activity and vegetation 

productivity to estimate gridded monthly burned area and fire emissions, as well as 

scalars that can be used to calculate higher spatial and temporal resolution 

emissions of all trace gases.  

Ti ll now, t here have been many attempts  to estimate the emissions of trace gases 

and particle  matter s from fire  induced biomass burning . At the global scale, there 

are several bottom -up biomass burning emissions inventories. By using emission 

factors and estimated burned biomass from published literature , earlier studies 

estimated the total global emissions of a variety of trace  gaseous and particulate 

species in some specific year (Andreae and Merlet , 2001) and multi -years (1996-

2000) (Duncan et al. , 2003) with focus on spatial patterns and variations. More 

recently, Ito and Penner (2004) developed fire emissions inventory at a high spatial 

resolution of 1 km with monthly time step for the year 2000  by using the satellite 

burned area data . Hoelzemann et al. ( 2004) estimated monthly  biomass burning 

emissions of trace gases and particles for 2000  as well with  0.5° × 0.5° grid  globally , 

through employing  the Global Wildland Fire Emission Model (GWEM) , which was  

developed by using European Space Agencyõs monthly Global Burn Scar satellite 

product (GLOBSCAR) and results  from the Lund -Potsdam-Jena Dynamic Global 

Vegetati on Model (LPJ -DGVM). In addition, some other studies have evaluated the 

carbon monoxide (CO) emissions from biomass burning and other sources by usi ng 

observations from space and an inverse model (Arellano et al., 2006; Kopacz et al., 

2010; Wiedinmyer et al., 2011 ). 

The Global Fire Emissions Database version 3 (GFED 3, Randerson et al., 2005; 

van der Werf et al., 2004, 2006, 2010) is a widely  used global b iomass burning 

emissions dataset . GFED 3 includes 8 -day and monthly emissions  of selected trace 

gas and particulate emissions from burning  globally with spatial resolution of 0.5° 
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since 1997 till now  (van der Werf et al., 2006; Giglio et al., 2010;  van der Werf et al., 

2010) (Fig. 1.4). The available data source of GFED 3 is used by global atmospheric 

chemical  transport and climate modelers in efforts to understand the  chemical 

composition of the atmosphere  and the potential effects on climate change  (e.g., Magi 

et al., 2009; Nassar et al., 2009; Stavrakou et al.,  2009). Currentl y, there are many  

other  global inventories on biomass burning emissions available (e.g., MACCity, 

ACCMIP, RCPs, EDGARv4.2, PEGASOS_PBL, EDGARv3.2FT2000, RETRO, 

GFASv1.0, GFED3 , GFED2, GICC, AMMABB, GEIAv1, POET) , more specific 

information on the description of each inventory can be found at  the following 

website:  http://eccad.sedoo.fr/eccad_extract_interface/JSF/page_login.jsf . 

 

 
Fig. 1.4 Annual carbon emissions (as gC m -2 year -1) from GFED3,  averaged over 1997-

2009. These emissions estimates are build combining burned area data from above with 

a biogeochemical model (CASA -GFED) that estimates fuel loads and combustion 

completeness for each monthly time step. These fuel loa ds are based on satellite derived 

information on vegetation characteristics and productivity to estimate carbon input, and 

carbon outputs through heterotrophic respiration, herbivore, and fires.  
1.5 Research objectives 

Based on the above analysis, we reali zed that most inventories on biomass 

burning emissions have a coarse spatial resolution of 0.5 °. Since the overwhelming 

majority of fires in Southeast Asia are set by humans in very small plot scale with 
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the aim of perfecting their own lands or deforestati on for lands , e.g., crop residue 

burning. F ires at scales as large as 0.5° are rarely observed. And such coarse grid 

data with 0.5° usually misses the small sized fires in SEA and misinterprets the 

spatial variations in biomass burning emissions due to its  large smoothed pixels.  

Consequently, the data at a spatial resolution of 0.5° are not considered to be well 

suited to representing fire -induced biomass burning emissions at regional or 

continental scales. The combination of a varied topography and the non linearity 

inherent in ecophysiological processes can limit the ability of raster -based 

information to accurately capture or represent the spatiotemporal variations in fire 

occurrence and biomass burning in specific or small areas ( Randerson et al., 2012 ). 

Such limitations routinely lead to misunderstandings of spatial observations in 

biomass burning emissions and their interactions with climate systems and carbon 

cycles. Consequently, in order to accurately estimate the carbon budgets of 

terrestrial ecosyst ems in SEA, detailed examinations of the spatiotemporal 

variations in biomass burning emissions from fires at fine level of resolution are 

urgently required.  Therefore, a high resolution and multi -year emissions inventory 

for biomass burning in Southeast A sia terrestrial ecosystem during recently is more 

preferred, which will provide an overall assessment of the potential effects and the 

relevant information for formulation of appropriate mitigation measures for these 

Southeast Asian developing countries.  

The primary objective of this study were:  

(1). To quantitatively estimate the spatial variation and temporal dynamics of 

biomass burning emissions for the period 2001 -2010 at a fine spatial resolution to 

increase our understanding of the contribution of fir e-induced carbon emissions to 

the re gional carbon cycle and budget.  

We used MODIS burned area products and an improved Biosphere model 

integrating Eco -physiological And Mechanistic approaches using Satellite data 

(BEAMS) with fire carbon emissions process embedded to estimate carbon stocks 

and fire carbon emissions at a spatial resolution of 5  km in SEA between 90° and 

160° east, 30° north and 10° south. In addition, by using different burned area 
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products as model inputs, we also examined the effects of va rying burned area 

products on the fire carbon emissions across the entire SEA, both spatially and 

temporally, and evaluated the relationship between different burned areas and their 

corresponding fire carbon emissions . 

(2). To develop a high resolution bio mass burning emissions inventory cov ering 

all land types in Southeast Asia during the period of 2001 -2010, and evaluates the 

global warming potentials.  

We employed the newly released burned area product MCD64A1, satellite and 

observation data based biomass  density, and spatio -temporal variable combustion 

factors to estimate the biomass burning emissions at high spatial resolution of 1 km. 

Besides, we also evaluated the effects of all the trace gases emissions to the global 

warming potentials. The trace gase s emissions included carbon dioxide (CO 2), carbon 

monoxide (CO), methane (CH 4), Non-Methane Volatile Organic Compounds 

(NMVOC), black carbon (BC), organic carbon (OC), nitrogen oxides (NO x), ammonia 

(NH 3), nitrous oxide (N 2O), and sulfur dioxide (SO 2). 

1.6 Outline of the dissertation  

Chapter 1 introduces the significance of fire and biomass burning emissions on 

ecosystem productivity and atmospheric composition, and lists some products of 

burned area and active fires, biomass burning emissions inventories.  

Chapter 2 presents the peculiar physical and social characteristics of Southeast 

Asia, and reviews the confronted ecological problems and environmental issues that 

are related to fire and biomass burning emissions, and also elaborates the effects of 

biomass burning to trace gases, hazes, cloud and smokes, and evaluates their 

impacts on ecosystem productivity, atmospheric composition and air pollution.  

Chapter 3 gives a full description of the improved biosphere model integrating 

fire carbon emissions process with high spatial resolution to quantitatively evaluate 

the spatial variation and temporal dynamics of biomass burning emissions in 

Southeast Asia for the period 2001 -2010.  

Chapter 4 develops a new high spatial resolution and multi -year inventory of 
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biomass burning emissions covering all land types in Southeast Asia during 2001 -

2010, and evaluates the global warming potentials.   

Chapter 5 summarizes  the entire research with findings and conclusions. 

Suggestions for future research are given in broad perspectives of integrating remote 

sensing products and terrestrial biosphere model for  the connections with oceans, 

atmospheres, biosphere and geosphere . 
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Chapter 2  

Fundamentals of Southeast Asia  

 

The 2007 IPCC Report on Impacts, Adaptation and Vulnerability  lists Southeast 

Asia (SEA) as one of the most vulnerable regions of the world  to climate change 

(IPCC, 2007) . Over the last several decades, SEA experienced significant growth on 

economic and population, which enlarged the domestic and international demand for 

agricultural products such as palm oil, sugar, and rice, which lead to the fast 

deforestation and biomass burning. In addition, under the influence of Asian 

Monsoon and El Ni ño event, the frequency of extreme weather events of SEA 

increased dramatically (Reid et al., 2013). Given the SEAõs variability and 

complexity in geography, meteorology, and hydrolog y, establishing the quantitative 

linkages of terrestrial ecosystem produc tivity and climate systems become more 

complicated. The interactions between influential human factors and varying 

natural phenomena pose potential impacts on regional earth -climate systems, and 

therefore, made the SEA to be the one of the most vulnerable region.  

2.1 Southeast Asia geography  

For the different natural and human characteristics , SEA was divided into two 

distinct parts: 1) the Peninsular SEA , sometimes referred to as Asian continental 

SEA or Indochina, here we call it Northern SEA (NSEA) and 2) the insular SEA, also 

often referred to Equatorial SEA (ESEA). The domain of this review is presented in 

Fig. 2.1, including key physical, climatic, and biological features. The NSEA includes 

Myanmar, Thailand, Laos, Cambodia, Vietnam , South China , and North Philippines . 

And  ESEA includes Indonesia, Singapore, Brunei, South Philippines and Timor -

Leste and Papua New Guinea. The topographic geography of SEA is complex and 

variable, which includ es a series of high and tough mountain ranges and large areas 

of lowlands. An elevation map is provided in Fig. 2.1. The SEA possesses a series of  
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(f)     (g) 

 

Fig. 2.1 Maps of key physical features of Southeast Asi a (SEA) ranging from longitude 

90°-160°E and latitude 30 °N-10°S. (a) Elevation. (b) Annual mean precipitation (mm). 

(c) Annual mean temperature (K). (d) Mean radiation (W/m 2). (e) Land cover 

classifications. (f) Gridded Population of the World (GPW), v3. (g) Peatland distribution. 

All data sources were listed in Chapter 3.  

mountain at  the southeast corner of the Tibetan Plateau, separated by plateaus and 

river drainage basins  (Reid et al., 2013) . Population densities are one of the high est 

worldwide , with numerous mega cities in most SEA countries. The island of 

Indonesia Java a nd China Pearl River delta stand out as a massive population center. 

Low population density is found in Cambodia and Laos between Thailand and 

Vietnam (CIESIN, 2004). Land cover and land use are dynamic, with great numbers 

of conversions from forest to mosaic to agriculture and urban land users. Vegetation 

dynamics and l and use issues are critically important to climate change as a whole, 

and in regard to fire emissions.  

2.2 Biological geography  

The most northern part of ESEA typically witnesses some rain year -around, 

allowing  the humid tropical forests which prevail in the lowland vegetation (Fig. 2.1). 

The humid tropical part of SEA is considered to be one of the highest biodiversity of 

all regions across the world (Corlett, 2009). NSEA sees seasonal drought and rain 

under the influence of Asian Monsoon with dry period lasting from January to April 

annually. The major land type is the tropical broadleaf and needleleaf forests. In 

ESEA, the most distinctive feature is the broad distribut ion and vast extent of 

tropical peatlands with thickness up to 20  m, which are mainly distributed in the 




















































































































































































































