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ABSTRACT

Forest fires have become intense and more frequent in the last few decades all over the world. The
profound impacts forest fires have on atmospheric chemistry, biogeochemical cycling and ecosystem
structure have led to the need to understand their behaviour. Forest conditions, topography and weather
greatly influence forest fire behaviour and thus determine fire severity and consequently carbon emission.
The estimation of carbon emission from forest fires is crucial for improving our understanding of the
carbon cycle dynamics in order to develop strategies to curb the global warming-climate change problem.
Previous studies have shown that modelling forest fire behaviour can accurately give a good estimate of
catbon emissions. The concentration of forest fire emissions varies spatially from one fire event to
another as these emissions are a function of fire intensity, amount of biomass burned, and prevailing
weather conditions. Therefore, this study was aimed at modelling forest fire behaviour, and developing a
method to estimate carbon emission in the rugged terrain of Nepal using 3 fire events that occurred in
April 2008. A state of the art fire behaviour model, FARSITE was used to simulate fire behaviour in a
spatially and temporally explicit manner taking into account the fuel, topography and prevailing weather in
the Ludikhola watershed situated in the Gorkha district of Nepal. A WindNinja model was used to derive
local winds influenced by vegetation and topography in the area, for use in the FARSITE model so as to
test the effect of using spatially varying wind data in fire simulation. A combined approach involving a
FARSITE output parameter ze. fire line intensity and a carbon emission estimation model developed in
this research based on a Seiler and Crutzen (1980) was applied in this study to estimate fire induced
carbon emission. Fire line intensity was used to scale the fraction of biomass consumed during burning.
The simulations were validated with the real mapped fire scar. The simulations using both uniform and
spatially varying wind data, estimated the size of the real burned area with accuracies ranging between 78%
and 96% for the three fire events analysed. Although the use of spatially varying wind data resulted in
higher accuracies in approximating the real burned atrea, there was no significant difference in compatison
to simulations using uniform wind data which was largely attributed to the prevailing low wind speed. The
low density forests experienced high intensity fire whilst the high density forest had low intensity fires due
to the shielding effect of the canopy cover. Consequently, it was the low density forest that released the
highest amount of carbon into the atmosphere as compared to other cover types. The total amount of
carbon released from the 3 fires that occurred in April 2008 was 12 916 Mg C ze. 7% of the total
sequestered carbon. Generally, the average amount of carbon emission per hectare was 1 669Mg. This
research validated the use of the FARSITE model in the rugged terrain of Nepal, thereby indicating the
possibility of applying the model in the South Asia region. However, there is still a need to map the fuels
to produce realistic fuel models specific for the conditions in order to produce more accurate fire
simulations. Although, there is a need to validate the fire induced carbon emission estimation model
results produced, this study demonstrated the possibility of estimating carbon emission from forest fires
using GIS and Remote sensing techniques coupled with off-the-shelf fire behaviour models.

Key words- FARSITE, forest fire behaviour, WindNinja, aboveground biomass, carbon emission, remote
sensing and GIS




ACKNOWLEDGEMENTS

I humbly express my gratitude to the Almighty God for His grace and mercy; for providing the wisdom,
strength and power of endurance during this course.

I sincerely thank the Netherlands government for granting me the scholarship to study in Europe, thereby
making my MSc studies a dream come true.

I would like to express my sincere and deepest gratitude to my primary supervisor, Dr Yousif Hussin for
his support during the thesis period. Thank you for your guidance, the weekly meetings and the words of
encouragement when I felt discouraged; your support made this work possible. I would also like to extend
a special appreciation to Dr Michael Weir, my second supervisor for his patience, tolerance and devotion
towards my work. Thank you for taking time to read through all the thesis drafts I wrote, your helpful
comments and ideas made this work possible. I would also like to thank Louise van Leeuwen for her help
during proposal writing. My sincere appreciation goes to the entire I'TC staff for their assistance in diverse

ways.

The ICIMOD organization also made this work possible by providing the information and data required,
securing accommodation for us in the field and employing helpers to assist during field work. Special
mention goes to Hammad Gilani and Govinda Joshi for going not giving up on securing wind data for my
study. It was a stressing period but I thank you for your patience.

1 would also like to express my sincere gratitude to the ITC Zimbabwean community for the love and
friendship we shared, for the continual encouragement in times of distress and for providing a shoulder to
cry on when I was bereaved. You have been a great family to me.

Last but not least, my sincere and deepest gratitude goes to my family for their continual support.
Although we have been worlds apart, you have been close to my heart. To Promise, I wouldn’t have made
it without your love, thank you for your support.




TABLE OF CONTENTS

AADSTIACT vt et i
ACKNOWIEAZEMENLS ..ottt i
TSt OF FIGUIES oottt v
TLASE OF £ADIES ..ttt e vi
TSt OF EQUALIONS w..uvrerieieeicicict ettt vii
Abbreviations and ACTOMNYIMS ... Viii
1. INTRODUCGTION ......ooceireiiciicirieirieineeisesetsesessesessesessese e e sseseseesssesseseesssessesessesessesessesessesenns 1
1.1, Background INfOrmMAation ......cccueeiurecurecinicieeieciecieeeieeeseesesessesensesessesessesessesessesensesensesenscsenns 1
1.1.1. Fire in INePal...ccii s 2

1.2, Problem StAtEMENT. ..o 3
130 ODBJECHVES et 3
1.3.1. SPECIIC OBJECLVES ...uvuiiiiiiiiiiii e 3
1.3.2. ReESCALCH QUESTIONS..c..ceviceeiceiceieeiei et saens 3
1.3.3. ReSarCh MY POTIESIS. .....uveeiieiceiccici e saees 4

2. CONCEPTS AND DEFINITIONS........coooeteeeineintietnteteaeeseaestaesstaesseaesseaesseaessesesseaesseaees 5
2.1, Definition Of TerMS ..ottt 5
2.2, The Conceptual FLramewWorK.........ccocvimriiiriiiiiiriiiciecieee e seesessesesensesenans 5
2.3 COMCEPLS ettt 6
2.3.1. Forest fire behaviour MOAEIING ........ccvvueviiiiiiiniririciiiiic e 6
2.3.2. FARSITE fire spread model ... 7
2.3.3. Wind behaviour MOdEING .........c.vvcurieuriciriciricircreieee et eeaees 9
2.3.4. Developing a fuel MOdel. ... s 11
2.3.5. TGNItION POINLS oot 12

3. MATERIALS AND METHODS ..o 13
310 STUAY ALCA et 13
3.1.1. Study AL€a SELECHOMN...uvuiviiiieieicii e 13
3.1.2. Characteristics of the StUAY Ar€a ......ccccviiviiiiiiiiiiri s 13

320 MALEIIALS oottt 15
3.2.1. DIALA oo 15
3.2.2. SOLEWALES covieiiiiciice bbb 15

330 MELROMAS oottt st 16
3.3.1. Flow chart of the MEthod. ..ottt seeaes 16
3.3.2. Preparation of IPUt data.....c.cccuieciiciiciiciicie e 17
3.3.3. Fire spread simulation using the FARSITE model.........cccoooeiviiniinicininiiiciniciricnns 24
3.3.4. FARSITE model eValuation.....c.ccuecuieciiecirieirieirieirieiseee et seeseseesessesesseseseeans 24
3.3.5. Estimation of fire-induced carbon emiSSion .......c.occuveecuriciriciricirecircrcireeeeeeeeneeaes 25




4. RESULTS ...ttt ettt bttt sttt st es bbbt bbb sestb bt seaese bt et seaebebsentaeaes 29
4.1.  Preliminary Fieldwork Data ANalysis .......ccccvviiiniiniinininiiiiisisese e 29
4.1.1. Characteristics of the forest in the Ludikhola watershed.......ccceveiccuerrencccrenncccrennenee 29
4.1.2. Statistical analysis to illustrate field data diStribUtiON .....c.eveeueeeeveecreecreeciececiecieeeaene 29

4.2, Fotest Cover ClasSifICAION ..uiiueuririeeueiririiieieiriceeieistseseietee sttt seses ittt et seese et esseseaebesseneacaes 33
4.2.1. ACCULACT ASSESSINICIL evververircereerererieererseseeeieseesesteesessestaesessesessseseesestassessestassessenesssesessentacsoses 34

4.3.  FARSITE Fire Behaviout SIMUIAtion .......ccovveceerrerererernenicrenrenieereesererenseseaeseseeseseeesensessecne 34
4.3.1. TENIIONS POINLS .ottt b 34
4.3.2. The simulation of the Aptil 2008 fife EVENLS .....cccvvevriueurieirieiricireeireereeeeeeeeneeeneaes 36

4.4.  The Spatial Distribution of Fire INtensity......ccceeiureiureriiriiiricireeireeireeeeeeeeseeeieeseseesesensenenns 43
4.4.1. Spatial distribution of fire intensity for the 20 April 2008 fife......cceuveurirrirrievecicnnnne 43
4.4.2. Spatial distribution of fire intensity for the 26 April 2008 fife......ccvveurirrirrierecicnnnn. 44
4.4.3. Spatial distribution of fire intensity for the 28th April 2008 fire .......ccoceeveeeeireerirenennc. 45

4.5.  Modelling of Fire Induced Carbon EmiSSION ......c.cccuveeurecirecirecieeiieieecieeeieecneeeseescsensenenne 45
4.5.1. The carbon stock map of Ludikhola watershed ... 46

5. DISCUSSION ......coorieieiriieieiserertieneeresteeessesteeiessesessiesessesteesessestessessssestaesessentassessasestsesessestaesessestasses 50
5.1.  Characteristics of the Forest in the Ludikhola Watershed........ccovecerennecennnccrenenccrcnnenee. 50
52, Forest Cover ClasSIICAION .c.oveeuereireiiererririeeiereineseierenseeeesessestseseneesesteesessesesssessasesesesessensecsessences 50
5.3.  FARSITE Fire Behaviout SIMUIAtION .c.ceeeeeveueieieieieieieieieieieieieieieieeieieereieieiere e sesesenenene 51
5.3.1. TENItION POINLS c.vvieiiiiii e 51
5.3.2. FARSITE fire simulations and validation with a real fire scat map .....cccecoeevcueereueencnece. 52

5.4.  Spatial Distribution of Fire INtensity ... 56
54.1. Spatial distribution of fire intensity for the 20 April 2008 fire......cceveveeurirrirviecicicnnnne 56
5.4.2. Spatial distribution of fire intensity for the 26 April 2008 fire......ccoceveueeceeecreercrennennn. 56
5.4.3. Spatial distribution of fire intensity for the 28 April 2008 fire......cevevveuvirrirvivcecicnnne 57

5.5.  Developing a Method to Estimate Fire Induced Carbon Emission........cccccvcviviivicicuncnnee 57
5.5.1. Carbon stock distribution in the Ludikhola watershed .......cooeceerericrcnneccrennicrennenee 57
5.5.2. Estimation of fire induced carbon emiSSION ....c.ceuvereeeererreneeeieineneceerersineeetseneeeeresseneeenes 58

5.6. Limitations Of the StUAY ...ccccerriieririierericeete ettt senseaeas 59

6. Conclusions and recommendations...........c.cooceeueeiicreininiiereiniieeneeesesseeeeseeseseesensesaenes 61
0.1, CONCIUSIONS .ttt ettt a bbb bbb bbb bbb bbb bbb bbb sesesesenenenenene 61
0.2.  RCCOMMENAALONS c.euvvrririecieiririeeietetrercieietsteeeietetses bt seseae et sesesebe et seseae bt sestaebetsaesesesessenesesessenees 62
6.2.1. Forest fire behaviour MOdelling .........coouiuiiiiviiiriiiniiiiiise e 62
6.2.2. Estimation of fire induced carbon emiSSION ......c.ceuveeeererreicrerrirecererriieereneeerenseeaenes 63

TLIST OF £EECTEIICES wvvviueueereiriereiete ettt ettt bkttt bkttt bbbttt b ettt b et ebneneaeaetes 64




LIST OF FIGURES

Figure 2-1: Conceptual diagram of the research approach ...........cccoeeerrs s 6
Figure 2-2: Fire perimeter simulation (the background is @ fuel Map)........cccccciriieiicci s 9
Figure 2-3 : Gridded wind data 0n @ DEM............cccccieiiiiiiiciccs ettt bbbt tnn
Figure 3-1: The Ludikhola watershed location map

Figure 3-2 : Mean Monthly Temperature (°C) at Ludikhola Watershed ... 14
Figure 3-3: Mean Monthly Humidity at Ludikhola Watershed ... 14
Figure 3-4: Rainfall trend from 1978-2006 at Ludikhola watershed (Source: Lamichhane et al., 2009) ..........ccocoenerieneninnn. 14
Figure 3-5: Flow chart of the methods applied in this STUAY ..........ccoecuiiiieice s 16
Figure 3-6: Flow chart illustrating biomass and carbon stock eStimation ............cccceererrierncnin s 19
Figure 3-7: Photographs taken in the study area and used in fuel model SEIECHON............ccccvcveeiiiericccir s 21
Figure 3-8: Accuracy asseSSMENE PrOCEAUIE.........ccucviiiiiieeceeeetete ettt bbbttt a e s e s et et bbb s s s n s r s 25
Figure 3-9: Flow chart of the method of deriving the Ludikhola watershed carbon map...........coccenvninennenicenne 27
Figure 4-1: Number of trees occurring per plot in the community fOrest ...........cccociiiieiiiciccci s 29
Figure 4-2: Number of trees occurring per plot in the government and community fOrest ... 30
Figure 4-3: Occurrence of tree species type per plot in the community fOrest.........ccoevrirernirirrer s 30
Figure 4-4: Occurrence of tree species type per plot in the government forest ... s 30
Figure 4-5: Canopy cover percentage in the cCommUNIty fOTESE.........ccvvierrrriee e 31
Figure 4-6: Canopy cover percentage in the government and community forest...........ccccoeiviiiniiiceiecin e 3
Figure 4-7: Average biomass distribution in the government fOrest ............coocceiciciieiiescce s 32
Figure 4-8: Average biomass distribution in the government and community forest...........occoverinriernreinnie e 32
Figure 4-9: Average carbon stock distribution PEr COVEI tYPE ......cuiueuriiiiieccce e

Figure 4-10: Forest cover types in Ludikhola watershed, Gorkha
Figure 4-11: Distance of ignition points to roads and settlements

Figure 4-12: Ignition points occurrence in relation to slope and distance from agricultural areas............cccovveerccnircnnenens 35
Figure 4-13: Ignition points occurrence in relation to aspect and elevation ..., 36
Figure 4-14: Simulation of fire perimeter using uniform wind data and gridded wind data............c.ocoeveenenncinnicceene 37
Figure 4-15: Rate of fire spread using uniform and gridded wind data ... 37
Figure 4-16: Simulation of fire perimeter using uniform wind data and gridded wind data...........c.cccoovenirnnircnisenne 39
Figure 4-17: The rate of fire spread using spatially uniform and gridded wind data............cccooeenrienncinniececcees 39
Figure 4-18: Simulation of fire perimeter using uniform wind data and gridded wind data...........cccccovvinrnnsenrene 40
Figure 4-19: The rate of fire spread using spatially uniform and gridded wind data............cccovevnrierneeinice s 41
Figure 4-20: Fire line intensity distribution of the 20t April fire INCIAENT ...........ceiiere s 43
Figure 4-21: Fire line intensity distribution map of the 261 April fire INCIAENt ..........cccvveeriercce s 44
Figure 4-22: Fire line intensity distribution map of the 280 April fire INCIdeNt ............coeeriirie s 45
Figure 4-23: Carbon stock map of Ludikhola WaterShed ... 47
Figure 4-24: The spatial distribution of carbon released by the 201 APFil fire .........cevveerierrcrr s 48
Figure 4-25: The spatial distribution of carbon released by the 26 April fire ..o 48
Figure 4-26: The spatial distribution of carbon released by the 280 APFil fire ...........ccovirinninnee e 49




LIST OF TABLES

Table 2-1: DEfiNIION OF tEIMS ....c.oviceere ettt e st s et e et nnesennis 5
Table 3-1: The list of data USEd iN the STUAY.......cc.ceiiieiiiece bbb e

Table 3-2: Parameters used for the object oriented classification of the Geo-Eye image
Table 3-3: Functions of the inputs used in the FARSITE fire spread model..........c.overrrnierneeresreeesce e
Table 3-4: Description of the standard fuel model used in the SIMUIALION ...........ccccoieiicciicee e
Table 3-5: Fuel map reclassification CAtBOTIES ..ot
Table 3-6: Average Canopy COVET % PEI COVET TYPE .. ..cuvurueurieererereeeereseeeereetetsesseseseseesssess s sesessesessssesessssesesessssessssnsesssesesasnns
Table 3-7: Weather conditions during the fire @VENES ..........cccviueiieice bbb
Table 3-8: Fire @VENES AUIATION........cuiieeceeisi ettt ee et s et nenes s
Table 4-1: Characteristics of the community and government forest ...
Table 4-2: Summary of carbon STOCK PEF COVET TYPE ......cvuivevicieiiecie ittt bbb
Table 4-3: Area of the forest cover types in Ludikhola Watershed ..o s
Table 4-4: Summary of the accuracy assessment of the Classification ..............ccccevieiiciniiesce e
Table 4-5: Accuracy assessment of the fire simulation
Table 4-6: Accuracy assessment of the fire simulation
Table 4-7: Accuracy assessment of the fire simulation

Table 4-8: The summary of the proportions of the 0bSEIVEd fire SCAr...........cevvrrrirrrrrr e
Table 4-9: The summary of the ANOVALESE .........ccviieics ettt
Table 4-10: Cross analysis of the fire intensity and forest COVEr Map ..........cccuvviueiiciiiccin e
Table 4-11: Cross analysis of the fire intensity and fOrest COVEr Map ........ovceverrrirrcer e
Table 4-12: Cross analysis of the fire intensity and forest COVEr Map ........c.cccuvicveiiciicce e
Table 4-13: Summary of the regreSSioN ANAIYSIS. .........crveeriuriiriiiirree bbb s 46
Table 4-15: Total amount of carbon emitted per cover type in April 2008 fireS ........ceuiierririererreer e 49
Table 5-1: Summary of the 20t April fire SCar SIMUIALION ..........cccovierieeree et 52
Table 5-2: Summary of the 26 April fire SCar SIMUIALION ...........coiiir e 54
Table 5-3: Summary of the 28t April fire SCar SIMUIALION ...........coiee e 55
Table 6-1: Summary of the aCCUrACY ASSESSMENE.........c.vvuiurirreriiriereirere ettt 61

Vi



LIST OF EQUATIONS

Equation 1: Rothermel's surface fire Spread qUALION ...........c.ccuiuiieeeii et 8
Equation 2: Byram’s fire line intensity equation

Equation 3: Sal forests allometric equation................

Equation 4: Tropical moist hardwood species’ allometric €qUALION .............cccceeiiiriccececcce e 19
Equation 5: Seiler and Crutzen (1980) carbon emission estimation @qUatioN..............cccevieviiviceiieisceie s 26
Equation 6: Kasischke et al., (2005) carbon emission estimation @qUALION ............cccorriercnnieeseee s 26
Equation 7: The new carbon emission estimation QUALION ............cc.cceiiiiiiiieceee e 28
Equation 8: The new carbon emission estimation EQUALION ............cccvriiiiiiceees e 46

vii



ABBREVIATIONS AND ACRONYMS

ANSAB - Asia Network for Sustainable Agriculture and Bio-resources
CO:z - carbon dioxide

CFUG - Community Forest User Group

EPA - Environmental Protection Agency

FAO - Food Agricultural Organization of the United Nations
FECOFUN - Federation of Community Forestry Users Nepal

GHG - Greenhouse gas

GtC - Gigatonnes of carbon

ICIMOD - International Centre for Integrated Mountain Development
IFEN - International Forest Fire News

IPCC - Intergovernmental Panel on Climate Change

Mg - Mega grams

REDD - Reduced Emission from Deforestation and Degradation
UNFCC - United Nations Framework Convention on Climate Change

viii



MODELLING FOREST FIRE BEHAVIOUR AND CARBON EMISSION IN THE LUDIKHOLA WATERSHED, GORKHA DISTRICT, NEPAL

1. INTRODUCTION

11. Background Information

A fire is a chemical reaction that requires oxygen, heat and fuel. These factors form what is generally
known as the fire fundamentals triangle. The presence of appropriate fuel, enough oxygen and adequate
heat, results in the ignition and burning of a fire (Pyne ¢z a/., 1996). Absence of one of these factors causes
the fire to stop burning. One of the important aspects of wildfires is their behaviour. Fire behaviour is
defined as the magnitude, direction and intensity of a fire spread which depends largely on the interaction
of environmental conditions, namely vegetation (fuel), topography and weather (Salis, 2008). The
understanding of fire behaviour is important for the success of fire suppression activities and the
determination of effective fire prevention measures (Mbow e7 al., 2004).

Forest fires are vital for the survival of forest ecosystems as they recycle nutrients, regulate the density and
composition of young trees, and also create and shape wildlife habitat (Noss ez /., 2006). However, they
also can be destructive to vegetation, human life and infrastructure. For example, there were wildfire
outbreaks in Russia that began in July 2010 after an intense heat wave, destroyed approximately 900,000
hectares of land and left more than 2,000 people homeless (DPA, 2010). Forest fires, due to their
frequency of occurrence and the magnitude of its effects on the environment, health, economy and
security, they have increasingly become a major subject of concern for decision makers, fire-fighters,
researchers, and citizens in general (Miranda ¢f a/., 2009). One of the major consequences of forest fires is
the atmospheric emission of various environmentally significant gases and solid particulates that
contribute to local, regional, and global phenomena in the biosphere. Smoke pollution due to forest fire
events is an important public health issue to the local community, whilst the emission of greenhouses such
as COz is an important environmental issue to the local, regional and global community. These and other
various effects of fire have led to the modelling efforts by fire scientists in order to understand the
behaviour of fire propagation in various land cover types (Mbow ¢ al., 2004).

Forests play a substantial role in the carbon cycle as they act as a major reservoir of global terrestrial
carbon (Gibbs ez al., 2007). A report by FAO (2007), states that terrestrial ecosystems currently hold 2,200
GtC, with about 1,200 GtC of this carbon residing in forests. Several studies have revealed that the net
carbon uptake by forests accounts for more than 18-25% of the global terrestrial carbon (Choi and Chang,
20006; Chambers ¢z al., 2007; Gibbs ez al., 2007; Olander ez al., 2008). Even though forests are recognized as
large sinks for carbon, when subject to fire they release large amounts of carbon into the atmosphere
instantly. It is estimated that, globally, total gas emissions from forest fires is about 4.5 Pg C year-!, which
represents more than half the total emissions due to fossil fuel combustion (IPCC, 2007). Thus, it is
evident that forests play a key role in stabilizing the atmospheric concentration of greenhouse gases.

Greenhouse gases (GHGs) are the gases that trap and re-radiate heat (infrared radiation) in the
atmosphere, in a process known as the greenhouse effect (EPA, 2010). These gases include carbon dioxide
(CO»), methane (CH4) and water vapour (H20O). They occur naturally and serve the purpose of warming
the earth. However, anthropogenic activities have resulted in the emission of large additional amounts of
these gases into the atmosphere. COa, which results from burning fossil fuels and forest fires, is one of the
major contributors to the greenhouse effect and subsequently to global warming. According to UNEP
(2007), the concentration of CO. has increased considerably over recent decades due to fossil fuel




combustion, industrial processes, waste water treatment and deforestation. Several studies revealed that
COz concentration has increased from 278ppm in the pre-industrial era (AD 1000-1750) to 379ppm in
2005 at an average of 1.9ppm per year (IPCC, 2007; UNEP, 2007). The greenhouse effect of CO; in the
atmosphere poses a risk of increase in atmospheric temperature and, subsequently, global warming. This
process has a great influence on climate change. This is one of the most pressing problems that the earth
is presently facing.

The concentration of forest fire emissions varies spatially from one fire event to another as these
emissions are a function of fire intensity, amount of biomass burned, and prevailing weather conditions.
A large component of smoke from forest fires is CO». According to Zhanqing ef al., (2005), a complete
and accurate accounting of forest fire induced carbon dioxide emissions is important because CO»
contributes to climate change. Dwomoh (2009) supports this idea, by stating that, “accurate estimation of
carbon emission from forest fires is crucial for improving our understanding of the climate-carbon cycle
interaction”.

Previous studies on carbon emission from forest fires were made using ground-based fire data sets. These
relied on average burned area, average biomass levels and estimates of fractions of biomass consumed
during fire (Kasischke ez a/, 2005). However, depending on weather conditions and topography of the
area, wildfires burn various types of fuel. Furthermore, these fuels burn differently with different
intensities. This results in large spatial and temporal variations in burnt fuel which are directly related to
carbon emission. Therefore, remote sensing is important as it can provide spatial and temporal fire
information to improve fire emission estimations because it provides data on burnt area, snapshots of fire
dynamics and spatial heterogeneity (Qu ez al., 20006). Spatially explicit fire behaviour simulation models that
can be incorporated in GIS environment have been developed which allow the prediction of fire spread
and intensity across landscapes (Finney, 2004). Knowledge of fire intensity on various forest cover types
enables the determination of biomass consumed during a fire and, subsequently, the CO» emissions.

1.1.1. Fire in Nepal

In Nepal, forests cover 39% of the total land area of the country; however this area is estimated to be
decreasing at an annual rate of 1.7% (Goldammer, 2000). According to Acharya and Dangi (2009), the rate
of forest degradation (8%) is higher than that of deforestation (1.6%). In Nepal, there are five major
climatic regions classified based on altitude namely, the Terai, Siwaliks, middle mountains, high mountain
and high Himalayas. Forest fires occur annually in these regions, during the dry season from February to
May. The tropical and sub-tropical hilly forests in the Terai and Middle mountain region are subject to
frequent wildfires as well as human induced fire, thus significantly contributing to forest degradation. It is
estimated that more than 400,000 ha of forest area in Nepal are burnt annually IFFN, 2006). However,
the government has limited initiatives on the prevention and control of forest fire. According to a report
by NBS (2002), there is no systematic and complete record of the occurrence of forest fires and affected
areas in Nepal.

Currently, ICIMOD in conjunction with ANSAB and FECOFUN are conducting a pilot project to design
and set up a governance and payment system for Nepal’s community forest management under REDD.
The REDD concept is a proposal to provide financial incentives to help developing countries voluntarily
reduce national deforestation and forest degradation rates and the associated carbon emissions (Gibbs ez
al., 2007). These emission reductions serve to combat climate change, conserve biodiversity and protect
other ecosystem goods and services. Therefore, this research will provide essential information to the
ICIMOD project which contributes towards the development of REDD strategies that can effectively and
efficiently monitor carbon flux in the community managed forests of Nepal. This will subsequently assist
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the nation in fulfilling its mandate to quantify gaseous emissions as stated by the UNFCC and the Kyoto
Protocol.

1.2. Problem Statement

In developing countries forest fire science is poorly developed (Tacconi ¢7 al., 2007). There is still a lack of
understanding of the fire phenomenon, its impacts and what should be done to address these problems.
There are no comprehensive data on different dimensions of fire, such as fire behaviour, area burned, loss
of ecological and economic values and regeneration status. In addition, the contribution of forest fires to
carbon emissions has not been included in the national inventories of greenhouse gas emissions of most
developing countries (Fearnside, 2009). In the case of Nepal, until now no studies on fire behaviour and
carbon emission thereof, from forest fires have been conducted. A study done by IFFN (2006) revealed
that the number of forest fire occurrences in Nepal was increasing in relation to increased dryness in the
forest, and the middle hills region was identified as one of the areas where forest fires are the major driver
of forest degradation. Therefore, this research addresses these problems by modelling forest fire
behaviour and developing a method to estimate the amount of carbon emitted from these forest fires.

Previous research has shown that accurately modelling forest fire behaviour can give a good estimation of
carbon emission (de Groot ¢f al., 2006) hence a state of the art fire behaviour model was used, which takes
into account various types of fuels, topography and weather. In this research, the FARSITE fire behaviour
model (Finney, 1998), was used to simulate past fires, their intensity and rate of spread, under known
prevailing weather conditions. Development of a method that can accurately estimate fire induced carbon
emission requires locally applicable tree biomass maps. Therefore, a local biomass map derived from a
high resolution image (Geo-Eyes MSS) was used along with fire line intensity maps produced from the
FARSITE fire behaviour model to develop a method to model and map the amount of carbon emitted.

In fire modelling, it is vital to have accurate information about the fuel status (Arroyo ef al., 2008). In this
research, an appropriate fuel model was selected from previously developed standard fuel models
(Anderson, 1982; Scot and Burgan, 2005) based on observed vegetation characteristics. In cases where the
vegetation characteristics do not match well with the standard fuel models, a custom fuel model can be
developed through the adjustment of fuel parameters as observed in the field.

1.3. Objectives

The aim of this research is to model forest fire behaviour and subsequently, develop a method to model
and map carbon emission from forest fires in the tropical forest of Ludikhola watershed, Gorkha, Nepal.

1.3.1. Specific objectives

e To simulate forest fire spread and evaluate the effect of using uniform wind data and spatially
varying wind data in explaining fire spread.

e To validate FARSITE simulated burnt areas with a real burn scar map.

e To evaluate the distribution fire intensity in different forest cover types in April 2008 (under
known weather conditions), in the study area.

e To model and map carbon emitted from different forest cover types in the April 2008 fires, in the
study area.

1.3.2. Research questions

1. Does the use of spatially varying wind data provide a significantly better approximation of the
simulated fitre scars than the use of uniform wind data?
2. How accurate is the FARSITE fire spread model in simulating the burnt area?




3. How is the fire line intensity distributed within the simulated fire scar?
4. How much carbon was emitted from different forest cover types during the April 2008 fires in
the study area? What is the overall amount of carbon emitted from the April 2008 forest fires?

1.3.3. Research hypothesis
e The use of spatially varying wind data significantly explains fire spread more accurately than the

use of uniform wind data.
e The FARSITE fire spread model approximates the observed fire scar by more than 75%.

To address these objectives and answer the research questions, a FARSITE fire spread model (Finney,
1998) was used to model forest fire behaviour in the Ludikhola watershed. An equation developed by
Seiler and Crutzen (1980), was used as a base to develop a method to model and map carbon released

from these forest fires.
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2.

2.1.

CONCEPTS AND DEFINITIONS

Definition of Terms

A number of new terms that were not discussed in detail were introduced in Chapter 1. Therefore, Table

2.1 serves to provide the definitions of terms that are used in this research.

Table 2-1: Definition of terms

Term

Definition

Canyon

a deep valley with steep sides

Dead fuel moisture of
extinction (%)

The amount of fuel moisture in dead fuel above which fire spread is not
possible.

Fuel

Combustible material which includes, vegetation, such as grass, leaves, ground
litter, plants, shrubs and trees that feed a fire.

Fuel bed depth (cm)

The depth of the surface fuel. The calculation of fire spread by the Rothermel’s
model is highly sensitive to the changes in fuel bed depth.

Fuel loading (tons/ ha)

The total amount of live and dead fuel. The higher the fuel load the higher the
amount of heat produced during a fire. The fuel load and depth determine fire
ignition, rate of spread and intensity.

Fuel Heat Content | The amount of heat energy contained within a unit of fuels. In standard fuel
(k] /kg) models the heat content is 18.622k] /kg.

Fire line intensity | Heat energy released per unit time.

(kWmin)

Flame length The distance between the flame tip and the midpoint of the flame depth at the

base of the flame (generally at the ground surface).

Flaming front

The zone of a moving fire where the combustion is primarily flaming. Also
called a fire front.

Gridded wind

Spatially varying wind data influenced by local terrain and vegetation.

Rate of fire spread (m
mint)

Speed at which fire travels through the fuel.

Source: (Anderson, 1982; Rothermel, 1983; Andrews, 2009; Scott and Burgan, 2005)

2.2

The Conceptual Framework

The research focused on the modelling of forest fire behaviour and the subsequent emission of

atmospheric CO: from these forest fires, which is a greenhouse gas that contributes to the global warming

phenomenon. Particular attention was given to factors such as fuel, topography and weather that influence

forest fire behaviour and, subsequently, carbon emission. The study followed the approach illustrated in

the conceptual diagram in Figure 2.1.
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Figure 2-1: Conceptual diagram of the research approach

2.3. Concepts

2.3.1. Forest fire behaviour modelling

Fire behaviour refers to the manner in which a fuel ignites, flames develop and heat and fire spread. This
behaviour is influenced by fuel, topography and weather prevalent at a particular site. Fire models have
been developed to predict fire behaviour and quantify the rate of spread of fire. Arroyo ez al., (2008)
defined fire models as mathematical relationships that describe the potential characteristics of a fire. Most
fire models are based on Rothermel’s fire propagation model (Rothermel, 1972), which simulates fire
spread. These models predict fire behaviour using fuel load, topographical information and weather
variables (Forghani ez al., 2007). They calculate numerical values for fire variables such as fire line intensity,
rate of spread, ignition risk and flame height (Stratton, 2004). Modelling is a favoured option for
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characterizing forest fire dynamics over large spatial and temporal scales as it is cost effective and non-
destructive (Ryu e# al., 2007).

Several fire behaviour models exist but these vary in their complexity and computational cost. Some are
built on semi empirical formulations (e.g. BEHAVE and FARSITE), whilst others are built on physics
based algorithms. Previous research by Stratton (2004) revealed that semi-empirical models have great
applicability in forest management, while physics based models are important for studying fire behaviour.
FARSITE (Finney, 1998) and Behave Plus (Andrews et a/, 2005) are fire models that link multiple
empirical and deterministic models to predict fire growth and behaviour (Ryu e /., 2007). The use of
FARSITE in research and forest management has increased over recent years because of its ability to
predict fire spread and behaviour across landscapes by allowing the incorporation of various spatial data
(Finney, 1998). An important factor in accurately predicting spatial fire behaviour using FARSITE is the
quality of the input spatial data layers. These must be accurately and consistently derived in the study area
(Finney et al., 2009).

Fire behaviour modelling is based on two approaches namely, vector and cellular automata models. Vector
models are based on the assumption that a fire that burns in an undefined uniform fuel type spreads
according to a well-defined growth law and results in a standard geometrical shape such as an ellipse
(Berjak and Hearn, 2001). Most fires do not burn under constant conditions and so, more complex vector
models use wave propagation techniques based on the Huygens ’* Principle. This principle states that, “ a
wave can be propagated from points on its outer edge that serve as independent sources of smaller
ignitions, to solve for the position of the fire front at specified times” (Betjak and Hearn, 2001). These
wave type models e.g. FARSITE (Finney, 1998) and FIRE! (Green ef al, 1995) are computationally
intensive.

Cellular automata models were first introduced by Von Neumann (1966). They are mathematical models
in which space and time are discontinuous, and the state variables can only take on values from a finite set
(Bodrozic ¢t al., 2006). They simulate fire growth as a discrete process of ignitions across a regularly spaced
landscape grid of cells, with each cell representing a fixed surface area and having attributes corresponding
to environmental features such as topography and vegetation cover. They make use of fixed distances
between regularly spaced grid cells to solve for the fire arrival time from one cell to the next (Green ef al,
1995). The main advantages of using cellular automata models are the ease with which GIS and other
spatial data can be used, and also that they requires less computational effort (Berjak and Hearn, 2001).

Fire behaviour models such as BEHAVE (Andrews and Queen, 2001), BehavePlus (Andrews e# a/., 2007),
FlamMap (Stratton, 2004) and FARSITE (Finney, 1998) have been developed for fire behaviour
prediction. BehavePlus and BEHAVE are point based models which do not consider spatial variation in a
landscape, whilst the FlamMap simulation varies spatially but not temporally. The FlamMap model
calculates fire behaviour characteristics at one instant (Stratton, 2004), and this does not reflect reality
since fire is a continuous process. The FARSITE fire spread model simulations vary spatially and
temporally, and thus represents reality better than the other fire models. Therefore, based on this fact the
FARSITE model was selected for this research hence there was no need to conduct model comparison
analysis as the FARSITE model is the only current model capable of simulating fire spread considering the
spatial and temporal variations.

2.3.2. FARSITE fire spread model

FARSITE is a biophysical, deterministic, two-dimensional model that spatially and temporally simulates
the spread and behaviour of fire under heterogeneous conditions (Finney ef a/, 2009; Stratton, 2004). It




incorporates existing fire behaviour models of surface fire spread, crown fire spread and fuel moisture.
The model is used for the simulation of past fires, active fires and potential fires under different terrain,
fuels and weather conditions. FARSITE computes fire intensities and spread rates for numerous points
across the landscape using the fire behaviour algorithms of Albini (1976), Rothermel (1972), and
Rothermel (1991). Thus, FARSITE provides a better reproduction of 2-dimensional fire growth pattern
and a better response to wind speed and wind direction shift, and also fuel moisture change (Ryu ez 4/,
2007). The surface fire spread model used in FARSITE was built on Rothermel’s spread equation
(Rothermel, 1972). It computes the steady-state fire spread rate in a plane parallel with the ground surface
at every vertex. Equation 1 illustrates Rothermel’s fire spread equation. This equation indicates that the
“propagation of fire through biomass is dependent on the amount of heat that is transferred to adjacent
fuel which is not yet ignited” (Rothermel, 1972).

Equation 1: Rothermel’s surface fire spread equation

_ IRE(1 + by, + &)
PpLEQIg

0

Where,

R = heading fire steady state spread rate (m min-1)
IR = reaction intensity (k] min-! /m-2)

€ = the propagating flux ratio, dimensionless

pp= oven dry bulk density, kg m=3

€ = effective heating number, dimensionless

Qig = heat of pre-ignition, kJ kg

by = wind coefficient, dimensionless

s = slope coefficient, dimensionless

Frontal fire characteristics, such as spread rate, fire intensity, for steady state fire are influenced by
prevailing environmental conditions such as wind speed and direction, fuel characteristics and topographic
slope and aspect. Byram 1959, defined fire line intensity as the rate of energy released per unit length of
the fire front. It is calculated using Equation 2.

Equation 2: Byram’s fire line intensity equation

I_hwR
60

Where, h = heat yield of the fuel (k] kg!), w = weight of the fuel per unit area burned in the flaming front
(kg m-2), and R/60 = fire spread rate converted to units of (m s!). An accurate knowledge of the spatial
distribution of fuels is critical when analysing, modelling and predicting fire behaviour. This allows for
accurate estimation of the rate of spread and the intensity of a fire. Fire intensity is used to derive the
combustion efficiency of a fire, which is an important factor in determining the amount of carbon
emission. Kasischke ez 4/, (2005) identified fire intensity as a key parameter that ensures reliability of the
quantification of carbon emissions. It varies from one fire event to another as it is influenced by forest
moisture, forest types and fire type (crown or ground). Figure 2.2 presents an example of a FARSITE fire
simulation output illustrating the perimeter of a fire. The white lines indicate the fire perimeter.
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Figure 2-2: Fire perimeter simulation (the background is a fuel map)

The FARSITE fire spread model was originally developed for the simulation of prescribed fires in the
national parks and wilderness areas of the United States of America (Arca ef af., 2007). Prescribed fires
refer to fires set on purpose for surface fuel management, disease control and improving forage for
grazing (Wade ez al, 2000). Generally, the FARSITE model has been extensively used and validated in
other areas such as Europe and Australia (Arca ez al, 2006, Arca et al., 2005, Andrews et al., 2007, Arroyo e
al., 2008., Butler ¢# al., 2006a, Carmel et al., 2009., Forthofer and Butler, 2007, Mbow e# a/., 2004, Mutlu ez
al., 2008, Ryu et al., 2007). More specifically, Arca ez al., (2007) tested the ability of FARSITE model to
accurately simulate fire spread and behaviour using a past fire event, where a high consistency between
simulated and real fire scars was observed. Furthermore, the effect of topography, weather conditions and
fuel models on simulations was also analysed. The use of custom fuel models produced more realistic
values of the rate of fire spread as compared to the use of standard fuel models. They concluded that the
accuracy of fuel models and wind data is important for realistic fire modelling using FARSITE fire spread
model. The simulation of past fires is important for comparison of simulated fires with the known fire
growth and adjusting/validating the model for a given landscape. Therefore, these facts show that the
model is well proven and hence applicable in this study.

2.3.3. Wind behaviour modelling

Wind is one of the principal environmental variables influencing wild land fire spread and intensity
(Rothermel, 1972, Catchpole ¢f al., 1998). The speed and direction of wind flows are largely influenced by
terrain characteristics such as mountainsides, valleys, and ridges. However, the lack of methods for
estimating the local terrain effects on wind is a major source of uncertainty in fire behaviour prediction
(Butler ez al., 2005). Wind information for fire behaviour modelling is obtained from weather observations
which capture broad, large scale trends well, but do not provide detailed information on local, terrain
influenced winds. This makes fire behaviour prediction difficult. The fact that wind often fluctuates on
relatively small temporal and spatial scales compounds the difficulty further. According to Rothermel
(1972), wind speed and spread rate have a nonlinear relationship in which a change in wind speed can
produce a larger change in spread rate.

Forest fires that occur in mountainous terrain are largely affected by complex, spatially heterogeneous
wind patterns where changes in wind direction and speed influenced by the terrain contribute to erratic,
varied fire behaviour that is difficult to predict. Accurate modelling of the behaviour of local winds has
been shown to improve fire behaviour prediction (Butler ¢# a/., 2006). Wind behaviour modelling involves




“the simulation of the influence of terrain on wind flows” (Butler ¢# al., 2006a). The simulation accounts
for the influence of elevation, terrain, and vegetation on the general wind flow. Several models have been
developed to predict wind behaviour. They are classified into either prognostic or diagnostic models
(Forthofer, 2007). Prognostic models are those that step forward in time from an initial wind field while
the diagnostic models simulate one instant in time (steady-state models). Currently, three micro-scale wind
models have been developed specifically to improve fire behaviour prediction. They are WindStation
(Lopes, 2003), WindWizard (Forthofer 2007; Butler ez 4/, 2003), and WindNinja (Forthofer, 2007).
Evaluation of the accuracy of these models indicated an agreement between simulated gridded winds and
measured wind averages from wind speed/ direction (Butler ¢# al., 2006b; Forthofer, 2007; Forthofer and
Butler, 2007).

The choice of which wind model to use depends on the cost, licensing requirements and amount of
simulation time of the model. The WindWizard model is more accurate for strong winds but it is not
freely available, and is very slow (2hrs per run). The WindNinja model is free, fast (8-45seconds per run)
and moderately accurate for strong winds (http://www.firemodels.org/index.php/windninja-
introduction/windninja-ovetview accessed on the 9th of Dec 2010). In this study, the WindNinja model
was chosen since it is free software capable of accurately modelling local wind behaviour. WindNinja is a
diagnostic model designed to compute spatially varying wind fields for fire behaviour prediction
(Forthofer et al., 2007). The input data required to run the model are elevation, mean initial wind speed
and direction, and specification of the dominant vegetation in the study area. It is run on domain sizes up
to 50 kilometres by 50 kilometres, at resolutions of around 100 meters. The outputs of this model include
raster grids of wind speed and direction for use in spatial fire behaviour models such as FARSITE, shape
files for plotting wind vectors in GIS programs, and Kmz files for viewing in Google Earth. Figure 2.3 is
an example illustrating ArcMap display of gridded wind direction and speed on a landscape. The coloured
arrows represent different wind speeds along with wind direction.
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Figure 2-3 : Gridded wind data on a DEM

The FARSITE fire spread model incorporates wind in fire behaviour prediction. It assumes, however, that
wind varies temporally but not spatially. This poorly describes the wind field, resulting in uncertainty in
predicting fire behaviour. Hence the use of high resolution winds increases the accuracy of fire growth
predictions (Butler ¢7 a/., 2005). FARSITE has the ability to incorporate gridded wind fields. Comparison
of fire growth simulations using the FARSITE fire growth simulator with and without high resolution
wind information have demonstrated that the accuracy fire growth predictions is significantly higher using
this wind information than without it (Forthofer ez a/., 2007). Therefore, in this research the WindNinja
model will be used to generate gridded wind data which will be then incorporated in FARSITE to model
tire behaviour.

234, Developing a fuel model

Fire behavior models such as FARSITE are driven by fuel inputs such as load, bulk density, fuel particle
size, heat content, and moisture of extinction; hence there is a need to input descriptions of fuel properties
in the form of fuel models (Scot and Burgan, 2005). Fuels refer to the physical characteristics such as
loading, depth, height, and bulk density, of live and dead biomass, that contribute to wildfires. These
characteristics influence the size, intensity, and duration of a fire. A fuel model refers to the numeric
description of the physical parameters characterizing each fuel type, namely fuel load, bulk density, particle
size, heat content and moisture of extinction (Arroyo e7 al., 2008). These models are named based on the
fire-carrying fuel type such as grass, grass-shrub, shrubs, timber or non-burnable (Scot and Burgan, 2005).

An ignition that results in a sustaining fire is governed by fuel loading, size-class distribution of the load,
and its arrangement (compactness or bulk density). Horizontal continuity influences whether a fire will
spread or not and its stead rate, whilst loading and its vertical arrangement will influence flame size. Low
fuel moisture content along with high winds has a significant impact upon fire behavior as it can lead to
extreme fire behavior. Certain elements of the fuel’s chemical content, such as volatile oils and waxes, aid
fire spread, even when moisture contents are high whilst others like mineral content, may reduce intensity
when moisture contents are low (Anderson, 1982). The combination of fuels, climate, season, and local
weather influence the quantity of live fuel and the moisture content of the dead fuels and thus the
variation of the rate of spread of fire.

Realistic predictions of fire growth greatly depend on the accuracy of the input data layers needed to
execute spatially explicit fire growth models (Keane ez a/., 2000). However, fuels are difficult to describe
and map due to their high complexity and variability. “The development of new improved sensors (e.g.
LIDAR, radar, VHR and hyper spectral) and techniques (i.e. able to handle heterogeneous data sources,
object-oriented image analysis and context information) may considerably improve fuel mapping tasks”
(Arroyo et al., 2008). Arroyo et al., (2008), further states that object-oriented image analysis is a promising
technique in mapping fuel types given its ability to integrate and process data with very different
properties. This approach has been successfully employed for vegetation mapping and could also be
applied to map fuel types.

Surface fuels can be input as either a standard fuel model or customized fuel models (Finney, 1994). The
original 13 fuel models were developed by Anderson (1982) for predicting spread rate and intensity of
active fires at peak of fire season in part because the associated dry conditions. Scot and Burgan (2005)
developed the 40 recent models to increase the number of fuel models applicable in high-humidity areas.
These recent fuel models are utilized more in fire modeling rather than the first 13 models as they can be
applied in many vegetation types. This is because the models describe fuels in terms of their physical
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characteristic (Scot and Burgan, 2005), unlike the previous models which describe fuels in terms of
vegetation or species types (Anderson, 1982).

Fuel models are site specific (Anderson, 1982). The selection of appropriate fuel models is done based on
the similarities between the observed vegetation characteristics and the description of the standard fuel
models. To select a fuel model one has to estimate the stratum of surface fuels that is most likely to carry
the fire, taking note of the general depth, compactness, and size of the fuel, and the relative amount of live
vegetation (Anderson, 1982; Scot and Burgan, 2005). Parameters of the new fuel models include load by
class and component, surface area to volume (SAV) ratio by class and component, fuel model type, fuel
bed depth, extinction moisture content, and fuel particle heat content. In this study, standard fuel models
were selected from those developed by Scot and Burgan (2005) as they are applicable in high humidity
areas. In cases where a standard fuel model does not match the vegetation characteristics in the area in
question, custom fuel models have to be developed (Scott and Burgan, 2005). This involves the
adjustment of the fuel parameters namely, changes in live/dead ratios, moisture content and fuel loads as
observed in the field.

2.3.5. Ignition points

Remote sensing is important in wildfire management as it has the ability to detect active fires and map fire
scars (Chuvieco, 1999). In active fire detection, the flaming front of a fire is mapped at the time of
satellite overpass (Hawbaker ef a4/, 2008), and provides information on the date, timing and spatial
distribution. MODIS sensor on board Terra or Aqua satellites is one of the satellite systems widely used
for active fire detection. “The radiant energy of fire pixels increases as temperature increases thereby
providing a high contrast fire pixel relative to the surrounding non-fire pixels” (Giglio ef a/., 2003). This
process is carried out using a contextual algorithm developed by Kaufman ez a4/, (1998) and improved by
Giglio et al., (2003). The algorithm uses brightness temperatures derived from the 4 (3.9) - and 11 (10.8)-
um channels denoted by T4 and T11. The sensors have two 4 (3.9) -um channels (21 and 22) with
different saturation points. When channel 22 saturates or has missing data, the high saturation channel 21
replaces. The active fire algorithm for fire provides important information for fire management; however
it has a limitation of raising false alarms. Hence, a detection confidence for each estimate is provided for
each fire pixel detected as part of the fire product (Justice ez al., 2002; Giglio ez al., 2003). Fire events
detected by the MODIS contextual algorithm are considered true fires, since the MODIS contextual
algorithm has been validated systematically and offers a significantly lower false alarm rate (Wang ef 4/,
2007). Therefore, in this study MODIS ignition points were used in the determination of the exact ignition
points of the fires.
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3.  MATERIALS AND METHODS

3.1. Study Area

3.1.1. Study area selection

The watershed study site covers an area of 5827 hectares, with about 80% (4824 hectares) being forest
land. The landscape has a rugged terrain, having an altitude ranging from 576m to 1560m. Ludikhola
watershed has a total population of 6809, where 70% of the population is engaged in subsistence
agriculture. The households and farms are situated within and adjacent the community forests. With these
characteristics, a wildfire incidence in the Ludikhola watershed could result in a significant disturbance
involving deaths of local people, and loss of farming land and livestock. With 80% of the watershed
covered with forests, a wildfite incidence could also result in the loss of fotrest land and the immediate
release of large amounts of carbon dioxide into the atmosphere. In addition, the area is sensitive to fires
particularly during summer in the months of March, April and May due to high temperatures and very dry
conditions. Thetefore, there is a need to model forest fire behaviour in the Ludikhola watershed and
subsequently estimate carbon emission from these forests in order to develop strategies to minimize the
extent of fire disturbances and the consequences thereof (Scot and Burgan, 2005). Furthermore, the study
area was chosen because it is an area where a pilot project on the design and setting up of the REDD
policy is being implemented for the management of community forests in the Ludikhola watershed. Other
reasons for selecting this area include the availability of burned area map for the 2008 forest fires for
model validation, the availability of satellite images and the permission granted to enter the forest.

3.1.2.  Characteristics of the study area

a) Location and extent
The Ludikhola watershed area is located in Nepal in the southern part of Gorkha district, between
27°06'29" to 27°13'15"N and 85°00'00" to 85°06'30"E. It lies in the Middle Mountain Ecological Zone.
There are 41 community forests (CFUGs) covering a total of 3049.12 hectares of forest area, and the
remainder of the forest is classified as government and private forests. The location map of the study area
is presented in Figure 3.1.

Ludikhola watershed, Gorkha, Nepal

Watersheds in
Geographic Reglon wise of Nepal
under REDD Project

Government forest

3,900
Community forest — IMeters

Figure 3-1: The Ludikhola watershed location map
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b) Climatic conditions
The climate of the area varies from sub-tropical at lower altitudes to temperate at higher altitudes. The
rainy season commences in June and ends in August, with an average annual rainfall of 1972 to 2000 mm.
The minimum temperature is 5°C and the maximum is 33°C, the hottest and driest days fall in the months
of March, April and May. Figures 3.2, 3.3 and 3.4 show annual variation of temperature, humidity and
rainfall in Gorkha (Adopted from Lamichhane and Awasthi, 2009)
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Figure 3-2 : Mean Monthly Temperature (°C) at Ludikhola watershed
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Figure 3-3: Mean Monthly Humidity at Ludikhola watershed
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Figure 3-4: Rainfall trend from 1978-2006 at Ludikhola watershed (Source: Lamichhane et al., 2009)
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c) Vegetation, topography and drainage characteristics

Generally, the area is mountainous with an altitude range of between 576m to 1560m. On average, 61%
of the land is steep sloping (slope range of 30-60%) and the remaining land has less than 30% slope. The
watershed has four major rivers that run within and along it, namely Chepe, Daraudi, Marsyangdi and
Budhi Gandaki. Ludikhola watershed is characterised by upper tropical to sub-tropical lower forests. It
bears Sal (Shorea robusta), Schima (Schima wallichi), and pines as dominant species followed by a few other
species like Chestnut (Castanopsis indica), Ficus racemosa, Terminalia chebula, and Bombax ceiba (ANSAB, 2009).
This watershed underwent high deforestation rates in the past which has been reduced through
community forest management. Forests in the study area are mainly classified into two categories i.c.
community and government forests.

3.2. Materials

3.2.1. Data

A Geo Eyes multispectral image with a 2 metre resolution taken in 2 November 2009 (0530hrs GMT) was
used for this study. Choice of the image was based on its suitability for the research because of the high
resolution. The image was used for the classification of forest cover types and consequently the derivation
of canopy cover, biomass/carbon distribution and fuel type maps. An ASTER scene taken on the 11th of
May 2008 was used to extract a burned area map for use in model evaluation. MODIS active fire data was
used for the identification of ignition points. The data which was used in this study and the sources are
listed in Table 3.1.

Table 3-1: The list of data used in the study

Data Source

Weather data (daily temperature, rainfall, Kathmandu Meteorology department

humidity, wind speed, wind direction)

Topography (slope, aspect, elevation) DEM of the Ludikhola watershed provided by
ICIMOD

Canopy cover percentage Field estimation using a densiometer

Forest cover map Object oriented classification of Geo-Eye
imagery

Fuel models Selection from the standard fuel models (Scot
and Burgan, 2005)

Biomass estimation (tree DBH, height) Field estimation

Fire scar image Aster image (11May 2008) provided by ICIMOD

Ignition points MODIS ignition points, community forest
representatives, ground observation

3.2.2. Softwares

In this study the following softwares were used: ERDAS Imagine version 10.1(Leica Geosystems, Inc.),
ArcGIS 10 (ESRI, Inc.), eCognition Developer 8, ENVI-IDL version 4.7 SP2, FARSITE (Fire Area
Simulator model) 4.1, WindNinja version 2.0.3 and MS Excel.
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3.3. Methods

3.3.1.

Flow chart of the method

The flowchart in Figure 3.5 shows the outline of the methods followed in this research starting from the
preparation of the model inputs. The expected outputs to answer the proposed research questions are
highlighted. The study was divided into two main parts i.e. fire behaviour modelling and above ground
biomass/carbon estimation and mapping. These were then coupled for estimating and mapping of carbon

released from forest fires.
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Figure 3-5: Flow chart of the meth

ods applied in this study
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3.3.2. Preparation of input data

Image pre-processing

A Geo-Eye multispectral (2m resolution) image of 2 November 2009 (0530hrs GMT) was obtained with
the radiometric and geometric corrections already applied; hence there was no need to pre-process it. Two
ASTER images of 11 May 2008 were mosaicked in ENVI to produce a single composite image. The image
was then subsetted in ERDAS to show only the study area.

Image classification
a) Sampling of field points

Stratified random sampling was used to collect ground truth for image classification and accuracy
assessment. The random points were generated in each stratum using ArcGIS. An iPAQ GPS along with a
Garmin GPS were used to locate the random points in the field. At each sample plot, the cover type and
density of the canopy were noted. The coordinates of the centre of the plot were recorded along with
other attributes namely, aspect, slope and elevation. The sampling points were randomly divided into
training and test samples which are important for satellite image classification. The test samples for the
agriculture, buildings and rivers land cover classes were acquired from the ICIMOD database due to time
constraints experienced during field data collection.

b) Object oriented classification

An orthorectified Geo-Eye multispectral image (2m resolution) was used for the classification process.
Due to the high spatial resolution of the image, automatic classification based only upon the spectral
characteristics of the features proved to be difficult, particularly in spectrally homogeneous areas. Hence,
object oriented image classification was used to overcome this problem by incorporating both spectral and
spatial characteristics of objects (Shiba and Itaya, 2006). Object oriented classification was done using the
eCognition Developer 8 software. In eCognition, an image is segmented into units of similar spectral and
spatial patterns and then classified according to a pre-defined rule base (Gitas and Mitri, 2004). In the
multi resolution segmentation of the image, object generation was controlled by adjusting the scale
parameter, the amount of colour, compactness and shape factors. Table 3.2 presents the parameters used
in the classification. The image was classified into four classes based on canopy density. Training samples
collected in the field were used for the classification.

Table 3-2: Parameters used for the object oriented classification of the Geo-Eye image

Factor Value

Scale parameter 100
Shape 0.1
Compact 0.5

¢) Accuracy assessment
Accuracy assessments are important in image classification as they help in understanding errors in the
classification and their implications. They also serve as a guide to the map’s quality and reliability.
Consequently, a classified image is deemed incomplete unless it is validated though checking its accuracy.
Therefore, in this research, accuracy assessment of the classified image was conducted using test samples
collected in the field along with other ground truth data collected by ICIMOD. A classification error
matrix was computed to indicate overall accuracy, producet’s accuracy and uset’s accuracy. The producer’s
accuracy is defined as a measure indicating the probability that the classifier has correctly labelled an image
pixel, whilst the uset’s accuracy indicates the probability that a pixel belongs to a given class and the
classifier has labelled the pixel correctly into the same given class (Lasaponara ez a/., 2006). The overall
accuracy is calculated by summing the number of pixels classified correctly and dividing by the total
number of pixels. In addition, accuracy assessment using an error matrix computes the Kappa statistic,
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which determines the extent to which the classification surpassed the random assignment of pixels
(Lillesand and Kiefer, 2004). Kappa statistic is generally thought to be a more robust measure of classifier
agreement and thus gives better interclass discrimination than the overall accuracy (Ismail and Jusoffi,

2008).

Biomass and carbon stock inventory
a) Sampling design

In this research, biomass inventory was restricted to above ground biomass due to time and logistical
constraints. In the field, the rugged terrain made it difficult to access the sample plots and some of the
roads were damaged by landslides during the monsoon rainy season thereby further compounding the
problem. Above ground biomass is defined as including live tree biomass and herbaceous plants (plants
and litter). However, this study is limited to the living tree biomass which constitutes the major carbon
pool and is directly affected by forest loss (Gibbs e a/, 2007). Dead woody components and below
ground biomass were not considered. As a result, carbon emissions estimates may be lower than the actual
emissions because these pools also release carbon dioxide during fires.

Stratified random sampling (Thomson and Seber, 1996) was used for biomass inventory and consequently
the estimation of sequestered carbon in the Ludikhola watershed. Stratification was based on forest
management regimes namely, community forest and government forest, in order to spread the samples
inside the whole forest proportionally. Secondary data on these forests acquired from ICIMOD was used
for the stratification process to ensure that all the forests are well represented and the samples are
randomly distributed in each stratum in proportion to its size.

Circular plots of radius 12.62m (in flat areas) and area of 500m? (IPCC, 2003) were employed in this
research as they are known to be quick and easy to layout in the field, and enumeration is less difficult
than in squared plots. In cases where the slope was more than 5%, slope correction was applied to avoid
bias. This is because laying out a circular plot on a slope results in the circle having an elliptical shape with
an area larger than the circle, hence the need to use a correction table to obtain the right radius or
diameter that should be used depending on slope. A total of 70 sample plots were to be used for the
biomass inventory, based on the rule of thumb, which states that at least 50 sample plots are required for
testing relationships (van Voorhis and Morgan, 2007). In the community forest (1903ha) 56 sample plots
were established whilst in the government forest (497ha) was assigned 14 sample plots. However, due to
the extreme rugged terrain in the watershed and damaged roads, accessing the sample plots was a difficult
and slow process, so data was collected in 53 plots.

In each plot, all trees with a diameter breast at height (DBH) above 10cm were identified, measured for
DBH and height, and also recorded as live or dead. Other parameters measured and recorded in the field
were canopy cover percentage, aspect, elevation and slope. Fuel load and fuel bed depth for shrubs and
were also visually estimated in the field (Falkowski ef a/, 2005). In addition, ground truth data for image
classification and accuracy assessment were collected.

b) Live tree biomass and carbon stock estimation
Many different allometric models have been developed for live tree biomass estimation based on plant
morphology and climatic conditions of specific areas (Smith and Brand, 1984; Brown, 1997; Araujo e/ al.,
1999; Ketterings et al, 2001; Chave et al, 2005; Henry et al, 2009). These models incorporate stem
diameter at breast height (DBH) or plant height as a single parameter or both parameters are combined
(Brown, 1997; Brown, 2002). Litton and Kaufmann (2008), suggest the use of stem diameter as a single
input parameter in order to reduce measurement errors and enhance feasibility, whilst Chave ez 4/, (2005)
emphasizes the use of wood specific gravity p (g/cm?) as a third important parameter to correctly estimate
AGB. IPCC grades the use of site specific (e.g. for a country) developed allometric equations as an
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effective, accurate and reliable method of estimating biomass. Figure 3.6 illustrates how biomass and
carbon stocks were derived.

Study area

A
Field data
collection

A
Forest
parameter, DBH

A
Allometric
equations

A
Aboveground
biomass (kg)

v
IPCC Conversion
factor, 0.47

v
Carbon
stock (kg)

Figure 3-6: Flow chart illustrating biomass and carbon stock estimation

Allometric equations developed for tree species in Nepal, require two parameters ze. DBH and height.
However, these were not applied in this research because the height of some of the trees could not be
measured in the field due to the steep terrain which restricted movement thereby making the use of the
Haga (height measuring instrument) impossible. Therefore, an allometric equation developed by Basuki ez
al., (2009) for the Sal (Shorea robutsa) tree species in the tropical forests was used since the study area has a
tropical forest. In addition the climatic conditions of the area where the equation was originally developed
are similar to the climatic conditions of the Ludikhola watershed. For example, both these areas have the
same mean annual rainfall of 2000mm. The allometric equation that was applied in this research is
presented in Equation 3.

Equation 3: Sal forests allometric equation

In(TAGB) = c + aIn(DBH)

Where TAGB is in kg/tree, DBH is in cm, ¢ is the intercept, and o is the slope coefficient of the
regression. For the other remaining species such as schima and chestnut, the allometric equation
developed and recommended by IPCC (2006) for tropical moist hardwoods was used in this study since
the tree species are also tropical moist hardwoods. The allometric equation is presented in Equation 4.

Equation 4: Tropical moist hardwood species’ allometric equation

Y = exp(—2.289 + 2.649In(DBH) — 0.021In(DBH)?)
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Where Y is the total above ground biomass (kg/ tree) and DBH is in cm. The tree biomass density values
were converted to carbon stock (kg.ha'! C) through multiplication with the carbon fraction of biomass.
Figure 3.6 illustrates the procedure of estimating biomass and catbon stock. A biomass-to-carbon
conversion factor of 0.5 was used because it is a generally accepted conversion factor for biomass (IPCC,
2003; Gibbs ez al., 2007; Pearson and Brown, 2004). Carbon densities of all sample plots in a particular
forest density cover type were summed and averaged to obtain the mean carbon density of a cover type
per plot. The total sequestered carbon per forest density cover type was estimated by multiplying its mean
carbon density with the total area of that cover type. Subsequently, the total sequestered carbon of the
different forest cover types was summed up to obtain the overall sequestered carbon.

Fire behaviour modelling using FARSITE

The FARSITE fire spread model requires five spatial input raster layers namely; elevation, slope, aspect,
fuel model and canopy cover percentage (Finney, 1998; Stratton, 2004; Ryu ef af., 2007; Carmel ez al.,
2009). The model also requires non-spatial data which include records of temperature, relative humidity,
precipitation, wind speed and direction prevailing during a fire event. Table 3.3 presents the functions of
the spatial and non-spatial input data listed above and used in this study. In order to delineate the
complexity of the landscape, Finney (1998) observed that the model requires the input data layers to be of
fine spatial resolution ranging between 25-55m, because using resolutions higher or lower than the stated
range generates unrealistic results and also poses computational problems. Therefore, all the spatial input
raster layers used in this study were resampled to a 30m resolution.

Table 3-3: Functions of the inputs used in the FARSITE fire spread model

Input type  Input Function

Landscape Elevation For adiabatic adjustment of temperature and humidity
Slope For the computation of direct effects on fire spread
Aspect Together with slope and latitude, determines the angle of

incident solar radiation

Fuel model Provides a physical description of the surface fuel complex
Canopy cover Determines the average shading of the surface fuels that
affects fuel moisture calculations, and the wind reduction
factor.
Climate Temperature Influences fuel moisture
Relative humidity Affects moisture conditions and rate of spread

Wind speed and Influences fire spread
direction

Precipitation Affects moisture conditions and rate of spread

Adopted from Finney, 1998; Ryu ¢ a/., 2007 and Carmel ez al., 2009

a) Developing a fuel model
In the FARSITE fire spread model, surface inputs can be input as either standard fuel models or
customized fuel model. The customized fuel model is applied in the model when the standard fuel model
does not match the vegetation characteristics in a study area. For this research, standard fuel models were
used. The standard fuel models were selected based on the similarities between observed vegetation
characteristics and the description of the fuel characteristics of the standard fuel model. Table 3.4 presents
the characteristics of the models selected to represent the vegetation in the area. Photographs taken in the
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tield were used to assist in choosing the most appropriate model; some of the photographs are shown in
Figure 3.7.

Table 3-4: Description of the standard fuel model used in the simulation

Cover type Fire carrying fuel type, Fuel Model | Fuel model description
Model name and code Number

Shrub land Woody shrubs and shrub | 147 Very high shrub load with a depth
litter (Shrub, SH7) of about 4 to 6 feet

Low density forest Woody shrubs and shrub | 149 High shrub load of about 4 to 6
litter (Shrub, SH9) feet depth; little herbaceous fuels

Medium density forest Woody shrubs and 163 Fuel bed is moderate litter load
understory litter (Timber with grass and shrub component
Understory, TU3)

High density forest Grass or shrubs mixed 165 Fuel-bed is high load forest canopy
with litter from forest litter with shrub understory

canopy (Timber
Understory, TU5)

Source: Scot and Burgan (2005)

High density forest

Figure 3-7: Photographs taken in the study area and used in fuel model selection

Having selected the standard fuel models, the forest cover map derived from object oriented classification
of the Geo-Eye multispectral image was reclassified into a fuel map according to the selected fuel model.
Table 3.5 shows the reclassification categories of the forest cover map to the fuel map.
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Table 3-5: Fuel map reclassification categories

Cover type (Old class) Fuel Model (New class)
Shrub land 147
Low density forest 149
Medium density forest 163
High density forest 165

a) Topography

Topographic features attributes such as aspect, slope and elevation have a significant influence on fire
behaviour. A fire incidence on a slope favours the spread of fire because the flames establish a strong
contact with the ground surface thereby heating up the fuel (Finney, 1998). Consequently, fire spreads
slower when it begins on a summit and is faster when it begins in a canyon. Aspect is defined as slope
otientation i.e. the direction which the topographical relief is facing. It also plays an important role in fire
behaviour as it influences the amount of radiation reaching a certain aspect. In the Northern Hemisphere
the south slope receives more sunlight than the northern aspect, making it hotter and drier. Consequently,
the fuels located in the south and eastern aspects are more prone to fire. Altitude (elevation) does not
directly increase fire occurrence; however it modifies the climate, which is directly related with occurrence
of fires. Temperature is lower at higher altitude is lower than low altitudes. Furthermore, at high altitudes
precipitation is generally higher than in lower zones thereby reducing the probability of fires due to the
moisture of fuel. In this study, a digital elevation model (DEM) of the Ludikhola watershed was used to
derive elevation, slope and aspect maps of the area using the Spatial Analyst tool in ArcGIS software. The
output maps had a 30m resolution hence there was no need for resampling. These layers were then
converted to ASCII format for input into FARSITE model.

b) Canopy cover

Canopy cover (percent) is defined by Keane ¢7 a/., (2000) as the average vertically-projected tree crown
cover in the stand. It is one of the factors that determine the amount of fuel moisture present and also has
an influence on the wind reduction factor under a forest canopy. According to Uhl and Kauffman (1990),
a dense closed canopy reduces relative evaporation and maintains soil humidity, and thus partly
determines the local weather. Canopy cover percentage was estimated in each sampling plot using a
spherical densiometer. Five readings were taken in different directions namely, North, South, East, West
and centre in order to minimize bias (Mbow ¢# a/., 2004). The average canopy cover for each plot, and
subsequently cover type, was computed. The classified Geo-Eyes image was reclassified into a canopy
cover map using the Reclassify tool in ArcGIS. Table 3.6 shows the average canopy cover percentage per
cover type used in the reclassification process. The percentage canopy cover map was resampled to 30m
resolution and then converted to ASCII format for use in the FARSITE model.

Table 3-6: Average canopy cover % per cover type

Cover type Average canopy Canopy cover class
cover %

Shrub land 5 1

Low density forest 30 2

Medium density forest 50 3

High density forest 80 4
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¢) Weather data

Temperature, precipitation, relative humidity, wind speed and wind direction are weather aspects which
determine fire behaviour. Extreme weather conditions can affect the moisture status of fuels, thereby
influencing the probability of burning (Arca ef al, 2006). Wind quickly dries out fuels, increases fuel
preheating for ignition and provides oxygen. The direction of the prevailing wind influences the shape and
intensity of fire whilst the strength of the wind influences the rate of fire spread and its intensity (Finney,
1998). In this study, daily minimum and maximum temperature, and relative humidity recorded in the
weather station located in the study area were used to build the climate of the area. It was converted to
text format before being input into the FARSITE model. Accessing wind data for the study area proved
to be a difficult process, daily wind speed data for the month of April was acquired at a weather station
located in the study area; however wind direction was not available. Hence wind direction from a weather
station located 40km away from the Ludikhola watershed was used in this study, based on the assumption
that wind direction remains constant within such distances. In addition, data from this station was used
because the areas have the same climatic conditions.

The FARSITE model assumes that wind varies temporally but not spatially over the modelling domain
(Rothermel, 1972), thus giving a poor description of the wind field especially in a mountainous area.
Therefore, a WindNinja model was used to compute spatially varying wind fields (gridded wind data)
which account for the influence of elevation, terrain and vegetation on the general wind flow (Forthofer
and Butler, 2007). This was done through the use of the DEM and the forest cover map of the area. The
gridded wind data files (wind speed, wind direction and cloud cover file) from the WindNinja model were
then combined in WordPad to create an atmosphere file (*.ATM), an input format for the FARSITE
model. The gridded wind data and uniform wind data were used as inputs in the FARSITE fire spread
model.

d) Ignition points

Official reports in Nepal consider human activities as the primary cause of fires (Goldammer, 2000; IFFN,
2006; Goldammer, 2007; ANSAB, 2009). The fires are set intentionally for the purpose of clearing paths
for cattle to graze, slash and burn activities by farmers to improve agricultural yields. Some fires from the
clearing of fields after harvesting or preparation for the growing season extend into the forest, which is a
common phenomenon as many rice paddies are located close to the forests. Several studies have revealed
that the closeness to roads and settlements promotes forest fires (Delgado e af., 2007). The border effect
of roads produces a reduction in the vegetation cover and subsequent increase in the ground temperature.
Moreovert, these roads give people access to remote areas.

The simulation of a fire event in the FARSITE model requires an ignition point as a starting point of the
fire spread. The information about where the fire started was provided by the community forest
representatives, highlichting where the first observation of the fire was made. However, the exact
geographic coordinates of the ignition point were not provided. Therefore, during the fieldwork, locations
where it was likely that the fires could have started were identified with the help of community forest
representatives, ground observations and MODIS active fire data. These multiple ignition points were
tested in the simulation to determine which ignition points could derive a similar shape and area as the
observed fire scar because it was first assumed that the fire could have been due to multiple ignitions. In
this research, a decision to use the MODIS active fire data (ignition points) on the FARSITE fire
simulations was reached, as the information is likely to have less human errors than the other options
available.
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3.3.3. Fire spread simulation using the FARSITE model

In the FARSITE fire spread model, a landscape file was generated using the fuel, canopy cover, aspect,
and elevation and slope maps. The weather and wind files were also created using weather data for the
days on which the fire incidence occurred. The average wind direction for the month of April (2008) was
South-easterly (SE) and the average wind speed was 3km.hrl. Table 3.7 presents the weather conditions
prevalent on the days on which the fire incidence occurred.

Table 3-7: Weather conditions during the fire events

Date of fire | Temp Temp Humidity | Humidity | Precipitation | Wind Average Wind
event (Max, °C) (Min, °C) (Max) (Min) (mm) direction | speed (km/hr)
20,/04/2008 33.7 18.4 66.1 30.3 0 154 3
26/04/2008 34.8 21.0 70.4 39.1 0 173 3
28/04/2008 34.9 19.5 62.3 37.9 0 187 3

The fire spread simulations for the three fire events was done in 30 minute time steps in FARSITE using
the spatial and non-spatial data. A time step is the maximum amount of time that the environmental
conditions are assumed constant (Finney, 1998). The perimeter and distance resolutions were both set to
30m. The perimeter resolution controls the detail of the fire front, both in curvature and in the ability of a
fire perimeter to respond to heterogeneities occurring at a fine scale, whilst the distance resolution
controls the projected spread distance from any perimeter point (Finney, 1998). These parameter settings
were applied for all the fire events simulations, except for the duration of the fire which was different for
cach fire event, as is presented on Table 3.8. For each fire event two simulations were run, one using
uniform wind data and the other using gridded wind data. In each of these simulations, all the parameters
used were the same including the ignition point. All the raster simulation results were output to the
original image resolution of 30m.

Table 3-8: Fire events duration

Fire event Duration (hrs.)
20/04/2008 | 1200-1500
26/04/2008 | 1200-1700
28/04/2008 | 1100-1330

In this research, an attempt was done to conduct sensitivity analysis through the adjustment of fuel model
parameters based on fuel properties observed in the field. However, no conclusion was made in this
process due to lack of enough data on fuel parameters. Hence, there is a need for direct measurements of

fuel parameters to be conducted for use in sensitivity analysis.

3.3.4. FARSITE model evaluation

In this study, model performance was evaluated using a burnt area map of May 2008. The simulated burnt
area was vectorized and then cross analysed with the real burnt area map in ArcGIS. Proportions of the
burnt area by simulation were computed and compared with real burnt area in the observed fire scar. A
similar procedure was conducted to evaluate the accuracy of the simulation results derived through
running the model using uniform and gridded wind data. The flow chart on Figure 3.8 illustrates the
accuracy assessment procedure.
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Figure 3-8: Accuracy assessment procedure

3.3.5. Estimation of fire-induced carbon emission

Since forest fires have an impact on both carbon sequestration and emissions of greenhouse gases (Amiro
et al., 2001), accurate estimation of carbon emission is required to understand the role of fires in the
carbon cycle and to assist in the prediction of climate change. The burning efficiency is the most
important factor in determining the amount of carbon released into the atmosphere. According to
Kasischke ez af., (2005), only a certain portion of the aboveground biomass such as small branches and
foliage is vulnerable to burning. Therefore, several modelling approaches have been developed to allocate
aboveground biomass into different tree components, and biomass consumption during burning was
estimated using combustion efficiencies for the individual components (Van der Werf ez 4/, 2003; Soja et
al., 2004). Therefore, in this study, the spatial variation in pre-fire carbon stock, the burning efficiency and
burn severity (fire intensity) are key parameters ensuring the reliability of the quantification for the carbon
emission. These parameters vary according to forest moisture content (wet or dry), forest types, and fire
type (crown or ground). Even in identical forest regions, different weather or moisture conditions may
affect the carbon emission factors. Accordingly, the amount of carbon emitted from forest fires is highly
dependent upon forest biomass. Choi ez a/., (2000) stated that the distribution of carbon emission is closely
related to forest characteristics.

A model developed by Seiler and Crutzen (1980) was used as a base to further develop a method to
estimate carbon emission more accurately. The original model is presented in Equation 5.
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Equation 5: Seiler and Crutzen (1980) carbon emission estimation equation

C. = ABfcB

Where A is the area burnt (ha), B is the biomass density (Mg.ha'! from field biomass data), fc is the
carbon fraction of the biomass (0.5), and B is the fraction of biomass consumed during a fire. In 2005,
Kasischke ez a/., (2005) improved the model by specifying the fraction of the aboveground biomass that is
available to burn and estimated emissions as a function time (t) during the fire season. The improved
model is presented in Equation 6.

Equation 6: Kasischke et al., (2005) carbon emission estimation equation
Cp—a(t) =By X fc—a X Fp_a X Ba(t)

Whete Fy_j, is the fraction of the aboveground biomass that is available to butn,
B, is the biomass density (Mg.ha-1 from field biomass data),

fc—a is the carbon fraction of the biomass (0.5),

Ba(t) is the fraction of biomass consumed during a fire.

Application of this model made it possible to quantify the effects of spatial and temporal variations in
burned area, fuel density and burn severity (fire intensity). Dwomoh (2009) successfully applied this
improved model for the quantification of fire induced carbon emission in the Afram Headwaters forest
reserve in Ghana. This method, however categorizes the amount of the aboveground biomass available
for burning such that all the pixels in each cover type have the same value of biomass density, which is not
a realistic assumption because individual trees differ in biomass density.

Therefore, in order to solve the biomass density uniformity problem, there are two approaches that can be
employed. Firstly, the tree biomass data samples collected in the field can be used to interpolate (e.g.
through the kriging method) and produce a biomass and subsequently carbon map for the whole study.
This method calculates biomass density per pixel such that the results closely resemble the exact biomass
density on the ground. Secondly, a high resolution can be used to segment and delineate the crown
projection area for each individual tree using object oriented classification. The crown projected area is
regressed with carbon stock derived from measurements in the field so as to come up with a model that
estimates carbon stock for the whole area. In this scenario, the biomass/carbon stock for each individual
tree is estimated in a highly accurate manner as compared to the interpolation method. These two
approaches make it possible to map the variation in carbon emission within a particular forest cover type,
thereby rendering them significantly more accurate than the Kasischke ez a/, (2005) and the Seiler and
Crutzen (1980) model.

The initial plan in this research was to use a carbon map produced by a fellow MSc student through the
segmentation method explained briefly above. However, the student could not produce a carbon map
covering the whole study area due to computational complexities resulting from attempting to segment
individual tree crowns from a high resolution Geo-Eye (50cm) for an area covering 5827 hectares.
Therefore, due to this unforeseen problem, an interpolation method using kriging was applied in this
research as it was the next best method that gives generally accurate and acceptable results in a short
period of time.

Kriging is a geostatistical technique that interpolates the value of a random field at an unobserved location
from observations of its value at nearby locations. This technique was applied because it provides great

26



MODELLING FOREST FIRE BEHAVIOUR AND CARBON EMISSION IN THE LUDIKHOLA WATERSHED, GORKHA DISTRICT, NEPAL

flexibility in interpolation thereby yielding a smooth surface and also takes into account spatial auto
cotrelation. In addition, previous studies have been conducted to estimate biomass/carbon stock using the
kriging method (Coulibaly ¢ a/., 2008). Ordinary kriging was done in this research using a spherical model,
as it is the most common type of kriging in practice. Sunila and Kollo (2005) state that, “Ordinary kriging
implicitly estimates the first order component of the data and compensates for this accordingly. It enables
the interpolation without the necessity of explicitly knowing the first order component of the data a
priori”. In order to take into account discontinuities of the forest environment in relation to variation in
forest types, interpolation of biomass by kriging was carried out separately for community and
government forests to maintain homogeneity within forest types. Figure 3.9 presents the flow chart
illustrating the derivation of the carbon map. However, the results obtained through kriging should be
considered with caution because tropical forests sometimes have cases of extreme irregularities (Coulibaly
et al., 2008). Therefore, cross validation was conducted between the resulting carbon map and the fuel map
of the Ludikhola watershed.
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Figure 3-9: Flow chart of the method of deriving the Ludikhola watershed carbon map

The new model that was developed and applied in this research is presented in Equation 7. The difference
in this model as compared to the other two mentioned above, is that the carbon stock is measured per
individual tree. Therefore, this ensures the possibility of providing more accurate estimates of carbon
emission from forest fires. Not all the biomass burns during a fire, normally the above ground biomass
that burns is restricted to foliage, small twigs, small branches and dead woody debris (Kasischke ez a/,
2005). Therefore, assumptions on the levels of above ground biomass available for burning adapted from
Kasischke ez a/., 2005 were used. According to Kasischke ez al., (2005), areas where the total aboveground
biomass is low (< 10 t ha'), 80% of the aboveground biomass is available to burn; where there are
moderate levels of aboveground biomass (10 t ha' < average biomass < 20 t ha'), 50% is available to
burn; and where there are high aboveground biomass levels (> 20 t ha'), only 35% is available to burn.
Therefore, in this research since the forests in the Ludikhola watershed are regarded as being highly
homogenous (as they consist of a mix of the same tree species), a fraction of 0.35 was adopted to
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represent the aboveground biomass available for burning because all the cover types in the study area have
an average of above 20 tonnes of biomass per hectare.

Equation 7: The new carbon emission estimation equation

C(t) = Cy X Fe X B(Y)

Where F is the fraction of the carbon that is available to butrn,
Cp is the variable carbon stock per individual tree,
B(t) is the fraction of carbon consumed during a fire.

Fire intensity is an important parameter as it determines the scorch height and thereby the amount of the
plant canopy consumed, killed or unburned by the fire (Perry, 1998). The fraction of biomass consumed is
related to the fire intensity and the type of biomass being burned. Thus, the FARSITE's fire line intensity
output from a run with standard fuel models was imported and processed in ArcGIS and ERDAS. The
fire line intensity raster map was scaled from zero to one to reflect the fraction of biomass consumed
during the fire. The carbon map and the scaled fire line intensity map were input in the new carbon
estimation equation using the Raster calculator (Spatial analyst toolbar) along with the fraction of carbon
(0.35) that is available to burn so as to produce the map indicating the distribution of the carbon released
from the April 2008 forest fires. The fire line intensity map also serves to determine the burned area as is
simulated in the FARSITE model. Therefore, the fire line intensity simulated in FARSITE for each fire
scar was applied in the model to determine the amount carbon released from each fire event.

Validation of the fire induced carbon emission estimation model was not feasible in this research because
of the limited time allocated for this research. However, several studies have been conducted which
incorporate the original model of Seiler and Crutzen (1980). The results of these studies showed that the
model is scientifically sound (Kasischke ez 4/, 2005; Dwomoh, 2009). Therefore, for the purpose of this
research, the results can be considered reliable.
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4. RESULTS

41. Preliminary Fieldwork Data Analysis

41.1. Characteristics of the forest in the Ludikhola watershed

Table 4.1 presents a description of the condition of Ludikhola watershed forests as witnessed during the
field data collection in the September — October 2010 period.

Table 4-1: Characteristics of the community and government forest

Community forest Government forest

Not degraded Degraded

Relatively dense (closed canopy) Open

Large amount of shrubs and ferns Very bushy, young sal, schima and chestnut trees

Few fire scars Numerous fire scats

Young trees with low DBH values | Old trees with relatively high DBH values

41.2. Statistical analysis to illustrate field data distribution

Figure 4.1 and 4.2 presents the number of trees in each plot for both the community and government
forest respectively. The government forest, as observed in the field, is a sparse forest with an average of 16
trees occurring per plot, whilst the community forest is very dense with an average of 50 trees occurring

per plot.

Number of trees in each plot - Community forest

Figure 4-1: Number of trees occurring per plot in the community forest
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Number of trees in each plot- Government forest

Figure 4-2: Number of trees occurring per plot in the government and community forest

The forests in the Ludikhola watershed are predominantly mixed. The dominant species are the Sal ($horea
robusta), schima (Schima wallichii) and chestnut (Castanopsis indica). Other species found in the area include
Pinus roxcburbii, Myrica esculenta and Rhus wallichii. An average mix of 3 and 4 tree species were observed in
each plot for the community and government forest respectively, as is illustrated in Figure 4.3 and 4.4.

Occurence of tree species type in each plot-Community forest

O FEFNWRUGODN®DW
|

Figure 4-3: Occurrence of tree species type per plot in the community forest

Occurence of tree species type in each plot-Government forest
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Figure 4-4: Occurrence of tree species type per plot in the government forest
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The government forest has an open canopy with an average of 10% canopy cover, whilst the community
forest has a relatively closed canopy with an average of 60% canopy cover. Figure 4.5 and 4.6 shows
canopy cover percentage observed per plot in the government and community forest.

Canopy cover % in the community forest

Figure 4-5: Canopy cover percentage in the community forest

Canopy cover % in the government forest

Figure 4-6: Canopy cover percentage in the government and community forest

The average distribution of carbon content per plot per hectare in the government and community forests
are presented in Figure 4.7 and 4.8. The government forest has a carbon content of 52Mg.ha! , whilst the
community forest has 55Mg.ha-!. Normally, the community forest should have very high carbon content
as compared to the government forests which are degraded. However, there is slight difference between
the two forests. The high amount of carbon content in the governments forest arises from plots that are
regarded as sacred places designated for worship, where cutting down of trees is prohibited. These plots
have trees with high DBH values of 134cm. While in the community forest, although the forest is not
degraded, the majority of the trees have an average DBH of 20cm.
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Figure 4-8: Average biomass distribution in the community forest

Figure 4.9 illustrates the distribution of carbon stock per hectare in different forest cover types found in
both the government and community forests. The shrub land had a mean carbon stock of 19Mg.ha'l, in
the low density forest the mean carbon stock increased by 69%. The medium density forest had 29% less
of carbon stock as compared to the low density forest. Table 4.2 presents the summary of carbon stock
pet, hectare per cover. The high density forest had the highest amount of carbon stock per hectare as
compared to the other cover types. However, the difference in the amount of carbon stock per hectare
between the high density and low density forest is small i.e. 6%. This small difference is also reflected in
the ranges of the DBH of the trees in high density and low density forest which are 10 - 132cm and 10 -
134cm respectively.

Table 4-2: Summary of carbon stock per cover type

Cover type Carbon stock (Mg.ha') Total carbon stock (Mg)
Shrub land 19 2013

Low density forest 62 62482
Medium density forest 44 17973
High density forest 65 114620
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Figure 4-9: Average carbon stock distribution per cover type

4.2. Forest Cover Classification

Object oriented classification of the Geo-Eye multispectral image (2m spatial resolution) derived four

forest cover types’ classes in the study area. These are shrub land, low density forest, medium density

forest and high density forest. The map of the classified forest cover types is presented in Figure 4.10.
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Figure 4-10: Forest cover types in Ludikhola watershed, Gorkha.
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The description of the forest cover types in terms of canopy cover within the study area are presented in

Table 4.3.

Table 4-3: Area of the forest cover types in Ludikhola watershed

Cover type Area (ha) Description of the cover type in terms of canopy cover %
Shrub land 106 5-30

Low density forest 1013 31-50

Medium density forest 411 51-80

High density forest 1751 81 -100

4.21. Accuracy assessment

The overall accuracy of the classification was 84% whilst the Kappa statistic was 0.80. The summary of the
results of the accuracy assessment are presented in Table 4.4.

Table 4-4: Summary of the accuracy assessment of the classification

Cover type Reference Number Producer’s User’s Accuracy
totals correct Accuracy (%) (%)

Shrub land 20 17 65.38 85.00
Low density forest 58 43 82.69 74.14
Medium density forest 14 12 60.00 85.71
High density forest 50 38 92.68 76.00
Agriculture 127 96 96.97 75.59
Rivers 58 52 82.54 89.66
Buildings 109 107 79.26 98.17
Totals 436 365

Overall accuracy = 83.72%; Kappa coefficient=0.798

In this research, the focus was mainly on four cover types namely, shrub land, low density forest, medium
density forest and high density forest. Among these four, the producer’s accuracy was highest in the high
density forest and lowest in the medium density forest. The user’s accuracy was highest in medium density
forest and lowest in low density forest.

4.3. FARSITE Fire Behaviour Simulation

The FARSITE fire spread simulations of the burnt area in the April 2008 fires were based on standard
fuel models (Scot and Burgan, 2005). In this research, three fires that occurred in April were simulated.
The simulations were done using uniform and spatially varying wind data. Before simulating the fires,
ignition points were selected as is presented in section 4.3.1. The FARSITE model simulation results are
presented in section 4.3.2.

4.3.1. Ignitions points

A preliminary analysis was done on the MODIS ignition points and fire scars in relation to roads,
agriculture and settlements to validate the claims that closeness to roads and settlements promotes forest
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fires in the study area. This was conducted using the Spatial Analyst tool in ArcGIS using the Euclidean
distance and zonal statistics functions. The analysis revealed that most fires in Gorkha occur in the East,
southeast and southern aspects (see Figure 4.13) as these areas receive more sun hours than the other
aspects. However, there are instances where some fires occur in the Northern aspects which can be
attributed to the human factor, since the lighting of fires by people is not restricted to any boundary. In
terms of slope, most ignition points lie in the moderate slope which may indicate that fires occurring there
are not extreme as the rate of the spread is minimum on moderate slopes. The findings mentioned above
are illustrated in Figure 4.12. The occurrence of most ignition points on the moderate elevation levels of
between 600 and 1400m (see Figure 4.13), can be attributed to the easy accessibility of these areas to
people, and that the climate in that range is conducive for fire occurrence. At higher altitude, the increase
in humidity and decrease in temperature does not favour fire incidences. This analysis also managed to
substantiate the claims that closeness to roads, agriculture and settlements promotes forest fires in the
study area. The ignition points were located at a minimum and maximum distance of 20m to 350m away
from the roads, 100m to 700m away from settlements, and Om to 500m away from agriculture areas as is
indicated in Figure 4.11 and 4.12. Consequently, these facts justify the use of these MODIS ignition points
as they are derived in a scientific and objective manner, and are also backed by literature.

Distance of ignition points to roads Distance of ignition points to settlements
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Figure 4-11: Distance of ignition points to roads and settlements
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Figure 4-12: Ignition points occurrence in relation to slope and distance from agricultural areas
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Figure 4-13: Ignition points occurrence in relation to aspect and elevation

4.3.2. The simulation of the April 2008 fire events

a) Fire simulation for the 20th April 2008 fire

Simulation with uniform wind and gridded wind data

The maps in Figure 4.14 illustrate the extent of fire perimeters simulated using spatially uniform and
spatially varying (gridded) wind data. The background used is a fuel map where the white areas represent
rivers, agriculture and urban areas. It is important to take note that the percentage agreement refers to the
proportion of the observed fire scar which was simulated as burned. Using spatially uniform wind data,
the fire spread at a rate ranging from 0 — 3m.min! and after 3 hours of fire duration the simulation
covered 17% of the observed fire scar which was uncharacteristically low. Underestimation of the
observed fire scar was very high (83%), whilst overestimation was almost non-existent (0.3%). In this
scenario, the level of underestimation decreased to 22% whilst over estimation increased to 40%.
However, the proportion of overestimation increased with the use of gridded wind data as compared with
that of spatially uniform wind data. The use of uniform wind data resulted in the fire having an intensity
ranging between 0 — 2882kW.min"!, whilst that of gridded wind data ranged between 0 — 9184kW.min-!.
This corresponds with the rate of fire spread observed in this simulation, because it generally assumed that
higher intensity fires spread at a faster rate.

Figure 4.15 presents graphs that illustrate the difference in rate of fire spread using spatially uniform and
spatially varying wind data. In this graph, it is important to note that the x-axis labelled ‘fire pixel count’
indicates each pixel (l.e. the area) that was burnt, whilst the y-axis indicates the rate of fire spread
encountered in each pixel that was burned during fire simulation in FARSITE. The simulated burned area
map for this fire event was overlaid over the simulated rate of fire spread perimeter, for both the uniform
and gridded wind data simulations. In the case of the uniform wind data simulation, there were only 3
pixels (30m * 30m) of the simulated fire overlaid with the rate of spread perimeter because the size of
simulated fire scar was very small, whilst the simulated fire scar using gridded wind data was as big as the
original scars, thus 10 pixels were overlaid with the rate of fire spread pixels. On the incorporation of
spatially varying wind data, the fire spread at a rate ranging from 0 — 11m.min! and after 3 hours of fire
duration, the simulation covered 78% of the observed fire scar.
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Figure 4-14: Simulation of fire perimeter using uniform wind data and gridded wind data
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Figure 4-15: Rate of fire spread using uniform and gridded wind data

The Sorensen’s Coefficient of similarity indicates the level of similarity between the observed and
simulated fire scars and takes into account the over- and under estimations of the simulation. As shown in
Table 4.4, the Sorensen‘s Coefficient increased significantly as the level of agreement between the
observed and simulated fire scar increase during the use of spatially varying wind data from 0.28 to 0.72.
The summary of accuracy assessment of the simulated fire scar is presented in Table 4.5.
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Table 4-5: Accuracy assessment of the fire simulation

Uniform Wind | Gridded wind
% Agreement 17 78
% Underestimation 83 22
% Overestimation 03 40
Sorensen coefficient 0.28 0.72

Therefore, the use of spatially varying wind data resulted in an increase in the rate of fire spread, the fire
intensity and the level of agreement between simulated and observed fire scars. In this scenario, the model
performed well in the simulation with the gridded wind data. The results for this fire event correspond
well with each other, whereby significant positive differences are noted in the fire spread, fire intensity and
consequently, the significant positive difference in the proportion of the observed fire scar approximated
on the application of gridded wind data as compared to spatially uniform wind data. The pattern of the
shape and spread of the simulated fire scar was not well defined on the fire scar simulated using uniform
wind data. However, in the case of incorporation of spatially varying wind data, the pattern of spread and
the shape of the simulated fire scar resembled that of the observed fire scar thereby highlighting the
applicability of the model in the study area.

b) Fire simulation for the 26th April 2008 fire

Simulation with uniform wind and gridded wind data

The maps in Figure 4.16 illustrate the extent of fire perimeters simulated using uniform and spatially
varying (gridded) wind data for the 26th April fire. The white areas on the background fuel map are rivers,
agriculture and urban areas. The pattern of the shape and spread of the simulated fire scar using both the
spatially uniform and gridded wind data closely resembles that of the observed fire scar. Using spatially
uniform wind data, the fire spread at a rate ranging from 0 — 4m.min"!, and this observation was the same
when gridded wind data was applied in the model. Although the spread rates for the two simulations
appeared to be similar, a slight difference was noted when the frequency of fire spread rate on the
landscape was analysed. The frequency of the rate of fire spread using gridded wind data was slightly
higher than that noted using uniform wind data. Figure 4.17 illustrates the rate of fire spread using both
spatially uniform and wind data.

Fire intensity generated using spatially uniform wind data was lower (0 — 1874kW.min") than that
generated using gridded wind data (0 — 2070kW.min"). The simulation using spatially uniform wind data
covered 81% of the observed fire scar, whilst that of gridded wind data covered 96% of the observed
burnt area. In this situation, the model performed well in both simulations, with the gridded wind
simulation producing slightly better results. The results for this fire event correspond well with each other,
whereby slight positive differences are noted in the fire spread, fire intensity and consequently, the slight
positive difference in the proportion of the observed fire scar approximated on the application of gridded
wind data as compared to spatially varying uniform wind data. The Sorensen’s Coefficient is slightly lower
for gridded wind simulation (0.78) as compared to uniform wind data (0.81). This is due to the increase in
overestimation that is noted when gridded wind data is applied in the model. On the use of spatially
uniform wind data, there was 32% of overestimation of the observed fire scar and this increased to 51%
when gridded wind data was applied in the model, whereas underestimation reduced from 11% to 4%.
The summary of the accuracy assessment of the fire scars is presented in Table 4.6.
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Figure 4-16: Simulation of fire perimeter using uniform wind data and gridded wind data
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Figure 4-17: The rate of fire spread using spatially uniform and gridded wind data

Table 4-6: Accuracy assessment of the fire simulation

Uniform Wind Gridded wind
% Agreement 81 96
% Underestimation 11 4
% Overestimation 32 51
Sorensen coefficient | 0.81 0.78
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c) Fire simulation for the 28 April 2008 fire

Simulation with uniform wind and gridded wind data

The pattern of the shape and spread of the simulated fire scar resembles that of the observed fire scar in
the model simulations using the spatially uniform and spatially varying wind data. The maps in Figure 4.18
illustrate the extent of fire perimeters simulated using uniform and spatially varying (gridded) wind data for
the 28% April fire. The white areas on the background fuel map are rivers, agriculture and urban areas.
During this fire event, the fire intensity generated on the fire simulation using gridded wind data
simulation was slightly lower than that generated on the simulation incorporating uniform wind data. This
is unusual, because incorporation of gridded wind data generally results in high intensity as compared to
the use of uniform wind data.

Uniform Wind_28 April 2008 fire N Gridded Wind_28 April 2008 fire N
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Figure 4-18: Simulation of fire perimeter using uniform wind data and gridded wind data

Using spatially uniform wind data, the fire spread at a rate ranging from 0 — 3m.min-!, and this spread rate
did not change after the incorporation of gridded wind data. However, a slight difference was noted when
the frequency of fire spread rate on the landscape was analysed. The frequency of the rate of fire spread
using gridded wind data was slightly higher than that noted using uniform wind data. Figure 4.19 illustrates
the rate of fire spread using both spatially uniform and wind data.
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Figure 4-19: The rate of fire spread using spatially uniform and gridded wind data

The simulation using spatially uniform wind data covered 82% of the observed fire scar, whilst that of
gridded wind data covered 90% of the observed fired. The Sorensen’s coefficient further compounds this
observation, as it increases from 0.73 using spatially uniform wind data to 0.77 with the incorporation of
gridded wind data. Percentage overestimation increased slightly from 41% to 43% on the incorporation
of gridded wind data. Underestimation decreased from 18% to 10% when gridded wind data was applied
in the model. The summary of the accuracy assessment of the fire scars is presented in Table 4.7.

Table 4-7: Accuracy assessment of the fire simulation

Uniform Wind | Gridded wind
% Agreement 82 90
% Underestimation 18 10
% Overestimation 41 43
Sorensen’ coefficient 0.73 0.77

In this scenario, the model performed well in both simulations, with the gridded wind simulation
producing slightly better results. The results for this fire event correspond well with each other, except for
the fire intensity, whereby slight positive differences are noted in the fire spread rate, and the proportion
of the observed fire scar approximated on the application of gridded wind data. Fire intensity exhibits a
negative slight difference when gridded wind data is applied in the model.

According to Finney (2004), Forthofer (2004) and Butler et al., (2000), the incorporation of spatially
varying (gridded) wind data in the FARSITE fire spread model, enables it to simulate an observed fire scar
more accurately than the use of wind data. Therefore, in this research, this claim was investigated to find
out if it is applicable for the April fire incidences that occurred in the Ludikhola watershed. A hypothesis
was developed (See Research hypothesis 1) and tested using the ANOVA statistical test.

Research Hypothesis 1

H1: The use of spatially varying wind data significantly explains fire spread more accurately than the use of
spatially uniform wind data.

Table 4.8 presents the summary of the proportions of the observed fire scar approximated through the
incorporation of spatially uniform wind data and spatially varying wind data. The use of the gridded wind
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data in the fire spread model explains fire spread more accurately than the use of uniform wind data as is
shown in Table 4.9.

Table 4-8: The summary of the proportions of the observed fire scar

Uniform wind approximation (%) | Gridded wind approximation (%)
20 April 2008 fire 17 78
26 April 2008 fire 81 96
28 April 2008 fire 82 90

However, the statistical analysis of the differences in the results of the model simulations using ANOVA,
shows that there is no significant difference (x = 0.05) between the proportions of the observed fire scar
simulated using gridded wind data and spatially uniform wind data. Table 4.9 presents the summary of the
ANOVA test. Therefore, in this research we reject the alternative hypothesis; the use of spatially varying
wind data does not significantly explain fire spread more accurately than the use of spatially uniform wind
data.

Table 4-9: The summary of the ANOVA test

ANOVA

Source of variation X df | MS F P-value F critical
Between groups 1176 1 1176 1.598912 | 0.274715733 | 7.708647
Within groups 2942 4 735.5

Total 4118 5

Several studies on fire spread modelling using the FARSITE model have been conducted in America,
Europe and Australia (Arca ef al., 2006, Arca et al., 2005, Andrews ¢t al., 2007, Arroyo ez al., 2008., Butler e
al., 2006a, Carmel ¢t al., 2009., Forthofer and Butler, 2007, Mbow e# al., 2004, Mutlu ez al., 2008, Ryu ez al.,
2007). The results from these studies showed that the FARSITE model is capable of simulating more than
75% of an observed fire scar. However, this model has not been applied in South Asia. Therefore, this
research investigated this claim to find out if the model could be well applied in the rugged terrain of
Ludikhola watershed in Nepal, and simulate more than 75% of the observed fire scars. The Research
hypothesis 2 was developed and tested.

Research Hypothesis 2
H;: The FARSITE fire spread model approximates the observed fire scar by more than 75%.

In this research, the FARSITE fire spread model succeeded in approximating the April 2008 observed fire
scars by more than 75%, in both model scenarios incorporating spatially uniform wind data and spatially
varying wind data. These results are presented in Table 4.7 above. The fire scar simulations exhibited
percentage agreement with the observed fire scar ranging from 78% to 96%. There was only one
exception, where fire scar simulation of the 20th April fire with the incorporation of uniform wind data
only managed to approximate 17% of the observed fire scar. Therefore, we accept the alternative
hypothesis, which means that the FARSITE fire spread model does approximate the observed fire scar by
more than 75%.
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4.4, The Spatial Distribution of Fire Intensity

In this section, the spatial distribution of fire intensities for the fire scar simulations conducted with the
incorporation of spatially varying (gridded) wind data are described. This is because simulations using
gridded wind data approximated the observed fire scars more accurately than spatially uniform wind,
despite the fact that statistically the difference are not significant. It is important to note that the fuel map
was used as the background image. Fire intensity classes were based on Smith ez 4/, (2008) fire intensity
rankings (0 - 500kW.min"! is low fire intensity, 500 - 2000kW.min! is moderate fire intensity, 2000 -
4000kW.min! is high fire intensity, and > 4000kW.min"! is extreme high fire intensity).

4.41. Spatial distribution of fire intensity for the 20t April 2008 fire

Fire line intensity is defined as the energy released during a fire. The map in Figure 4.20 illustrates the
spatial distribution of fire line intensity in the simulated fire scar. There are three forest cover types that
were burned, i.e. low density forest, medium density forest and high density forest. The fire line intensity
ranged between 0 — 9184kW.min! with an average of 2396kW.min!. High fire intensity values were largely
concentrated in the low density forest whilst low intensity fire values fell in the medium and high density
forest areas. Cross analysis of the fire intensity and forest cover map indicates that 68% of the low density
forest experienced medium to high intense fire, whilst 100% of the high density forest and medium forest
experienced low intense fire. Table 4.10 presents the results obtained from cross analysis of the fire
intensity map and the forest cover type map. These outcomes agree to a certain extent with observations
made in the field. In the low density forest, there was evidence of charred lower parts of the tree trunks
which could be an indicator of high fire intensity whilst in the high density forest no tree truck charring
was evident. Keeley (2008) stated that fire intensity is positively correlated with fire severity. It has a great
influence on vegetation damage and mortality. Therefore, it is assumed that vegetation damages observed
in the field indicate the level of the fire line intensity.
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Figure 4-20: Fire line intensity distribution of the 20t April fire incident
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Table 4-10: Cross analysis of the fire intensity and forest cover map

Fire intensity (pixel count)
Cover type Total no. of pixels | Low intensity | Medium intensity | High intensity
Shrub land 0 - - -
Low density forest 25 7 14 3
Medium density forest 3 3 - -
High density forest 8 8 - -
4.4.2. Spatial distribution of fire intensity for the 26t April 2008 fire

The spatial distribution of fire intensity for the 26th April fire is illustrated in the map in Figure 4.21. The
fire intensity ranged between 0 — 2070 kW.min! with an average of 854kW.min"!. The area covered by this
fire scar consisted of two forest cover classes namely, shrub land and high density forest. The shrub land
encountered high intensity fires, whilst the high density forest had low intensity fires. Cross analysis of the
fire intensity map and forest cover map indicated that 67% of the shrub land exhibited medium to high
intensity fires, whilst 100% of the high density forest exhibited low intense fires. Table 4.11 presents the
cross analysis results for the fire intensity and forest cover map. It is generally accepted that open forests,

in this case the shrub land, burn at a fast rate with high fire intensities.

Table 4-11: Cross analysis of the fire intensity and forest cover map

Fire intensity (pixel count)
Cover type Total no. of pixels | Low intensity | Medium intensity | High intensity
Shrub land 12 - 5 3
Low density forest 0 - - -
Medium density forest 0 - - -
High density forest 8 8 - -
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Figure 4-21: Fire line intensity distribution map of the 26t April fire incident
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443. Spatial distribution of fire intensity for the 28th April 2008 fire

Fire line intensity for the 28th April fire ranged between 0 — 1334kWmin-! with an average of 639kWmin-'.
The map illustrating the distribution of fire intensity is shown in Figure 4.22. This fire event burned three
forest cover types namely, low density forest, medium density forest and high density forest. In this fire
incidence, 60% of the low density forest exhibited high intensity fires, whilst 40% exhibited low intensity
fires. In the medium density forest, 75% and 13% of the area experienced low intensity fire and medium
intensity fire respectively. In the high density forest, 60% of the area experienced medium to high intensity
tires, whilst only 10% experienced low intensity fires. Table 4.12 presents the summary of the results for
the fire intensity and forest cover type map. In this case, both the low density forest and high density
forest were subjected to high fire intensities, whilst the medium density forest was predominantly

subjected to low fire intensity.
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Figure 4-22: Fire line intensity distribution map of the 28 April fire incident

Table 4-12: Cross analysis of the fire intensity and forest cover map

Fire intensity (pixel count)
Cover type Total no. of pixels | Low intensity | Medium intensity | High intensity
Shrub land 0 - - -
Low density forest 5 2 - 3
Medium density forest 8 6 -
High density forest 10 1 3 3
4.5, Modelling of Fire Induced Carbon Emission

A new fire induced carbon emission model was developed in this research, which has the ability to map
the variation in carbon emission within a particular forest cover type le. estimate carbon emitted per
individual tree, thereby rendering them significantly more accurate than the Kasischke ¢z a/, (2005) and the
Seiler and Crutzen (1980) model. The new model is presented in Equation 8.
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Equation 8: The new carbon emission estimation equation
C(t) = Cy X Fe X B(Y)

Where F¢ is the fraction of the catbon that is available to burn,
Cy is the variable carbon stock per individual tree,
B(t) is the fraction of carbon consumed during a fire.

4.5.1. The carbon stock map of Ludikhola watershed

The carbon stock distribution map of the Ludikhola watershed was produced through spatial interpolation
using the kriging method. The carbon distribution map is presented in Figure 4.23. Cross validation
through overlaying the Ludikhola fuel map and the carbon distribution map was done to analyse the
accuracy of the kriging method in estimating carbon stock. A comparison was then assessed between the
total amount of carbon stock per cover type derived directly through plot sample data and the one derived
through the kriging method. This comparison was done through the correlation and regression statistical
methods. The correlation coefficient between these data was 0.98. A regression analysis was then
conducted, which yielded positive significant results with an adjusted R square of 0.95 as is shown in Table
4.12. There is a positive significant relationship between the total amount of carbon derived directly
through the use of sample data and that derived through the kriging method. Therefore, kriging can
accurately estimate biomass/carbon stock data through the use of field data.

Table 4-13: Summary of the regression analysis.

Regression Statistics

Multiple R 0.982990645
R Square 0.966270609
Adjusted R Square 0.949405914
Standard Error 114.6956254
Observations 4
ANOVA
df SS MS F Significance F
Regression 1 753726.827 753726.827 57.295467 0.017009355
Residual 2 26310.173 13155.08648
Total 3 780037
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Figure 4-23: Carbon stock map of Ludikhola watershed

The fire intensities generated in the fire simulations incorporating spatially varying wind data were used in
the estimation of the amount of carbon emitted from each fire incidence in April 2008. The spatial
distribution of carbon released by the 20t April fire is shown in Figure 4.24. The low density forest
released the highest amount (10175 Mg) of carbon, whilst the medium density and high density emitted
very low of amounts i.e. 253 and 673 Mg respectively. These findings tally with the fire intensity simulated
as we note that the low density forest had high intensity fires and thus released more carbon into the
atmosphere, whilst the high density forest though being rich in carbon content, less carbon was emitted
because they forest experienced low intensity fires resulting in less biomass burning. Overally, a total of
11101 Mg. of carbon was released by the fire in the simulated burned area map of the 20™ April fire
incidence. Table 4.14 presents a summary of the amount of carbon emitted per forest cover type for the
three fire incidences.

Table 4-14: The amount of carbon emitted per forest cover type for the three April fire incidences.

Amount of carbon emitted per cover type (Mega grams, Mg)
Fire event Shrub land | Low density forest | Medium density forest High density forest
20th April - 10175 253 673
26t April 626 - - 77
28t April - 229 263 620
Grand total 626 10404 516 1370
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Figure 4-24: The spatial distribution of carbon released by the 20t April fire

During the 26" April fire, a higher amount (626Mg) of carbon was emitted from the shrub land as
compared to the high density forest which emitted 77Mg of carbon (see Table 4.14). It is important to
note that the shrub land cover type is not purely shrubs but has a canopy cover ranging between 5 — 30%.
The high intensity fires that occurred in the shrub land resulted in the burning of large amounts of fuel
hence the large amount of carbon emitted from this cover type. High intensity fires imply that most of the
fuels will burn faster and more efficiently thereby releasing larger amount of carbon stored in the woody
shrubs and dead twigs. On the other hand, the high density forest exhibited low intensity fire hence the
small amount of carbon emitted because low intensity fires in the high density forest can only burn a small
amount of the fuel, thereby releasing low amounts of carbon. The overall amount of carbon released was
703Mg. The spatial distribution of carbon released by the 26 April fire is shown in Figure 4.25.
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Figure 4-25: The spatial distribution of carbon released by the 26t April fire
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During the 28th April fire all cover types released generally low amounts of carbon. The high density
forest emitted the largest amount of 620Mg of carbon as compared to that from the medium density
forest (263Mg) and low density forest (229Mg). The overall amount of carbon released during this fire
incidence was 1112 Mg. The spatial distribution of the carbon released from the forest due to fire is
illustrated in Figure 4.26. In this fire incidence, the high density forest had intensity fire, whilst the low
density forest had low intensity. These findings are consistent, as we note that where high intensity fires
occur, a large amount of carbon is emitted, whereas the reverse is applicable in the case of low intensity
fires.
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Figure 4-26: The spatial distribution of carbon released by the 28! April fire

In overall, the amount of carbon emitted in each of these fire scars corresponds with the intensity of the
fire, whereby high fire intensities result in the release of high amounts of carbon into the atmosphere.

The amount of carbon emitted in the April 2008 fires differed per cover type. Generally, the low density
forest released the highest amount of catbon per hectare, whilst the medium density and high density
forest had the least amount of carbon emission. Table 4.15 presents the amount of carbon emitted per
cover type in the three April 2008 fire incidences. The total amount of carbon emitted from the April
2008 forest fires was 12 916Mg. Therefore, 7% of the sequestered carbon in the Ludikhola watershed was
released into the atmosphere.

Table 4-15: Total amount of carbon emitted per cover type in April 2008 fires

Cover type Area burned (ha) Total Carbon emitted (Mg) Carbon emitted (Mg.ha)
Shrub land 0.72 626 869

Low density forest 2.05 10404 4624

Medium density forest 0.9 516 573

High density forest 2.25 1370 609

Grand Total 6.12 12916
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5. DISCUSSION

5.1. Characteristics of the Forest in the Ludikhola Watershed

Although an analysis of the characteristics of the forests in the Ludikhola watershed was not part of the
objectives of this research, it is important because it provides a baseline for this study which points out the
uniqueness of the forest in relation to forest fire behaviour, and subsequently, carbon emission. The
Ludikhola watershed consists mainly of the community and government forests. The watershed
underwent high deforestation in the past and at present, it has been reduced through community forest
management (Karky, 2008). The community forests in the Ludikhola watershed are relatively dense,
having a canopy cover percentage of approximately more than 60%. This can be attributed to local
community management of the forest. The local people use forest resources in a sustainable manner,
thereby reducing deforestation through illegal logging. This claim is supported by Archaya and Sharma
(2004), Banskota ¢t al., (2007), and Karky (2008), who state that forest degradation in community managed
forests of Nepal reduced from 1.90% to -1.35% in the period of 1990 to 2005, and the forest conditions
improved in most places with positive impacts on biodiversity conservation, and increased production of
firewood, timber, fodder, forest litter and grass to assist in improving the subsistence livelihood. The
government forest is sparse and has a canopy cover percentage averaging approximately 10%. The
openness of the government forest can be attributed to the uncontrolled cutting down of trees for
firewood and building materials because of the lack of tenurial clarity such that local people misuse the
forest resources. According to Dhital (2009), the nationalization of private forests by the government was
a key factor that accelerated deforestation in Nepal, as the local people ventured into illegal clearing of
forests for agriculture and the illicit felling of timber for smuggling across the border.

The influence of community management of the forests was also noted in terms of forest fire incidences,
which were found to be less in community forests compared to those observed in the government forest
during field work. These findings are consistent with the observations made on an Aster Satellite image
taken in May 2008, whereby one fire scar was noted in the community forest, whilst there were five fire
scars in the government forest. Although the community forest was found to be relatively dense, the
average biomass distribution in the community forest was found to be 30% less than that of the
government forest. This could be due to the occurrence of religious forests within the government forest,
where the cutting down of trees is prohibited. The place is regarded as being sacred and the trees are
allowed to grow old and accumulate large amounts of biomass, and hence the higher average biomass
distribution in the sparse (open) government forest. For instance, the average DBH of trees for the
community and government forest was 17 and 20cm, respectively; however the religious forests had old
trees with the DBH averaging above 80cm and thereby causing the higher average biomass content. A
study conducted in Central Korea (Li ez a/., 2010) showed similar results to these findings, whereby the
aboveground and total tree biomass increased with stand age, particularly for the biomass within tree stem
which comprised the main proportion of the aboveground and total tree biomass with increasing stand
age. Therefore, stand age could be the reason for the differences in biomass distribution for the
government and community forests.

5.2. Forest Cover Classification

In this research, forest cover classification of the Geo-Eye satellite image was not part of the objectives
however; it was a crucial process in forest fire spread modelling as it provided the basis for creating a fuel
map. The importance of this process is substantiated by Falkowski ef a/, (2005) who claim that most
studies using remote sensing to characterize surface fuels first have to classify an image into vegetation
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categories, and then assign fuel types or fuel models to each category to produce a fuel map. The overall
accuracy and kappa statistic were 84% and 0.80 respectively as is shown in Table 4.3. The overall accuracy
in this classification is very close to the recommended 85% (Campbell, 2002), thereby indicating the high
accuracy of the classification. According to Fitzgerald and Lees (1994), the Kappa gives a better interclass
discrimination than overall accuracy. Landis and Koch (1987) defined the agreement criteria for Kappa
statistic as poor when K<0.4, good when 0.4<K<0.7 and excellent when K>0.75. Alternatively,
Monserud (1990) suggested the use of subjective Kappa value as poor when < 0.4, fair when 0.4<K< 0.55,
good when 0.55<K<0.7, very good when 0.7<K<0.85 and excellent when > 0.85. Thus, according to
these agreement scales, the classification denotes very good to excellent agreement, thereby indicating that
the pixels were effectively grouped into the correct feature classes in the area under investigation.
Consequently, the high accuracy of the classification indicates that the fuel map was reasonably accurate.
However, some errors in the classification could be due to the choice of sample size, ground data
collection accuracy, spatial auto-correlation and the classification algorithm used (Congalton, 1991). In
Moscow Mountain (USA), Falkowski e# a/, (2005) derived a fuel map through a classification with an
accuracy of 0.63 (Kappa statistic=0.54) and suggested that the map could be used in FARSITE for fire
modelling. This therefore justifies that the classified Geo-Eye image had sufficiently high accuracy for the
reclassification into a fuel map and application in the FARSITE fire model.

5.3. FARSITE Fire Behaviour Simulation

5.3.1. Ignition points

The MODIS ignition points analysis revealed that most fires in Gorkha occurred in the east, southeast and
southern aspects as these areas receive more sun hours than the other aspects. These findings are
consistent with other previous studies (Neeraj and Hussin, 1996; Hernandez ef 4/, 2006; Rauther ef al.,
2006 and Orozco et al., 2009), as they also conclude that fuels in the southern aspects are more exposed to
the sun for longer periods and are therefore more prone to fire as they are hotter and drier. However,
there were instances where some fires occurred in the Northern aspects which could be attributed to the
human factor, since the lighting of fires by people is not restricted to any boundary. In terms of slope,
most ignition points are in the moderate slope, which may indicate that the fires were not extreme as the
rate of the spread is minimum on moderate slopes. Generally, a fire incidence on a slope favours the
spread of fire as the flames establish a strong contact with the ground surface thereby heating up the fuel
(Finney, 1998). For instance, according to Catchpole (2002) a 10° slope will double fire spread rate and a
20° slope will quadruple it. The occurrence of most ignition points on the moderate elevation levels
(between 600 and 1400m), could be attributed to the easy accessibility of these areas to people, and that
the climate in that range is conducive to fire occurrence. At higher altitude, the increase in humidity and
decrease in temperature do not favour fire incidences (Orozco ef al., 2009), and thereby serves to justify

the occurrence of ignition points at moderate or low elevation.

This analysis also managed to substantiate the claims that closeness to roads, agriculture and settlements
promoted forest fires in the study atrea, as all the ignition points occurred within a maximum distance of
500m from roads, agriculture and settlements. These findings are shown in Figure 4.11 and 4.12.
Generally, human, animal and vehicular movement and activities on roads provide ample opportunities
for accidental or man-made fires. Forests located near roads are therefore more fire prone. In this research,
the forests in the Ludikhola watershed are traversed by many roads, thereby allowing local people and
graziers to become the cause of forest fires. In addition, many settlements are located within the forest in
the study area, thus increasing the ignition risk since the habitation or cultural practices of the inhabitants
can lead to accidental fire. These findings are supported by Jaiswal ¢f al, (2002) who states that the
proximity to human activity is a key variable for predicting the probability of an ignition. Furthermore, a
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study conducted by LaCroix ez al., (2006) revealed that an ignition point location has the strongest and or
greatest influence on the spread of fire followed by other factors such as fuel and weather. These findings
are strengthened by this research as an average of 88% similarity between the actual fire scars and the
simulated fire scars was observed using the suggested (MODIS) ignition points (results presented in Table
4.7), thereby indicating the relative accuracy and reliability of the ignition points applied in the FARSITE
model. Consequently, all these facts mentioned above justify the application of MODIS ignition points in
FARSITE fire spread simulations as they are derived in a scientific and objective manner, and are also
backed by published literature.

5.3.2. FARSITE fire simulations and validation with a real fire scar map

a) Uniform and gridded wind simulation of the 20t April fire scar

The simulation of the fire with uniform wind data resulted in 17% of the observed fire scar being
simulated as burned, whilst that of gridded wind data resulted in 78% of the observed fire scar being
simulated as burned. These findings are presented in Table 4.4. The Sorensen coefficient also substantiates
these results as it increased from 0.28 (uniform wind data) to 0.72 (gridded wind data), thereby indicating
the level of similarity between the observed and simulated fire scars whilst factoring into account the over-
and under estimations of the simulation. The simulation using uniform wind data resulted in an unusually
low approximation of the observed fire scar which is not characteristic of the FARSITE model as it
generally performs well even under uniform wind conditions. This indicates that the fire was mainly wind
driven, therefore the absence of local varying wind led to the slow rate of fire spread. The fire was
confined to a small area which explains the small fire scar simulated by the model. Table 5.1 provides a
summary of the results obtained for the 20 fire scar simulation. The incorporation of spatially varying
wind data significantly improved the ability of FARSITE to simulate the actual burned area on the ground.
These results are consistent with other previous studies (Butler and Stratton, 2005, Butler ¢ a/, 2006a, and
Forthofer and Butler, 2007) where significant increases in the accuracy of fire spread simulations were
observed by incorporating a spatially varying wind data in the FARSITE model. In the application of
spatially uniform wind data, the pattern of spread and the shape of the simulated fire scar did not resemble
that of the observed fire scar because of the high underestimation of 83% in the simulation. A study
conducted by Fujioka (2002) substantiates this observation, as his study also showed that the simulation of
fire using uniform wind data results in fire not spreading to the extent of the observed fire scar. The
underestimation of the observed fire scar could be due to landscape heterogeneity which may have
prevented the attainment of the maximum rate of spread (Ryu ef a/, 2007). Other reasons for the
underestimation of the observed fire scar could be associated with the improper representation of local
winds and errors in the rate of fire spread (Finney, 1998 and Forthofer and Butler, 2007).

Table 5-1: Summary of the 20t April fire scar simulation

ROS Fire Intensity | Actual fire Cover types affected by the fire

(m/min) | (kW/min-') simulated (%)
Uniform wind 1 1029 17 Low density forest (2.25ha); medium density
Gridded wind 3 2396 78 forest (0.18ha); high density forest (0.72ha)

On the incorporation of spatially varying (gridded) wind data, the average rate of spread and fire intensity
of the fire increased from 1 to 3mmin!and 1 029 to 2 396kWmin'! respectively, thereby producing a
pattern in the spread and the shape of the simulated fire scar resembling that of the observed fire scar.
Spatially varying wind data is generally known to accurately represent local wind flows influenced by

52



MODELLING FOREST FIRE BEHAVIOUR AND CARBON EMISSION IN THE LUDIKHOLA WATERSHED, GORKHA DISTRICT, NEPAL

elevation, terrain, and vegetation which serves to explain the resemblance in the pattern and shape of
simulated fire scar to the observed fire scar. These findings, along with those of other previous studies
(Butler and Stratton, 2005, Butler ¢# a/., 2006a, and Forthofer and Butler, 2007) strengthen the claim that
FARSITE fire growth predictions are significantly higher using gridded wind information as compared to
uniform wind data (Forthofer and Butler, 2007). Although, a higher accuracy in terms of explaining fire
spread is achieved when using gridded wind data, overestimation occurs during the simulations.
Opverestimation increased from 0.3% (uniform wind data) to 40%. This is a limitation of the model, which
the model developer attributes largely to the scale of the input data that describe the fire environment
which is very coarse compared the scale of the real fire environment that affects the actual fire (Finney,
1998). The coarseness of the of the input data implies that the FARSITE model is fed very homogenous
data (spatial and temporal) that produce equilibrium values that are too fast for the real heterogeneous
environment. For instance, in this research wind was input at daily intervals but in reality the winds are
highly variable, and in addition, fuel homogeneity was assumed to be at 30m resolution such that the raster
landscape data contain no variation in the fuel data finer than 30m. However, in reality most fuels are
more heterogeneous, having areas within each 30m cell that have more, less, faster, and slower fuel types.
Overestimation could also be attributed to the absence of information concerning the suppression
activities which were taken during the fire event. In this research, the fire simulated stopped mainly due to
the time duration indicated, although in reality fire stops due to changes in topography, fuel, weather and
other barriers like roads and rivers (Arca ez al., 2007). According to Ryu ez al., (2007), the FARSITE model
assumes that the spread of fire is dependent on fuel type and load hence the model does not have a
function to extinguish fire automatically such that as long as there is fuel, the model assumes that the fire
is spreading,.

The fire largely affected the low density forest as compared to the medium and high density forest which
could be attributed to the openness of the canopy which offers no protection against the wind, thereby
increasing the likelihood of fire spread. In addition, an open canopy allow for the sunlight to penetrate and
dry out the surface fuels thereby reducing the fuel moisture content making them more susceptible to fire
(Fernandes ez al., 2000, Yang et al., 2008 and Cochrane, 2003).

a) Uniform and gridded wind simulation of the 26t April fire scar

The simulation of the fire with uniform wind data resulted in 89% of the observed fire scar being
simulated as burned, whilst that of gridded wind data resulted in 96% of the observed fire scar being
simulated as burned. However, the level of similarity between the observed and simulated fire scars as
determined by the Sorensen’s coefficient decreased from 0.81 (uniform wind data) to 0.78 (gridded wind
data), which could be attributed to the high overestimation of 51% encountered in the simulation which
has negative effect on the level of similarity between the observed and simulated fire scars even though
the percentage agreement is high. Table 5.2 provides a summary of the results obtained for the 26th April
fire scar simulation. In these simulations, both the uniform and gridded wind data managed to
approximate the observed fire scar with reasonable accuracy, with the gridded wind data giving the highest
accuracy. A study conducted in Italy by Arca e al, (2007) using uniform wind data obtained a high
accuracy of 95%. The incorporation of spatially varying wind data improved the ability of FARSITE to
simulate the actual burned area on the ground. The results for this fire event simulation are also consistent
with other previous studies (Butler and Stratton, 2005; Butler e a/., 2006a; Forthofer and Butler, 2007)
where significant increases in the accuracy of fire spread simulations were observed by incorporating a
spatially varying wind data in the FARSITE model.
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Table 5-2: Summary of the 26t April fire scar simulation

ROS Fire Intensity | Actual fire Cover types affected by the fire

(m/min) | (kW/min-') simulated (%)
Uniform wind 2 640 89 Shrub land (1.08ha); high density forest
Gridded wind 2 854 96 (0.72ha)

The pattern of spread and the shape of the simulated fire scar resembled that of the observed fire scar on
the application of both spatially uniform wind and varying wind data. These results are consistent with the
findings of study conducted by Forthofer (2007), which exhibits the same outcome. On the application of
the gridded wind data, underestimation of the observed fire scar was reduced by 64%, thus indicating the
high spatial resolution of the wind data as is explained in section 5.3.2a. On the other hand,
overestimation increased by 37%, which could be attributed to the FARSITE model weakness in terms of
the coarse spatial and temporal resolutions used in the simulation. The coarse spatial and temporal
resolutions used in the simulation which do not adequately represent the fine scale heterogeneities of the
fuel, topography and weather in reality. In addition, the lack of incorporation of fire suppression activities,
as explained in section 5.3.2 could be another reason for the overestimation. The study conducted by Arca
et al., (2007) specified the location, timing and the type of fire suppression activities that were utilised in
simulation of three fires which occurred in Mediterranean conditions in Italy. This therefore helped in fine
tuning the model simulations in order to get more accurate simulations such that an accuracy of 95% was
achieved uniform wind data. In some situations, overestimation may be due to inaccurate data on fuel
moistures, fuel descriptions, or weather (Finney, 2004).

Although the incorporation of spatially varying wind data resulted in an increase in the average fire
intensity (639 to 756kWmin'), the average rate of spread (Im.min") remained constant. This behaviour
could be attributed to fuel characteristics having more dominance in this fire incidence instead of the wind.
This is could also explain the occurrence of the fire largely on the shrub land as compared to the high
density forest. In this research, the shrub land is a cover type with a canopy cover of 5 = CC% =< 30,
which can be classified as an open forest where even if fire spread is constant because of stable wind
conditions, the intensity can be high as the fuels have less fuel moisture as compared to the high density
forest with a closed canopy that has a sheltering effect on the surface fuels. These observations are
substantiated by Yang ef a/., (2008) who stated that grasslands and open woodland generally have high
fractions of one-hour time lag fuels, and thus can carry surface fires much faster and with high intensity
than closed-canopy forests. In addition, Peterson e al., (2005) stated that, “The shrub/small tree stratum is
also involved in crown fires by increasing surface fire line intensity and serving as “ladder fuel” that
provides continuity from the surface fuel to canopy fuel, thereby potentially facilitating active crown fires”.
This therefore, strengthens the observation of an increase in fire intensity whilst the rate of spread
remained constant.

a) Uniform and gridded wind simulation of the 28t April fire scar
The simulation of the fire with uniform wind data resulted in 82% of the observed fire scar being
simulated as burned, whilst that of gridded wind data resulted in 90% of the observed fire scar being
simulated as burned. The Sorensen coefficient also substantiates these results as it increased from 0.73
(uniform wind data) to 0.77 (gridded wind data), thereby indicating the level of similarity between the
observed and simulated fire scars. Table 5.3 provides a summary of the results obtained for the 28t fire
scar simulation. In this fire event, both simulations obtained high levels of observed fire scar
approximation, and the pattern of spread and the shape of the simulated fire scar were similar to that of
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the observed fire scar. These results were similar or consistent with the observation of the 26™ April fire in
section 5.3.2b which could be attributed to the same reasons explained in section 5.3.2b.

Table 5-3: Summary of the 28t April fire scar simulation

ROS Fire Intensity | Actual fire Cover types affected by the fire

(m/min) | (kW/min-) simulated (%)
Uniform wind 1 756 82 Low density forest (0.45ha); medium density
Gridded wind 1 639 90 forest (0.72ha); high density forest (0.9ha)

Incorporation of the gridded wind data reduced underestimation by 44%, whilst overestimation increased
by a very small margin of 0.05%. These findings are consistent as we note that the use of uniform wind
data tends to underestimate the fire scar (Fujioka, 2002) due to inaccurate representation of the local
winds, errors in rate of spread and the effect of landscape heterogeneity. Whilst that of gridded wind data
overestimates the fire scar due to several factors ranging from misrepresentation of spatial and temporal
resolutions (fuels, weather and topography), absence of fire suppression measures in the model, and
inaccurate fuel moistures, fuel descriptions and weather data (Finney, 1998, Finney, 2004 and LaCroix ef al.,
2000).

The rate of fire spread remained constant (Im.min') in both the uniform wind and gridded wind data
simulations, whilst the fire intensity was high (756kW.min') for uniform wind data and 15% less
(639kW.min") for gridded wind data. This constant rate of spread could be attributed to the reduced wind
factor in the medium and high density forest areas, which were the cover types largely affected by the fire.
In addition, the relatively high canopy cover in these cover types provides a sheltering effect which allows
the fuels to retain high fuel moisture contents. Therefore a reduction in wind velocity and high fuel
moisture slows the rate of fire spread (Cochrane, 2003). The size of surface fuels in the medium and high
density forest could have influenced the low and constant rate of fire spread since heavy fuels are generally
known to  take longer to  ignite, spread more slowly and  burn  longer
(http:/ /bewildfire.ca/FightingWildfire/behaviour. htm#WhyFireSpreads).

Generally, in this study, the FARSITE fire spread model successfully simulated more than 75% of
observed fire scar on the incorporation of either the uniform wind data or the gridded wind data in the
model simulations. The simulation of the fire events using gridded wind data successfully obtained more
accurate approximations of the actual April 2008 fire scars. Although, the three fire events had different
rates of fire spread, with the 20™ April fire having the highest rate, these rates are classified as low fire
spread rates according to Davies and Coulthard (2006). The shape and the pattern of spread for the three
fire simulated fire scars closely resembled the observed fire scars. However, on testing the significance of
the differences in the simulations of uniform and gridded wind data, there was no significant difference in
the accuracy of the better simulating the fire scars. This could be attributed to the use of the high
resolution Geo-Eye image to derive the fuel map deemed to be highly accurate as is evidenced by the
accuracy of the classification procedure and the results of the fire simulations. This claim is substantiated
by Anderson (1982), Finney (1998), and Arroyo ef al., (2008), who stated that accurate information about
the fuel status is crucial for realistic fire modelling. A significant difference, where gridded wind data
highly explained fire spread, could have been obtained if the wind data used in this research had been
more spatially and temporally varying. Therefore, these results can be improved through the use of wind
speed and wind direction recorded in study area, and the recordings varying for instance at 30minute
interval as was the case with the Majella (Italy) forest fire modelling research conducted by (Nyatondo,
2010). In addition, the use of a custom fuel model, which describes the exact fuel conditions in the study
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area, could have resulted in higher accuracies in terms of simulating an observed fire scar (Arca ef al., 2006
and Finney, 2004). In a study conducted by Dwomoh (2009), the use of a custom fuel model improved
the accuracy of the simulation from 65% to 82%. Therefore, these results demonstrate and validate the
applicability of the model in the modelling of forest fire behaviour in the Ludikhola watershed of the
Gorkha district in Nepal.

5.4. Spatial Distribution of Fire Intensity

As stated in section 4.4 of Chapter 4, focus is on the spatial distribution of fire intensities for the fire scar
simulations conducted with the incorporation of spatially varying (gridded) wind because these simulations
approximated the observed fire scars more accurately than spatially uniform wind, despite the fact that
statistically the differences are not significant. The intensity of a fire is one of the important output
parameters in FARSITE which depends on the rate of fire spread and heat per unit area (Andrews, 2009).
It used a measure of the severity of a fire since it has a great influence on vegetation damage and mortality
(Keeley, 2008).

5.4.1. Spatial distribution of fire intensity for the 20 April 2008 fire

The fire line intensity ranged between 0 — 9 184kW.min ! with an average of 2 396kW.min"!. According to
Smith ez al. (2008), the average fire intensity of this fire event falls in moderate intensity class (rank 3 = 500
- 2000 kW.min") where an increased flame length of the fire leads to partial destruction of the fine branch
structure. In the field, evidence of charred tree trunks was observed which indicate the high severity of the
surface fire. The study revealed that 68% of the low density forest experienced medium to high intense
fire, whilst 100% of the high density forest and medium forest experienced low intense fire. These
outcomes could be attributed to the influence of fuel characteristics on fire behaviour and also
management regime factors. This fire event occurred in the government forest which is generally degraded
and thus highly susceptible to high fire severity due to high fuel loads available for burning. This claim is
substantiated by Cochrane (2003), who’s study revealed that fire severity in degraded and logged forests is
usually high owing to the large amount of available fuel in the form of slash piles and collateral damage
caused by the logging operation. High intensity fires were largely in the low density forest which could be
a result of the exposure of fuel to sunlight and wind since there was no canopy to provide a sheltering
effect, unlike in the high density forest with a closed canopy. The fuels exposed to sunlight have low
moisture content, and thus burn quickly with high rate of spread and intensity. In addition, the sizes of
woody twigs in the low density forest are likely to be finer than those in the high density forest and thus
quickly catch and spread the fire. The high density forest had a closed canopy which protected the forest
from the wind, and fire intensities were kept low by the high moisture content of fuels (Yu ez al., 2002,
Cochrane, 2003 and Peterson ef al., 2005).

5.4.2. Spatial distribution of fire intensity for the 26 April 2008 fire

In this fire incidence, fire intensity ranged between 0 — 2070 kW.min"!, having an average of 8§54 kW.min-!.
According to fire intensity ranking classes stated by Smith ez 4/, (2008), the intensity of this fire event was
moderate. The results indicated that 67% of the shrub land exhibited medium to high intense fires, whilst
100% of the high density forest exhibited low intense fires. These findings were consistent with the
observations made on the 20th April fire event, as shrub land cover type has an open canopy with a range
of 5=CC%=30. This fire is also located in the government forest. Therefore, the high intensity and low
intensity fires exhibited in the shrub land and high density forest respectively could be attributed to the
influence of fuel characteristics such as the sheltering effect of canopy cover, wind reduction factor, fuel
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moisture content and size of woody twigs as is explained in section 5.4a. These fire behaviour
characteristics observed are consistent with previous studies conducted by Yu ez a/., 2002, Cochrane, 2003
and Peter ez al., 2005.

5.4.3. Spatial distribution of fire intensity for the 28 April 2008 fire

Fire line intensity for the 28% April fire ranged between 0 — 1334kW.min"! with an average of 639kWmin-!.
This fire intensity was classified as moderate using the fire intensity rankings by Smith ez 4/, (2008). The
fire event burned the low density forest, medium density forest and high density forest. In this fire
incidence, 60% of the low density forest exhibited high intensity fires, whilst 40% exhibited low intensity
fires. It is worthwhile to note that this fire event was located in the community forest which has a
relatively high canopy cover and differs with the government forest in terms of management regimes
(Banskota ef al., 2007 and Dhital, 2009). Fire behaviour in this case differs with the other two fire events.
The high intensity fire exhibited in the low density forest could be a result of low fuel moisture content,
fine woody twigs and the influence of wind in an open canopy. All the mentioned reasons favoured the
forest fire spread and subsequently resulted in high intensity fire (Tacconi e a/., 2007). In the high density
forest, 60% of the area experienced medium to high intensity fires, whilst only 10% experienced low
intensity fires. The lower intensity fires in the low density forest could be attributed to the presence of
mixed tree species which provide fuel heterogeneity thereby slowing down fire spread and subsequently,
the fire intensity (Ryu ez 4/, 2007). The high density forest largely exhibited a high intensity fire which is
unusual; although not impossible considering that it has a closed canopy that ensures the maintenance of
high fuel moisture contents. The occurrence of high intensity fire could be a result of the presence of high
amounts of horizontal continuous forest litter influencing forest fire spread and thus increase fire
intensity. Another reason could be the presence of volatile chemical in trees and shrub species that result
in the ignition and maintenance of fire despite the high moisture content of the fuels, however there is no
evidence of this fact in the field.

The spatial distribution of fire intensity observed in all three fire scars was found to be consistent with
findings from previous studies conducted by Yu ef al, 2002; Cochrane, 2003; Peter et al, 2005; and
Tacconi et al., 2007 The spatial distribution of fire intensity on the 20™ and 26" April fires exhibited the
same patterns, whilst that of the 28™ April fire had a different pattern. This could be a result of the
differences in management regimes, fuel heterogeneity and landscape heterogeneity between government
forests and community forests in the Ludikhola watershed. Generally, low intensity fires occurred in high
density forests, whilst high intensity fires occurred in low density forests. These spatial variations in fire
line intensity were mainly attributed to the variation in fuel properties.

5.5. Developing a Method to Estimate Fire Induced Carbon Emission

5.5.1. Carbon stock distribution in the Ludikhola watershed

The carbon stock distribution map for the Ludikhola watershed was produced through the kriging method
in ArcGIS. Analysis of the kriging output through correlation and regression revealed a high positive
significant relationship with the original field data (See Table 4.12 for the summary of these results). The
correlation coefficient was 0.98, whilst the adjusted R square was 0.95. The ANOVA test indicated a
positive significant relationship between the two carbon stock distribution data sets. Therefore, it is
evident that spatial interpolation through the kriging method can accurately estimate biomass/carbon
stocks. These findings are consistent with other previous studies conducted by Sunila and Kollo (2005),
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Coulibaly e al., (2008) and Sales ez al., (2008). It is evident that kriging method reliably estimates carbon.
These results can be further improved by the use of high density samples and ensuring that the estimation
is conducted on homogenous forest zones. Although these results were satisfactory, Coulibaly ez a/., (2008)
stated that there is a need to treat them with caution because tropical forests can have cases of extreme
irregularities. According to Sales ¢f al., (2008), the use of biomass/ carbon stock maps produced through
kriging, together with detailed information on the spatial profile of deforested areas may improve
estimates of carbon emissions. Consequently, for the purpose of this research, the map produced through

the kriging method was used in the estimation carbon emission from forest fires that occurred in April
2008 in the Ludikhola watershed.

5.5.2. Estimation of fire induced carbon emission

In the estimation of fire induced carbon emissions, several studies have pointed out the uncertainties that
are inherent in most models. These include uncertainties in burned area, fire severity, biomass densities,
burning efficiencies, available biomass for burning and emission factors (Seiler and Crutzen, 1980; Conard
et al., 2002, Kasischke e al., 2005; Tan et al., 2007; Mieville ez a/., 2010a). The spatial variation in pre-fire
carbon stock, the burning efficiency and burn severity (fire intensity) are key parameters ensuring the
reliability of the quantification for the carbon emission. In this research, these uncertainties were
addressed in the development of an improved fire induced carbon estimation model. The model was
developed based on the Seiler and Crutzen (1980) carbon estimation model. The Seiler and Crutzen
method used forest inventories to determine carbon emission, such that the most uncertain parameters in
this model were the burned area, burning efficiencies of different ecosystems and biomass density. This
model was improved by Kasischke ez 2/ (2005), thereby allowing it to capture both spatial and temporal
variations in burned area, fuel density and burn severity (fire intensity). However, this model did not
address the uncertainty in the spatial variation of carbon stock available for burning as it categorizes the
amount of the aboveground biomass available for burning such that all the pixels in each cover type have
the same value of biomass density, which is not a realistic assumption because individual trees differ in
biomass/carbon density. In this research, the new improved fire induced carbon estimation model
captures the spatial variation of the carbon stock available for consumption as is explained in section 3.3.5.

In the 20™ April fire event, the low density forest released the highest amount of carbon, whilst the
medium density and high density forest released the lowest amount of carbon into the atmosphere. This is
attributed to the high fire intensity that the cover type experienced. Under high fire intensity, fuels burn
faster and more efficiently thereby releasing larger amount of carbon stored in the woody shrubs and dead
twigs. During the 26" April fire incidence, the same trend is observed, whereby the shrub land which
experiences high fire intensity emits more carbon as compared to the carbon rich high density forest
which encountered low intensity fires. These findings are consistent with other previous research
(Cochrane, 2003 and Dwomoh, 2009). High fire intensities in the shrub land and low density forest could
be attributed to the openness of the cover which allows for the drying out of fuel such thereby reducing
fuel moisture. In the high density forest, the closed canopy cover protects the fuel from the wind and the
sun. This shielding effect keeps the fuel moisture content high thereby reducing the risk of fire spread. It
is also important to note that these two fire events occurred in the government forest which is in a
degraded state. This can also explain the high intensity of the fires as it generally known that degraded
forests are more prone to fire than pristine forests (Cochrane, 2003). In the third fire event that occurred
on the 28™ of April fire; the high density forest emitted the largest amount of carbon as compared to that
from the medium density forest and low density forest. This is also similar to the findings of studies
conducted by Kasischke ef @/, (2005) and Dwomoh, (2009) in terms of the effect of fire intensity on
carbon emission. The high density forest had high intensity fire hence the emission of the highest amount
of carbon. However, the amount of carbon emission from this fire scar was generally low, which could be
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attributed to the fact that this fire incidence occurred in a community forest which more pristine and
compact and thus does not favour the spread of fire. Overally, the amount of carbon emitted in each of
these fire scars corresponds with the intensity of the fire, whereby high fire intensities result in the release
of high amounts of carbon into the atmosphere. This observation is consistent with previous studies
conducted by Dwomoh (2009).

In this research, the amount of carbon emitted in the April 2008 fires differed per cover type. Generally,
the low density forest emitted the largest amount of carbon into the atmosphere (see Table 4.16). It is
interesting to note that, there is not one defined trend in carbon emissions, as the amount of carbon
emission is influenced by undetlying forest conditions and their influence on fire behaviour. In some
cover types, the one with the least carbon density releases more carbon as compared to the one with the
denser carbon density, yet in some cover types the reverse scenatio is applicable This therefore implies
that emission levels and trends are unique for each forest type depending on their geographical location
and the associated characteristics of the site thereof.

Although, this new improved model is more accurate than the Seiler and Crutzen (1980) and Kasischke ez
al., (2005), there are still some uncertainties particularly in the fuel model parameterization and the
assumptions made for the amount of biomass available for burning. However, despite these drawbacks,
this study provides a significant step towards the development of accurate models for fire induced carbon
estimation. In this study, validation of the model outputs was not possible due to limited time allocated
for the research.

5.6. Limitations of the study
a) Resampling

Although the simulated fire scar corresponded well with the observed fire scar, the resampling of the
classified Geo-Eye multispectral image from a 2m to a 30m resolution resulted in increased generalization
(Hay et al., 1997). However, this up scaling procedure was done to reduce the data size of the higher
spatial resolution but maintaining the information at a lower spatial resolution (Hay ez a/, 1997). The
spatial resolution of 30m was selected due to computational capabilities of the model and also based on
other studies (Finney, 2004; Ryu ez a/., 2007) where similar resolution was used and realistic results were
obtained. In this study, we also assume that maximum information was preserved during resampling as
indicated by the high agreement between the simulated and the observed fire scars.

b) Quality of the wind data

For this research, the wind speed data used derived from daily weather data collected in a weather station
located in the study area. However, wind direction data was not available. Therefore, data from a weather
station located 40km away from the study area was used, with the assumption that there is no significant
difference or variation in prevailing wind direction within such a short distance as the areas exhibit the
same climatic conditions. Although, this kind of wind data is capable introducing errors in the model, the
high agreement between the simulated and observed fire scar indicate the reliability of the wind data used.
Dwomoh (2009), also modelled forest fire spread using wind data recorded from a station 40km away
from his study area, and the simulated fire scar had a high agreement with the observed fire scar.

¢) Validation of Wind model
The gridded wind data derived in the WindNinja model was not validated in this research as the process
required ground measured data which were absent for the study area. However, this model has been
validated in other studies with complex terrain conditions which resemble conditions in the Ludikhola
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watershed (Forthofer and Butler, 2007; Forthofer, 2007). Therefore, based on this information, the model
was also applied in this research. It is not certain however, that the results from other conditions can be
trusted under different conditions.

d) Fuel model development

Although, the standard fuel models applied in this research successfully produced acceptable results in
terms of simulated and observed forest fire behaviour, the direct measurement of the fuel parameters such
as surface area to volume ratio (SAV), heat per unit area, fuel load, and fuel moisture would have obtained
more realistic fuel models. In most of the studies involving forest fire behaviour, custom fuel models
derived from intensive surveys involving field measurements were applied (LaCroix ef al., 2006; Arca et al.,
2007; Arroyo et al., 2008; Carmel ef al., 2009; Duguy ¢t al., 2007; Halada ez /., 2006). In this study, these
tield measurements were not done due to time constraints.

e) Detailed information on the fires
In this research, the unavailability of detailed information regarding the geographical location of the
ignition points, the exact fire duration period and the suppression activities carried during the fire event
could be some of the reasons that can be attributed to the overestimation of the FARSITE model
simulations. Provision of such detailed information could have resulted in higher accuracy simulations as
was the case on a study conducted by Arca ez al. (2007).
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

Forest fire behaviour modelling using the FARSITE fire spread model (Finney, 1998) can be applied well
in the tropical forests that lie in the mountainous of the Ludikhola watershed in Nepal. The high
resemblance of the pattern of spread and shape of the simulated fire scars to the observed fire scar has
indicated the applicability of the model in the study atea. This research also proved the applicability of the
FARSITE model outputs in the development of a method to estimate fire induced carbon emission. It
was found that high intensity fires result in the emission of larger amounts of carbon as compared to low
intensity fires. As with other previous studies, cover types rich in carbon density emit less carbon whilst
those with less carbon emit more due to the shielding effect of the canopy. The validation of the carbon
emission estimation model was not the focus of this study because of lack of empirical data. However, the
results from this study provide the necessary knowledge on interactions between fire intensity, biomass
density and carbon emission. Based on the results and discussion, the following specific conclusions were
reached for each research question.

¢ Does the use of spatially varying wind data provide a significantly better approximation of
the observed fire scars than the use of uniform wind data?

Although, the use of spatially varying wind data results in higher accuracy approximations of the observed
fire scars than spatially uniform wind data, statistically, the results are not significantly more accurate.
This question also addresses the research hypothesis 1.

H1: The use of spatially varying wind data significantly explains fire spread more accurately than the use

of uniform wind data

Statistical analysis of the differences in the results of the model simulations using ANOVA, shows that
there is no significant difference (@« = 0.05) between the proportions of the observed fire scar simulated
using gridded wind data and spatially uniform wind data. Therefore, in this research we reject the
alternative hypothesis; the use of spatially varying wind data does not significantly explain fire spread more
accurately than the use of spatially uniform wind data.

e How accurate is the FARSITE fire spread model in simulating the burnt area for the April
2008 fires?

The FARSITE fire spread model obtained high accuracy values ranging between 78 to 96% in model
validation using real April fire scar maps, on the incorporation of both spatially uniform wind data and
spatially varying wind data. However, there was one fire event simulation which had a very low accuracy
of 17% on the application of uniform wind data but, significantly improved to 78% on the use of spatially
varying wind data. Table 6.1 presents the summary of the accuracy assessment.

Table 6-1: Summary of the accuracy assessment

Uniform wind approximation (%) | Gridded wind approximation (%)
20 April 2008 fire 17 78
26 April 2008 fire 81 96
28 April 2008 fire 82 90
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This question also addresses the research hypothesis 2.

Hi: The FARSITE fire spread model approximates the observed fire scar by more than 75%.

In this research, the FARSITE fire spread model succeeded in approximating the April 2008 obsetrved fire
scars by more than 75%, in both model scenarios incorporating spatially uniform wind data and spatially
varying wind data. The fire scar simulations exhibited percentage agreement with the observed fire scar
ranging from 78% to 96%. There was only one exception, where fire scar simulation of the 20t April fire
with the incorporation of uniform wind data only managed to approximate 17% of the observed fire scar.
Therefore, we accept the alternative hypothesis, which means that the FARSITE fire spread model
approximates the observed fire scar by more than 75%.

e How is the fire line intensity distributed within the simulated fire scar?

The fire events simulations agreed well with the observed of fire intensity in the study area. Generally, low
intensity fires occurred in high density forests, whilst high intensity fires occurred in low density forests.

e How much carbon was emitted from different forest cover types during the April 2008
fires in the study area?

The amount of carbon emitted per cover type was 626Mg in shrub land, 10404Mg in low density forest,
516Mg in medium density forest and 1370Mg in high density forest. In terms of the amount of carbon
emitted per cover type per hectare, 869Mg.ha! was released from the shrub land, 4624Mg.ha-1 from low
density forest, 573Mg.ha-'from medium density forest and 608Mg.ha! from high density forest. On
average, 1669Mg.ha! of carbon was emitted from the three fire scars simulated. The low density forest
emitted the highest amount of carbon, whilst the medium density forest emitted the lowest amount of
carbon.

e What is the overall amount of carbon emitted?

The total amount of carbon emitted from the April 2008 forest fires was 12916Mg, which accounts for
7% of the total sequestered carbon in the Ludikhola watershed.

6.2. Recommendations

6.2.1. Forest fire behaviour modelling

e The accuracy of the modelling of spatially varying wind was not assessed because there was no
field data collected for validation of the model. Further studies should be conducted which
involve the measurement of weather data to validate WindNinja simulated wind data.

e In this research, the standard fuel models were applied in the FARSITE model. However the use
of custom fuel models results in more realistic results. Therefore, further studies involving the
direct measurement of the fuel parameters such as surface area to volume ratio (SAV), heat per
unit area, fuel load, and fuel moisture are required for the development of the custom fuel model.
These studies can also focus on the calibration of the fuel model developed using real fire in the

field
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6.2.2.

Due to the lack of information suppression activities were not incorporated in the fire spread
modelling. This is an important process in fire modelling and therefore in further studies it is
recommended that such information be provided and incorporation.

Estimation of fire induced carbon emission

In this research, a carbon estimation model was developed but the validation process was not
conducted. Therefore, further studies can be done to collect empirical data and validate the
model.

The allometric equations used for the estimation of biomass/carbon stocks were not developed
specifically for Nepal tree species; hence there is a need for this study to be pursued with the use
of the site specific allometric equations which are believed to give more accurate results.
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