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Abstract

Biomass burning contributes significantly to the global concentrations of greenhouse
gases and aerosols in the atmosphere (Fishman et al., 2003, Kaufman et al., 1998).
The African continent is responsible for a large proportion of these emissions,
especially due to savanna burning (Scholes et al., 1996a). Due to extensive burning
on the African continent, monitoring fires and quantifying their emissions has become
important and relevant especially in southern Africa. Moderate Resolution Imaging
Spectrometer (MODIS) daily active fire counts are used as a proxy for burning to
provide insight into spatial and temporal distribution of fires and estimate biomass
burning emissions over southern Africa. The burning season in southern Africa
occurs during winter and spring and coincides with the dry season (May to October).
Fires start in the western part of the sub-continent in March and spreads south and
east throughout the burning season. Conditions are most conducive to fire occurrence
when a particularly wet season follows an extended or particularly dry season.
Anthropogenic burning is emphasised by the inconsistent correlation between rainfall
and burning. The pattern for interannual and seasonal burning emissions is similar
for carbon dioxide (CO;), carbon monoxide (CO), methane (CHy), ammonia (NH3),
total particulate carbon (TPC) and organic particulate carbon (OPC), with greatest
quantities emitted from woodland fires, followed by forest and savanna, and lastly
agriculture. Biomass burning emissions (189 TgCO-.yr”) constitute approximately
one quarter of the CO, emissions released by the industrial and the energy sector
combined (843 TgCO-.yr"') in South Africa. This study estimates twice the amount of
particulates (61 O.yr'l ) released by biomass burning in South Africa as the industrial
and energy sector combined (331. yr'l ). CHy emissions from biomass burning
(approximately 463 GgCH,yr') makes a considerable contribution to total CH,
emissions (approximately 844 GgCHyyr') for South Africa. The accuracy of
greenhouse gas and aerosol estimates can be refined by using improved burned area

estimates, consistent vegetation maps and standardised emission factors.
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Preface

Biomass burning has been identified as a significant source of aerosol and trace
gases (Scholes and Andreae, 2000), such as carbon dioxide (CO,), methane (CH,),
nitrogen oxides (NOy), carbon monoxide (CO) and hydrocarbons (Levine et al., 1996;
Piketh and Walton, 2003). The African continent is responsible for a large contribution to
global emissions especially due to savanna burning (Scholes ef al., 1996a and b). Biomass
burning also contributes to the formation of tropospheric ozone (O3) (Levine et al., 1996;
Piketh and Walton, 2003). The peak of the burning season in southern Africa coincides
with the dry season, which occurs during the southern hemisphere winter and spring
(Christopher et al., 1998). It is important to research trace gas and aerosol emission
estimates because of their contribution to the regional air pollution (Guild et al., 1998)

and the significant effect on climate and hence climate variability.

There are a number of parameters needed to calculate the emissions from biomass
burning, namely burning efficiency, burned area, biomass density and emission factors. In
this study biomass burning emissions for southern Africa (southern hemisphere Africa)
between September 2002 and November 2006 are calculated using Moderate Resolution
Imaging Spectroradiometer (MODIS) as a proxy for burned area. There are many
uncertainties regarding emission calculations and parameters and further studies within

this field are required to refine emission estimates.

This dissertation is divided into four chapters. In Chapter 1 the background of this
study is introduced and the aims and objectives are presented. A general literature review
includes the contribution of biomass burning to regional and global emissions, and the
transport and climatic effects of biomass burning emissions. A review of the use of
various remote sensing and satellite products for fire detection is given. In Chapter 2 the
origin of the data used and the methods used to investigate the interannual and seasonal
variations are outlined. The methods and data used to calculate the burnt biomass and
resultant emissions are also described. In Chapter 3 a discussion of the interannual and
seasonal variations in burning patterns throughout southern Africa is presented, as well as
the factors driving these patterns. In Chapter 4 the seasonality of emissions from biomass
burning and the variation in chemical species according to vegetation type are discussed.

Biomass burning emissions calculated in this study are compared to results from global



studies, comparative studies for southern Africa and to other sectors to establish an
estimated contribution of biomass burning emissions to regional air quality. In Chapter 5

a summary of the findings of this research are presented and conclusions are provided.

This work contributes to refining the quantification of the contribution of biomass
burning to ambient air quality. Training with regards to biomass burning, satellite
products and emission calculation and representation was conducted at the Naval
Research Laboratory (NRL), Monterey, United States of America. The Centre for
Scientific and Industrial Research (CSIR) provided the MODIS active fire data that forms
part of the Advanced Fire Information System (AFIS). Sections of this work have been
presented at local conferences including the South African Society of Atmospheric
Sciences (SASAS), held in Richards Bay, September 2005, Bloemfontein, October 2006
and in Johannesburg, September 2007.

I would like to thank the National Research Foundation (NRF), the University of the
Witwatersrand, Johannesburg and the Climatology Research Group (CRG) for financial
support throughout the duration of this research. Thanks to Phillip Frost from CSIR for
MODIS active fire data. A special note of appreciation goes to Dr Jeff Reid and Betsy
Reid for hosting me in their home and at the NRL, Monterey in December 2005. Many
thanks to my fellow students at the CRG who have assisted in my research in many
regards, as well as making the time with the CRG incredibly memorable. Extended thanks
are given to DrKristy Ross for her knowledge, guidance, support, patience,
encouragement and friendship throughout my involvement in the Climatology Research
Group and beyond. This research was done under the guidance of Professor Stuart Piketh
and Dr Kristy Ross. An exceptional note of thanks goes to Professor Piketh who opened a
whole new world of science to me and provided many opportunities that broadened my
horizons, knowledge and self. His advice, influence and guidance will always be held in
high regard beyond my time with the CRG and this project. A special thanks to my
parents who have supported and encouraged me and have provided the tools necessary for

me to reach my goals.
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CHAPTER 1

OVERVIEW

In this chapter, biomass burning in southern Africa is
discussed. This includes findings from previous studies,
climatic implications, and emission factors used to calculate
emissions. Satellites used in fire monitoring and various
products and applications using satellite imagery and remote

sensing are examined.

Introduction

Biomass burning has been identified as a significant source of aerosol and trace gases,
especially greenhouse gases such as carbon dioxide (CO;) and methane (CH4), and
nitrogen oxides (NOy), carbon monoxide (CO) and hydrocarbons. Biomass burning
also contributes to the formation of tropospheric ozone (Os3) (Levine et al., 1996;
Piketh and Walton, 2003) and to regional air pollution (Guild et al., 1998). Satellite
observations have identified Africa as a region where fires are most persistent
(Chandra et al., 2002). Biomass burning emissions for southern Africa mirror the
seasonal pattern of fires, which occur most frequently in the dry season
(Andreae, 1991; Cahoon et al., 1992). There are still uncertainties regarding the
interannual variability of burning and the fundamental activities influencing the

variability especially at a continental scale (van der Werf et al., 20006).

It is important to quantify and refine the estimates of aerosols and trace gases emitted
from biomass burning. Biomass burning emissions contribute to the increasing
degradation in air quality due the elevated levels of aerosols and trace gases, which
has significant health effects. Trace gas and aerosol emissions have a significant effect

on climate and hence climate variability.



Satellite remote sensing provides a practical opportunity to calculate emissions
remotely for more than one burning season, for an area as extensive as southern
Africa (Roy et al., 2005a). Numerous studies on emission estimates for southern
Africa have been undertaken (especially under the Southern African Fire-Atmosphere
Research Initiative (SAFARI) campaigns and Southern African Fire Network
(SAFNet) (Roy et al., 1995a)). These studies have taken place over climatologically
different years and have used different methods to calculate burning emissions. For
practical purposes, this study wuses the Moderate Resolution Imaging
Spectroradiometer (MODIS) active fire product to calculate burnt area and
subsequently biomass burning estimates. MODIS provides twice daily active fire
observations at a 1 km? resolution (Kaufman et al., 1998; Moeller et al., 2003), which
can be used as a proxy for burned area. Burned area, burning efficiency, biomass
density and emission factors are used to calculate emission estimates for southern

Africa (defined as Africa south of the Equator in this study).

Aims and Objectives

This project will provide insight into the distribution and characteristics of fires
occurring on the southern African sub-continent by using the MODIS active fire
product. Total emissions of aerosol and trace gas emissions from biomass burning in

southern Africa (defined as Africa south of the Equator) will be calculated.

The objectives of the study are:

e To determine the spatial and temporal distribution of fires over southern
Africa (defined as Africa south of the Equator) by identifying the interannual

and seasonal pattern of burning

e To refine estimates of aerosol and greenhouse gas emissions from biomass
burning. This is executed by using the MODIS active fire product as a proxy
for burned area and calculating the biomass density and combustion efficiency

and using previously calculated emission factors



® Provide a comparison of biomass burning emissions with emissions from other

sectors

Literature Review

Biomass Burning

Savanna is the single largest source of burned biomass globally (Andreae, 1991), as it
constitutes at least half of tropical biomass burning (Cachier et al., 1996). Two thirds
of the world’s savanna is found in Africa (Andreae, 1991; Scholes et al., 1996a&Db),
and satellite observations have identified Africa as the region where fires are the most
persistent, especially the region just north and south of the Equator
(Chandra et al., 2002). At least 90% of biomass burned on the African continent has
an anthropogenic origin, in the form of forest-clearing and domestic burning (wood
and charcoal) (Andreae, 1991; Cachier et al., 1996; Delmas, ef al., 1999) and
agricultural burning associated with subsistence farming and ranging livestock
(Edwards et al., 2006) or by lightning (Roy et al., 2005a). These practices are a
significant source of greenhouse gases and aerosols and therefore contribute to
regional air pollution, and lead to a decrease in terrestrial carbon and nutrients
originating from vegetation that would normally be recycled to the soil
(Guild et al., 1998). The consumption of biomass is important in ecological processes
especially with regards to biogeochemical cycles of carbon, nitrogen and water
(Kaufman et al., 2003). Biomass burning activities are part of very strong traditional
agricultural and cultural practices throughout Africa and the increase in these
activities is a response to social pressures of an ever-increasing population and the
state  of economies and socio-political  forces (Anderson et al., 1996;
Guild ez al., 1998). Quantification of the effect of emissions on atmospheric chemistry
and the radiative budget is inaccurate due to uncertainties in knowledge of the

magnitude, spatial and temporal location of emissions (IPCC, 2001).



Fire Emissions

Atmospheric aerosols and trace gases originating from biomass burning play an
important role in the chemistry of the troposphere and climate
(Christopher et al., 1996). Emissions vary according to the intensity and temporal
variability of burning (Ichoku et al., 2003). In the southern African region, fire is the
dominant process producing hydrocarbons and aerosols (Swap et al., 2003) and
burning is a significant source of greenhouse gases, especially carbon dioxide (CO,)
and methane, and photochemical gases (nitrous oxide (NOy), carbon monoxide (CO)
and hydrocarbons) that lead to the production of tropospheric ozone (O3)
(Levine et al., 1996; Piketh and Walton, 2004). The properties of emissions are
directly related to the type of burning process, fuel type and age of the smoke
(Li et al.,2003). The temperature of the fire is dependent on the stage of the fire,
i.e., smouldering or flaming (Prins and Menzel, 1994). Combustion
Completeness (CC) is defined as the fraction of the dry biomass fuel consumed by the
fire (Shea et al., 1996). It is dependent on the fuel load, the moisture content of the
vegetation and the prevailing weather conditions (Ward et al., 1996;
Korontzi et al., 2003a).  Smouldering fires (less efficient) have less complete
combustion and release more CO, whereas, flaming (intense, efficient) fires have
more complete combustion and release more CO, (Ward et al., 1996;
Scholes et al., 1996a). Flaming combustion usually dominates in the early burn of
savanna and scrubland where emissions such as NO, are favoured over CO or CHy4
(Barbosa et al., 1999). This is followed by a smouldering stage that can continue for a
number of days or possibly weeks (Edwards et al., 2006). Fires with a lower fraction
of biomass consumed (usually associated with deforestation) have a lower combustion
efficiency, especially during the long cool smouldering stage, where organic carbon
and CO are the main products released (Edwards et al., 2006). Fully oxidised products
such as CO, and NOy usually result from the combustion of grasslands, whereas the
smouldering nature of leaf litter and twigs in woodland beds generate more products

of incomplete combustion (Korontzi et al., 2004).



Southern African burning season

Fire activity in Africa south of the Equator is strongly seasonal (Figure 1) as biomass
burning reaches a maximum in the dry season, before the first rainfall (Andreae, 1991;
Cahoon et al, 1992). The burning season takes place between May and October, with
concentrated burning between July and October (Christopher et al., 1998). At the
beginning of the dry season, fuel is still relatively moist, which reduces combustion
completeness and subsequently the amount of CO, emitted. Vegetation dries out as
the dry season progresses, and CO, emissions increase and products of incomplete
combustion (PIC) decrease (Justice et al., 2002). During the dry season, an
accumulation of easily-combustible dry fuel is available from dried out or dormant
herbaceous vegetation and leaves shed by deciduous vegetation (Scholes, 1997 and
Frost, 1999). Burning during the late dry season exhibits larger and more intense fires
due to the increased amount of dry available fuel and is often accentuated by the dry
and windy conditions that prevail and allow fires to spread and become uncontrollable
(Roy et al., 2005a). There is a high interannual variability in burned areas as
vegetation patterns and spatial distributions are sensitive to climate variability,
particularly rainfall (Anyamba et al., 2003). This dependence on rainfall affects
mainly the distribution and concentration of emissions (Hély et al. 2003). The
intraseasonal variability of burning highlights the complexity of burning patterns in

Africa.

Influence of vegetation on fire characteristics

The type and amount of pyrogenic emissions is greatly dependent on the spatial
distribution and extent of the fires and biomass (fuel) (Anyamba et al., 2003). Fire
incidence is dependent on weather conditions, progression of vegetation moisture and
the fire source (Mbow et al., 2004). Fire is less common in arid regions in the west
and south-west interior of southern Africa, as there is insufficient available biomass
fuel (e.g.dead wood, grass, shrubs and litter) (Roy et al., 2005a). Surface fires
(charcterised by scar burns of less than 20 cm on trees) are the most common type of
fire in arid-savanna regions (Scholes and Walker, 1993). In closed canopy forest and

woodland areas with prolonged moist conditions, fires tend to be small and spatially



fragmented by roads, field boundaries, fire breaks and lower fuel load due to grazing
and firewood collection. Forests and woodlands are very low risk areas for burning
(Mbow et al., 2004; Roy et al., 2005a). The amount of grass biomass varies with
vegetation type (Mbow et al., 2004). The largest fires occur in vegetation areas with
an intermediate amount of annual rainfall (550-770 mm), such as open savanna
woodlands, grasslands, tree-shrub savanna and shrub savanna (Mbow et al., 2004). In
this environment there is sufficient grass production for fuel, but insufficient rainfall
for the canopy to close, to reduce grass production. This allows for large adjacent
burned areas (Roy et al., 2005a). Areas with a continuous grassy layer that dries out
very quickly after the rainy season, accentuated by plateaus and slopes with sandy-
stony soils, are very high risk fire areas (Mbow et al., 2004). In shrubby grassland,
where rainfall is below 550 mm, fire follows periods of above-average rainfall as
grass production is dependent on rainfall, hence fire events are intermittent but burned
areas are large and widespread (Roy et al., 2005a). African savanna fires are
predominantly surface fires, therefore only grass, litter, and small woody debris under

trees are considered as fuel (Scholes and Walker, 1993; Hély et al., 2003a).

MODIS fires for Summer 2006 MODIS fires for Winter 2006

Figure 1: MODIS active fires for summer and winter 2006 showing the seasonal flux
of burning (adapted GLC 2000 map (Mayaux et al., 2003) and MODIS active fire
counts (red dots), created in ARCVIEW in 2007).



Factors influencing fire occurrence

Rainfall

The amount of rainfall decreases and the dry season lengthens with increasing
distance from the Equator in Africa (Waugh, 1995). The onset of the spring rains is in
June-July (in the lower latitudes) north of 20°S and progresses towards the higher
latitudes in October-November (Swap et al., 1996). Higher amounts of rain fall in the
Equatorial region, with a decrease in a southerly direction. South of 20°S the
progression is east to west (Swap et al., 1996). Little rain falls on the west coast, and
dry conditions spread eastward as the dry season progresses. A high (>1000mm) and
consistent amount of rain falls all year round between 0°S and 12°S along the west
coast of southern Africa and the western half of the interior (Waugh, 1995). During
spring there is an increase in rainfall that spreads from the east coast between 20°S
and 30°S and from the north west coast to the interior of the of the sub-continent. On
the east coast between 7° and 17°S and 25°S and 30°S the rainfall is high (>1000mm)
and occurs throughout the year (Waugh, 1995). Fire incidence is high when rainfall is
low during the dry season, and decreases as moist conditions become prevalent with

the increase of rainfall.

Ocean currents

The ocean currents influence the temperature and rainfall of the adjacent land mass.
The warm Aghulas current flows south from the Equator along the eastern side of the
sub-continent. Summer rainfall development is assisted by easterly winds that advect
moister air from over the warm ocean to the sub-continent (Walker, 1990). Off the
west coast of the sub-continent the cold Benguela current flows to the north bringing
cold polar water towards the Equator. This hinders convection and subsequently
reduces the rainfall on the west coast. This lack of rainfall causes deserts to form on
the west coast, especially where there is a great deal of cold water upwelling. The air
from over the oceans contains a great amount of moisture, which increases the

possibility of rainfall and causes conditions that are not conducive to fire spreading.



Vegetation type

The higher the biomass density of a vegetation type, the more fuel it provides for
burning. Forests have the highest biomass densities (Brown and Gaston, 1995)
therefore even though the Tropics have a high amount of rainfall, the dense forests in
this area provide a continuous supply of fuel, especially under dry conditions. People
burn certain vegetation at particular times of the year, depending on the purpose of
burning. The type of vegetation burnt will determine the nature of the fire and the type

of emissions released.

Previous Studies

The Southern African Fire-Atmosphere Research Initiative (SAFARI-92) allowed for
the investigation of the characteristics of savanna fires, and provided information
about the emissions when burning was at its highest, namely between August and
October, in the austral spring of 1992 (Piketh et al., 1996; Lindesay et al., 1996). The
global and regional significance of African burning was realised through the
SAFARI-92 campaign (Swap et al., 2003) and consequently led to the South African
Regional Science Initiative SAFARI 2000 (Swap, 2002; Keil and Haywood, 2003).
The recognition and classification of regional emissions from biomass burning,
biogenic, mineral and industrial sources, particularly in the dry season, was one of the
main objectives of SAFARI2000 (Swapetal., 2002b, Hély etal., 2003a;
Swap et al., 2003). The importance of gaining a greater understanding of the burning
process as well as the completeness of burning was also recognised
(Swap et al., 2003; Alleaume et al., 2005). It is evident from SAFARI-92 that the
entrapment, transport and recirculation of aerosols and trace gases over thousands of
kilometres is an important feature of the atmospheric characteristics over southern

Africa (Garstang et al., 1996).

Transport of aerosols and trace gases

The southern African sub-continent has a unique set of meteorological and physical
characteristics which significantly affect the emissions, transport and climate forcing

of aerosols and trace gases (Garstang et al., 1996; Ichoku et al., 2003). Stable layers



and anticyclonic circulation increase the pollution problem over southern Africa by
preventing vertical mixing (Tyson and Von Gogh, 1976; Tyson et al., 1996a; Piketh
and Walton, 2004). Aerosols transported in continental highs follow an annual cycle
which peaks in winter (Tyson et al., 1996a).In southern Africa aerosol transport is a

function of a distinct wet and dry season (Tyson, 1986).

Vertical Transport

The subsiding limb of the Hadley cell dominates regional circulation over southern
Africa and semi-permanent subtropical anticyclones dominate lower tropospheric
circulation (Tyson et al., 1996b) over the interior plateau (Piketh et al., 1999). This
circulation pattern over southern Africa (especially south of northern Zambia) results
in similar climatic conditions (Tyson and Gatebe, 2001). Consequent adiabatic drying
and warming of descending air allows for a highly stable thermodynamic structure of
the atmosphere (Tyson et al., 1996b) which strongly influences the vertical transport
of aerosols in the atmosphere (Zunckel et al., 1999). These conditions result in the
development of the African haze layer capped at 500hPa or 700 hPa
(Piketh et al., 1999; Tyson and Gatebe, 2001, Piketh and Walton, 2004). Multiple
persistent stable layers are able to control transport over the sub-continent as air
masses become trapped between stable layers after convection has occurred from the
lower troposphere (Garstang et al., 1996, Piketh et al., 2002). Four stable layers are
present over southern Africa, three of which lie over the interior plateau. The first is
situated at the top of the midday mixing layer at 700 hPa. The second occurs at
500 hPa, and is most persistent as it is produced and sustained by large-scale
subsidence. This layer is has been observed to persist for 40 days (Tyson and
Gatebe, 2001) and can extend across most (up to 30° latitude) of the sub-continent
(Garstang et al., 1996, Tyson et al., 1997, Tyson and Gatebe, 2001). The third layer
exists at 300hPa but is less pertinent for aerosols and carries more significance for the
transport of Os. A fourth stable layer lies between the plateau and ocean, over the
plateau slopes and coastline at 850 hPa (Tyson et al., 1996b). The 500hPa stable layer
prevents vertical transport, however, frontal disturbances allow for vertical mixing to
occur in the 700 hPa and 800 hPa layers (up to 500 hPa) over the central and southern

parts of the region (Tyson and Gatebe, 2001).



Horizontal transport

Medium to long range transport (Freiman and Piketh, 2003) of aerosols is influenced
by the anticyclonic mean circulation in the troposphere over the sub-continent, which
varies according to wet and dry spells (Tyson, 1986, Piketh et al., 2002,
Freiman and Piketh, 2003).). Horizontal transport is controlled by the dominance of
anti-cyclonic wind curvature in the wind field, except near the Equator, where the
influence of the Intertropical Convergence Zone (ITCZ) prevails
(Tyson and Gatebe, 2001). Emissions from biomass burning in southern Africa are
identified by Garstang et al., (1996) as being transported in five major pathways
(Figure 3), namely direct easterly or westerly transport, easterly and westerly
advection out of an initially anticyclonic circulation, and anticyclonic recirculation
(Tyson et al., 1996b). Anticyclonic circulation and westerly wave disturbances are
associated with conditions which result in the seasonal transport of aerosols and trace
gases away from Africa and over the Indian Ocean (Figure 3) (Piketh et al., 1999;
Swap et al., 2003; Edwards et al., 2006). Alternatively, easterly wave perturbations
transport material west over central southern Africa and over the Atlantic Ocean
(Piketh and Walton, 2004; Garstang et al., 1996), following the trade winds
(Edwards et al., 2006, Tyson and Gatebe, 2001). The meteorological conditions
during the austral spring over the southern African region allow for much of the
mixing of emissions from various sources across the region, particularly those from
biofuels and biomass burning, before flowing out towards the east (Pak et al., 2003).
Emissions from savanna fires are usually confined to the lower troposphere, as they
are unable to generate high amounts of sustained energy to produce convection
columns of 3-4 km (Lindesay et al., 1996). Low-level recirculating transport re-enters
the continent at 20°S and 35°S along the anticyclonic trajectory
(Garstang et al., 1996). Re-circulation of aerosols generally occurs within a week,
depending on their residence times in the atmosphere (Tyson efal., 1996a). The
residence time of aerosols in the atmosphere is dependent on the frequency of
precipitation, as well as the place, height and time of emission and chemical
composition (Tyson et al., 1996b). Although the suggested global-mean residence
times for aerosols in the lower troposphere is 2-7 days, under stable conditions,

residence times can be lengthened to weeks or even longer (Tyson et al., 1996b).
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Figure 2: Major horizontal transport pathways of aerosols over the southern Africa
subcontinent. The hatched area indicates the South African industrialized Highveld

region (Piketh et al., 2002).
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Figure 3: The main horizontal transport pathways of emissions for southern Africa

(Freiman and Piketh, 2003).

Climatic Effects

Radiative forcing at the top of the atmosphere (TOA) represents the influence that
aerosols and greenhouse gases have on climate (Keil and Haywood, 2003). Sulphate

and organic particles from fossil fuel combustion and smoke particles from biomass
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burning are believed to be the main contributors to aerosol radiative forcing
(Hobbs et al., 1997). Greenhouse gases exhibit a positive radiative forcing
(i.e. warming) and have a relatively uniform spatial and temporal distribution
(IPCC, 2001). An increase in trace gases means an increase in precursor gases
(namely, CHy, NO,, CO and VOCs) for tropospheric Oz formation
(Diab et al., 1996a&b; Thompson et al., 1996; IPCC, 2001). During SAFARI-92 it
was found that O3 measurements reach a maximum in spring, when there is an
abundance of precursor gases (Diab ef al., 1996). This peak also coincides with the
stable layers present over the sub-continent in winter (Diab et al., 1996b). Although
stratospheric O3 occurs naturally in the stratosphere and filters harmful
ultraviolet (UV) radiation, tropospheric O3 is mainly anthropogenic in origin and
results in negative effects on health and air quality (IPCC, 2001). Photochemical O3
formation in the 0-4 km altitude range was observed during the
SAFARI-92/TRACE-A campaigns (Thompson et al., 1996). O; concentrations
increase with height in the atmosphere Os is a strong indication of the emissions at the
surface, and fluctuations in Oz concentration have been positively correlated to
variability of precursor gases, including those released from fires

(Chandra et al., 2002).

Indirect aerosol effect

The indirect radiative effects of biomass burning aerosol, i.e. their role as cloud
condensation nuclei (CCN), may be as important climatologically as the direct aerosol
effect (Penner ef al., 1992). Biomass burning smoke particles can act as effective
CCN and change cloud albedo through altering microphysics (Reid et al., 1999) and
hence cloud radiative properties (Anderson et al., 1996). Cloud albedo is increased
through the increase in the number of cloud droplets (Keil and Haywood, 2003). The
precipitation efficiency is reduced due to the decrease in mean droplet size, allowing
for longer cloud lifetimes and a longer period of time required for precipitation to
form, particularly in warm clouds (Albrecht, 1989). The indirect effect of aerosols on
the radiative properties of clouds is known as the Twomey effect. Kaufman and Fraser
(1997) used Advanced Very High Resolution Radiometer (AVHRR) data to confirm
that biomass burning aerosol concentrations affect the effective radius of cloud

droplets. There are still, however, significant uncertainties regarding the precise role
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of biomass burning and the indirect effect on radiation (Reid et al., 1999). A global
and regional climate effect comparable to sulphate aerosol can result from the indirect
effect of clouds and the direct radiative effect of biomass burning particles
(Li et al., 2003). Biomass burning particles have approximately the same particle size
distribution and atmospheric lifetime as sulphate aerosols (Christopher et al., 1996).
Between 80-100% of submicrometer particles from biomass burning act as CCN
(Li et al., 2003), which can alter the lifetime, formation and coverage of clouds and

might impact on rainfall formation processes.

Direct aerosol effect

Aerosols alter the earth’s radiation balance by scattering and absorbing solar and
infrared radiation (Haywood and Boucher, 2000; Haywood et al., 2002). Radiative
forcing by biomass burning aerosols, is strongly dependent on the presence of clouds
(Keil and Haywood, 2003). Reflection of the aerosol layer is enhanced when the
aerosol layer occurs above the cloud (Keil and Haywood, 2003). The effect of
aerosols is difficult to quantify due to the uncertainties regarding the physical and
radiative properties and the spatial variation of the type of aerosols
(Haywood et al. 2002). Aerosols can have a cooling effect (Christopher et al., 1996),
as they directly force climate through the reflection of shortwave radiation back into
space, increasing the planetary albedo and possibly reducing temperatures at the
surface (Charlson et al., 1992). This cooling effect is difficult to quantify due to the
short and unpredictable lifetime of aerosols in the atmosphere (Penner et al., 1992).
The particle size distribution, refractive index and optical depth are needed to
determine the single-scattering albedo of aerosol particles (Reid et al., 1998). The
single-scattering albedo of biomass burning aerosols generally lies between 0.7 and
0.9. This has been previously suggested (Hansen et al., 1997) to change the sign of
direct radiative forcing from cooling to heating (Reid et al., 1998) in the region where
the biomass burning aerosol is emitted. The absorbing properties of aerosols
(Penner et al., 1992; Dubovik et al., 2002) affect the temperature lapse rate by
converting the energy into heat, and consequently affecting convective activity and

atmosphere dynamics (Anderson et al., 1996; Keil and Haywood, 2003).
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Biomass burning products have varying radiative properties, since both coarse and
fine-mode particles are emitted (Watts et al., 2000). The optical properties of biomass
burning aerosols are determined by the vegetation type burned and the phase of the
fire during burning (Dubovik et al., 2002). Fine mode particles and high aerosol
optical thickness (AOT) values in the tropical regions of southern Africa can
particularly be attributed to biomass burning emissions (Queface et al., 2003). A high
aerosol optical depth (AOD) exists during the peak of the burning season
(Holben et al., 1996, et al., Eck et al., 1999). Biomass burning aerosols dominated the
thick aerosol layer identified during SAFARI-2000 (Schmid et al., 2003). Fine-mode
particles are optically far more important, and play a greater role in global radiation
budget, than coarse mode particles, which exhibit a greater amount of variability and
unpredictability in their variation over space and time due to their short life-span in
the atmosphere (Watts et al., 2000). Remote sensing systems are able to measure
regional optical depths fairly accurately (Reid, 2002), but the retrieval of AOT is
sensitive to assumptions of single-scattering albedo and the assumed composition of
aerosols (Christopher and Zhang, 2002). The Moderate Resolution Imaging
Spectroradiometer (MODIS) allows for the observation of AOT over both the ocean
and land (Ichoku et al., 2003). The MODIS AOT product (Figure 4) indicates the high
AQT values over the African subcontinent, during the burning season (September
2004). When investigating the direct radiative impact of aerosols from biomass
burning, Christopher and Zhang (2002) show that AOT values from Geostationary
Operational Earth Satellite-8 (GOES-8) and the ground-based Aerosol Robotics
Network (AERONET) correlate well. A north-south gradient in AOT has been
suggested to exist over southern Africa in the burning season, which corresponds with
a similar gradient in rainfall and vegetation, and therefore biofuel
(Holben et al., 2001; Queface et al., 2003). Nonetheless, satellite observations (Figure

4) indicate that this gradient is rather from north-west to south-east.
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Figure 4: MODIS AOT product for September 2004 (burning season) showing high

AOT values over southern Africa

(http://modis-atmos.gsfc.nasa.gov/MODO04_L2/Indexhtml).

Emission Factors

Fuel load, vegetation composition, the total area burned and the combustion
completeness determine the amount and type of emissions released into the
atmosphere (Lindesay et al., 1996). There is a large uncertainty in emission estimates
due to uncertainties in the quantification of these factors (Alleaume et al., 2005).
Uncertainties regarding estimates of biomass burning emissions arise due to the large
variations of burned areas at a regional scale over time and when estimates are based
on qualitative descriptions of vegetation (Hély et al., 2003a). The spatial distribution
of the burning has significant implications for emissions quantification

(Korontzi et al., 2004).

An emission factor (EF) is required to calculate the total amount of aerosols and trace
gases released during a fire once the area, type of fuel burnt, completeness of

combustion and nature (smouldering or flaming) of the fire is known.
The emission factor for a given compound is defined as the amount of that compound

released per amount of fuel consumed (g/kg) (Scholes et al., 1996a and Ward et al.,
1996).
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Sinha et al. (2003) calculate EF wusing the carbon mass balance method
(Radke et al., 1988; Ward and Radke, 1993), based on the principle that the total
carbon emitted from a fire into the smoke plume is emitted as carbon dioxide (COs,,),
carbon monoxide (CO), methane (CH4), nonmethane organic carbon (NMOC), and
particulate carbon (PC). The carbon mass balance method used to estimate fire-
average, assumes that 50% of carbon mass is burned. Sinha et al. (2003) defines the
emission factor (EF) of a species X as the ratio of excess mass concentration of a
particular species (X) emitted and the excess mass concentration of total carbon
emitted by the fire, expressed in units of grams of X emitted per kilogram of carbon

burned;

[ax]
[AC ]COz + [AC ]co + [AC ]CH4 + [AC ]NMOC + [AC ]PC

EF(X)= (Equation 1)

Where [AX] and [AC] are the excess mass concentration of species X and total carbon

emitted by the fire respectively.

Scholes et al., 1996a calculate EF as a linear function of Combustion Efficiency (CE)
(Equation 2). The combustion efficiency (CE) is the amount of CO, emitted by the
fire in proportion to the total gaseous carbon (CO+CO,) emitted, and is related to the
oxidation conditions in the fire (Scholes et al., 1996a). When a carbon content of 50%
of the fuel is assumed (same as carbon balance method), a=0 and b =1.83 x 10°. In

these calculations approximately 49% error is assumed.

Egs=a+bCE (Equation 2)

Ward and Hardy, 1991 describe the CE as the molar fraction of fuel carbon emitted
that is completely oxidized to CO,. It is difficult to measure all of the individual
carbon species released from a fire, since CHs, NMOC and PC are emitted in
relatively small quantities compared to CO, and CO. Similarly, the modified
combustion efficiency (MCE) used by Sinha et al. (2003) indicates the relative
amounts of flaming and smouldering combustion (Ward and Hao, 1992; Ward and
Radke, 1993) and can be calculated by using the molar ratio of excess carbon (C)

emitted by the fire as CO, or CO (Sinha et al., 2003, Yokelson et al., 2003). The
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difference between CE and MCE is usually only a few percent and both are useful as
indicators of the relative amounts of flaming and smoldering combustion
(Sinha et al., 2003). The MCE of Sinha et al. (2003) is essentially the same as the CE
used by Scholes et al. (1996a).

Sinha et al. (2003) allow for modified combustion efficiency (MCE) and error in their
calculations by including the standard deviation in the average emission factors for
the initial smoke from savanna burning for a wide range of species (Table 1).
Scholes et al. (1996a) cover a wide range of vegetation types, but fewer chemical
species, and incorporate CE in their calculations. Yokelson et al., (2003),
Bertschi er al (2003) and Sinha ef al., (2003) all use the carbon balance method to
calculate EF. Yokelson e al. (2003) determine initial emission factors for observed
trace gases by calculating initial emission ratios using this method.
Bertschi et al. (2003) calculate the total emission factor for specific compounds
measured in the lofted emissions during residual smouldering combustion (RSC).
Yokelson et al. (2003) incorporate RSC from Bertshi et al. (2003). Measurements that
included RSC have shown significant differences particularly for PM,s and some

trace gases for fires consuming aboveground fine fuels (Bertschi et al., 2003).

A comparison of emission factors measured in African savanna, Brazil and globally is
presented in Table 1. Various authors use different methods for calculating emissions

from fires and biomass, depending on the requirements of their study.

Barbosa et al. (1999) calculate the amount of biomass burned in Africa using the sum
of the area burned, the ground biomass density and the burning efficiency for the
given vegetation class. The product of an emission factor and the mass of burnt fuel
provides a value for the amount(g) of the specific species released during

combustion. The same methodological approach is used in this study.

Andreae and Merlet (2001) provide emission factors for tropical and extra tropical

forest, agricultural residue and savanna and grasslands (Table 2).
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Scholes et al. (1996a) calculate emission factors for grassland, forest and savanna
(Table 1 and Table 2). Sinhaetal. (2003), Yokelson efal. (2003) and
Ferek et al. (1998) only calculate emission factors for savanna (Table 1), although the
emission factors for Ferek et al. (1998) are applicable to Brazil, not southern Africa
and Sinha et al. (2003) provides emission factors for more species than
Yokelson et al. (2003) for southern Africa. The modified combustion efficiency
(MCE) (Sinha et al., 2003) and Combustion efficiency (CE) (Scholes et al., 1996a)
allow emission calculations to include the flaming and smouldering phases of burning
and gaseous released by the fire thereby taking into consideration the amount of
carbon released in relation to all the gases released by the fire. Bertschi et al. (2003)
calculate the emission factors for compounds during residual smouldering
combustion (RSC) and Yokelson et al. (2003) use fire-average emission ratios
(calculated using the carbon balance method) and MCE. In this study emission factors
from Sinha et al. (2003), Scholes et al. (1996a) and Andreae and Merlet (2001) will

be applied to calculate emissions from biomass burning.
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Table 1: Emission factors (EF) for savanna burning in southern Africa
(Sinha et al., 2003; Yokelson et al., 2003), burning of grasslands in Brazil
(Ferek et al., 1998) and global savanna burning (Andreae and Merlet, 2001).

Emissions g/kg fuel
Southern Southern Southern Glohal
. . . Grasslands, | Grasslands,
African African African . . savanna
. South Africa Brazil
Species savanna savanna savanna (Scholes ez | (Ferek ez . {Andreae and
{Sinha ef af ., |(Yokelson et | (Scholes ef a; 01;;; erf o 9; ? Merlet,
2003) el , 2003) al ., 1996) o ) ) 2001)
Carbon Dioxid
arhon 2 1700 £ 60 1734 1700 1613 4 95
(COyg)
MMethane (CH,)| 1.70 + 098 1.16 17-34 18-273 2 23+09
Carbon 68 + 30 55.7 59 - 97 63-73 75 65+ 20
Monoxide (CO) '
Non-Methane
hydrocarhons 34+£273 3.5 34+£1.0
(MNIHC)
Total
Particulate 100+£75 31-646 53-56 8 B3+32
Matter (TPM)
Total
Particulate 2714 59 37+13
Carhon (TPC)
Organic
Particulate 23+172 5 24+£14
Carbon (OPC)
Black Carbon
039019 0.&5 048+ 018
(BC)
Nitrous oxides
+ — —_ :E
(N as NO 23+£08 314 42-68 44-51 39+24
Ammonia
026014 027 - 06-15
(INH;)
Condensation | 30 +17 x 15
Nuclei (CN) 108 ) 34 =10
Formaldehyde
+ - —
(HCHO) 11+038 0.63 0.26—044
Hydrogen 2
+ -
Cyanide (HCIN) 053015 0.35 (0.15)
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Table 2: Emission factors for pyrogenic species emitted from biomass burning from

different

vegetation

types

Andreae and Merlet, 2001).

(adapted from Scholes

et

al.

1996a

and

Emission Factor (g'kg)
Simhaetal. | g les ezal. (1996a) Andreae and Merlot (2001)
{2003)
Tropical |Extratropical| Agricultural | Savanna and
Savanna Grassland Forest .
forest forest residues Grassland
Carhon 11200 4 60 158090 | 1569131 | 1515177 | 161395
Dioxide (COy) -
Methane
170+£038 17-34 947 5.8+20 47£1.9 2.7 23409
(CHy)
Carhon
Monoxide £ +£30 5597 230 104 £ 20 107 +£ 37 92 + 84 65+ 20
(€0)
Non-Methane
hydrocarhons 344+£23 31+£30 57x46 (?_O)b 34+£10
{NMHC)
Total
Particulate 1M00+75 51-646 12.3 6.5-105 176+64 13 83+32
Matter (TPIV)
Total
Particulate 27+£14 66£15 £1-104 4 37+£13
Carhon (TPC)
Organic
Particulate 23x172 5215 8.6-97 3.3 34+14
Carhon (OPC)
Black Carh
a':(BCa)r " 039+019 0.66+0.31| 056019 | 0.69+0.13 | 048+0.18
Nitrous oxides
+ 42-6.8 16.1 16+07 30+£14 25+1.0 39424
{INO,) as NO 33206
Ammonia
026+014 1.30)a 1408 1.300a n&-15
Nty (1.30) (1.30)
Condensation | 3.0+1.7x 15 15 15 15
Nuclei (CT) 1018 34 %10 34 %10 34 %10 34 =10
Formaldehyde b b
+ + -
HCHO) 11038 (0.143 2205 (0.143 0.26 - 0.44
Hydrogen
Cyanide 053015 (0,155 (0157 (01597 0.15?
(HCT)
* Best value guess
" Extrapolation based on emission ratios to CO
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Satellite Imagery and Remote Sensing

Remote sensing is a useful device for monitoring fires. The sensitivity of certain
channels to thermal anomalies has facilitated the use of remote sensing in fire
detection and monitoring. The investigation of the distribution and frequency of fires
via satellite data facilitates the refinement of estimates of trace gases and aerosols
emitted via burning (Kiehl, 1999). There is an awareness of an increase in the
severity, incidence and extent of uncontrolled burning, and therefore a great need to
refine fire estimates and strengthen reliable fire information (Roy et al., 2005b). Much
of the biomass burning occurs in developing countries, which are not equipped to
monitor fires (FLAMBE, 2003). Although satellite observations have been used to
monitor fires for two decades and there are many approaches and sensors that have
been used to map fires and affected areas, an agreement has not been reached on one
well-validated effective global product (Roy et al., 2005b). However, the Southern
African Fire Network (SAFNet) has implemented a protocol to validate fire and burnt
area products by integrating high resolution imagery and observations with fire and
burned area products (Roy et al., 2006). Daily global fire product information
facilitates the monitoring of the spatial and temporal distribution of fires in various
ecosystems, the detection of changes in fire distribution and the identification of new
fire frontiers, changes in the frequency and intensity of fire incidence

(Kaufman et al., 2003). Satellites used for fire analysis are discussed below.

AVHRR

The Advanced Very High Resolution Radiometer (AVHRR) on the National Oceanic
and Atmospheric Administration (NOAA) satellites provides fire data either on a
global scale with a spatial resolution of 4 km or through Local Area Coverage (LAC)
at a spatial resolution of 1 km (Moula et al.,, 1996). Fires are detected with the
AVHRR 3.7 pm channel, which has an increased response to fires when compared to
the background (Christopher ef al., 1998). The infrared channel on the AVHRR is
often saturated below the temperature of the fires and the exact fire count is
occasionally difficult to determine (Christopher et al., 1998). During SAFARI 2000
fire count data was derived from the 3.9 ym channel of the NOAA AVHRR and
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active fires in the region were identified daily, at a spatial resolution of 8 km
(Anyamba et al., 2003). Fires that are burnt for agricultural purposes are often smaller
than the resolution of the minimum detectable fire size of 1 km? (Hély et al., 2003a),
and the spatial resolution of the AVHRR is inadequate to identify small fires and
acquire specific information of individual fires, such as fire spread and temperature

(Moula et al., 1996).

GOES

The Geostationary Operational Earth Satellite (GOES) offers an increased temporal
resolution and has a higher saturation level in the infrared band than AVHRR, but it
may not detect smaller fires, due to its coarse spatial resolution (4-8 km in thermal
bands) (Christopher et al., 1998). GOES visible infrared spin scanner radiometer
atmospheric sounder (VAS) investigations have been undertaken since the 1980’s
over South America (Prins et al., 1998). The GOES VAS imagery manually identifies
fires by identifying hot spots in the 4 um channel, and then verifies the presence of
fires through the identification of a smoke plume in visible imagery
(Prins and Menzel, 1994). The spatial resolution (7-14 km) of GOES VAS imagers is
limited in comparison to that of AVHRR (4 km), but its high temporal resolution
allows for the diurnal monitoring of fires (Prins and Menzel, 1994). GOES data is
available for the western hemisphere on a half-hourly basis (Reid, 2002), as GOES is

centred over the Americas.

The initial GOES VAS algorithm developed by the Cooperative Institute for
Meteorological Satellite Studies (CIMSS) allows for limited fire detection and
characterisation and the observation of the path of smoke transport
(Prins et al., 1998). The GOES-8 Automated Biomass Burning Algorithm (ABBA)
was developed from sampled data sets from 1994 (after the burning season), and used
for the 1995 burning season (Menzel and Prins, 1996). ABBA supplies information
regarding size, temperature and location of sub-pixel fires (Prins and Menzel, 1996).
GOES-8 ABBA provides a more realistic estimate of burned areas and represents a
more realistic idea of what is expected from the intervals of diurnal imagery

(Prins et al., 1998). The algorithm uses brightness values from the 4- and 11 pm
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bands, in a thresholding technique to exclude pixels that contain cloud or fire and
calculates the average background temperatures from 150 km by 150 km segments
within the area of study (Prins and Menzel, 1994). GOES Wild Fire Automated
Biomass Burning Algorithm (WF_ABBA) has so far allowed for a preview of the
type of information that could possibly be available on a global scale and has offered
insight into diurnal, spatial, seasonal and inter-annual biomass burning activity
throughout the North, Central and South America (Reid, 2002). Since this data is not
available for Africa, it is necessary to use another sensor that scans the African
continent, for example, Moderate Resolution Imaging Spectroradiometer (MODIS) or

Meteosat Second Generation (MSG).

MSG

Meteosat Second Generation (MSG) is the most advanced geostationary satellite since
the launch of GOES-8 and functions through the European Space Agency (ESA) and
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) (Schmetz et al., 2002). It is situated over the Equator and the
Greenwich Meridian. The continuous observation of the earth is achieved through the
Spinning Enhanced Visible and Infrared Imager (SEVIRI), which scans from south to
north and east to west in a fifteen minute repeat cycle. The twelve channels that are
available on MSG allow for extensive information on clouds, water vapour, ozone,
atmospheric instability and the earth’s surface (Schmetz et al., 2002). EUMETSAT
has recently (April 2007) released a 3 km operational active fire monitoring algorithm
(FIR) which is based on similar principles to those already in use for GOES, AVHRR
and MODIS ‘hot spot’ detection (EUMETSAT, 2007). The MSG algorithm uses a
combination of the brightness temperatures in channel 4 (IR3.9 um) and channel 9
(IR10.8 um), their differences and standard deviations over a 3x3 pixel array. The
foundation of the algorithm is the detection of increases in brightness temperature in
the 3.9 um channel in relation to the surrounding pixels (EUMETSAT, 2007). There
are a number of threshold tests that are carried out using the 3.9 um and 10.8 pm
channels to filter out active fires and compensate for errors due to water attenuation,
CO, and water vapour absorption, solar reflectance and sub-pixel clouds over hot

surfaces (EUMETSAT, 2007).
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MODIS

Moderate Resolution Imaging Spectroradiometer (MODIS) was launched by National
Aeronautics and Space Administration (NASA) on the polar orbiting Earth
Observation System (EOS) (Kaufman et al.,, 1998). MODIS data is calibrated and
processed using cloud screening, geo-location and atmospheric correction and is
available on the World Wide Web (http://modis-atmos.gsfc.nasa.gov)
(Roy et al., 2005b). MODIS on the TERRA spacecraft offers daily global coverage in
36 reflectance and thermal infrared (TIR) spectral bands at a resolution of 1 km or
better (Moeller et al., 2003). NASA launched a second MODIS product on the AQUA
satellite, which allows for further comparison and validation for the MODIS product
(Moeller et al., 2003). MODIS has the ability to detect sub-pixel (smaller) fires,
which will provide a greater understanding of the extent of human influence on fires
(Hély et al., 2003a). A fire at a given location can, however, be observed in two
adjacent pixels along the scan line (across the orbital swath), known as the triangular

response of MODIS (Kaufman et al., 2003).

Routine fire products for the entire globe are available four times a day from MODIS
(twice from Terra and twice from Aqua) at a 1 km resolution (Kaufman et al., 1998).
These global fire products are available on the web at http://modis-
fire.umd.edu/MOD14.asp. MODIS is able to recognize mottled or moderate fires, that
AVHRR, Along Track Scanning Radiometer (ATSR), GOES and Defense
Meteorological Satellite Program (DMSP) are unable to, due to the low saturation
capacity of the brightness temperature (325-335 K) in their fire detection channel
(Kaufman et al., 2003). The MODIS sensor has a higher saturation temperature at
1 km in the 3.9 um and 11 pum channels, than the AVHRR sensor, which will result in

a reduced chance of ambiguities with false alarms (Giglio et al., 2003).

Fire detection via satellite in South Africa

The Council for Scientific and Industrial Research (CSIR) Satellite Applications
Centre (SAC), in conjunction with Eskom and the Department of Agriculture has

developed a fire monitoring system, the Advanced Fire Information System (AFIS).
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The AFIS product has been developed with the assistance of the NASA and the
University of Maryland and uses MODIS and MSG data, and applies the WF_ABBA
fire detection algorithm to the satellite data. This near-real time monitoring system
provides fire information to disaster management centres, fire protection agencies,
Eskom’s national control centre and researchers, in an attempt to document and
monitor the frequency and distribution of natural and man-made fires and allow for
early fire detection. The products generated are displayed as regional maps and are
accessible on the World Wide Web

(www.wamis.co.za/eskom/checkboxes/eskom.htm). The fire products used in this

project are derived from the MODIS algorithm in the AFIS project and were obtained
from the CSIR SAC.

Satellite Fire Products and Applications

Long-term observations of active fire data are extensively available
(Giglio et al., 2006). There are two main strategies that are used to assess a burned
area, namely hot-spot analysis (active fire detection based on thermal anomalies) and
post-burn, which detects the damage or change of vegetation after the fire. Active fire
locations provide limited information on spatial extent and timing of burning whereas

burn scars use multi-temporal data to observe a fire (Roy et al., 2005a).

Burned area products

Burned area identification uses change techniques based on classification and
thresholding techniques that rely on the relationship between the actual signal and the
change of features compared to the previous scene (Roy et al., 2002). Burnscars are
classified by identifying areas that were previously associated with active fires and
have a spectral signature that corresponds with that of a burn scar (Chu et al., 2002).
Although these methods provide valuable information on the characteristics of fires
and the spatial extent of burning, they cannot present absolutely accurate results
(Roy et al., 2002). Burned areas algorithms document fire-induced changes that are
persistent over time and are insensitive to the satellite overpass, unlike mapping

hotspots (Roy et al., 2002).
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The satellite-based burned area products such as Global Burnt Area (GBA-2000)
(Tansey et al., 2004), GLOBSCAR (Simon et al., 2004) and MODIS burned area
product (Justice et al., 2002, Roy et al., 2002) have been developed using data from
2000 but have not been thoroughly validated (Korontzi et al., 2004) and are not yet
available on a multi-year basis (Giglio et al., 2006). Area burned, biomass density,
and combustion completeness are factors that are extremely variable and burned area
is especially difficult to estimate because of the potentially high spatial and
interannual variability at continental to global scales (Giglio et al., 2006). Cloud
shadows, sunglint (especially off water surfaces) and very bright land surfaces, may
interfere with classification of burned and unburned areas (Chu er al., 2002). The
temporal discontinuities and high data volumes limit global validation of burned area
estimates via Landsat imagery (Giglio et al.,2006). Giglio et al. (2006) have
presented a global method for estimating monthly burned area at a 1° spatial
resolution with additional data on vegetation cover available at http://modis-

fire.umd.edu/products.asp#8.

The MODIS burned area product combines a bi-directional reflectance model with
inverted multi-temporal 500-m land surface reflection observations, identifying the
position of a fire and approximate day of burning, as well as uncertainties for the
subsequent observations (Justice ef al., 2002). Automated techniques fail to account
for the difference between old and new burns; spectrally similar unburned features
and burned features; and may overlook small and spatially fragmented fires or burns
with low combustion completeness (Roy et al., 2005a). In addition to this, the exact
day of burning cannot always be accurately determined due to cloudy or missing data
(Korontzi et al., 2004). The validation of MODIS burned area products during
fieldwork 2000 and 2001 under SAFNet, indicate that a high accuracy in location and
day of burning, however, detection is unreliable with smaller fires that have burns
with small axis dimensions and areas smaller than approximately 500 m and 1 km?

respectively (Roy et al., 2005a).
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For the years 2001-2004, global estimates of the total burned area ranged between
2.97 million km® in 2003 and 3.74 million km® in 2001 (Giglio et al., 2006).
Cumulatively, the total area burned in Africa (northern and southern hemisphere) and
Australia from 2001-2004 comprised 80% of the total area burned globally
(Giglio et al., 2006).

Active fire detection

There are a number of fire products available at the moment (Table 3). The active fire
algorithm identifies thermal anomalies in separate pixels which indicate fires, as well
as other high temperature sources, such as gas flares and power plants
(Justice et al., 2002). Active fire detection algorithms are used to determine the
location of hotspots using satellite data, emphasising the practicality of using satellite
remote sensing as a method to monitor biomass burning over an extensive area
(Roy et al., 2005a). Even though fire count data cannot be directly converted into the
amount of burnt material and emissions released, fires are a good proxy of the
variability in burned areas and hence emissions (Schultz, 2002; Korontzi et al, 2004).
Active fire monitoring can serve as an interim product until long-term burned area
data sets become available (Giglio et al., 2006), if there is little change in the amount
of biomass burned and the vegetation cover annually (Schultz, 2002). Satellite
observations are capable of detecting the location of a fire, but cannot provide
information regarding the fire intensity, amount and type of biomass burned without
additional data (Edwards et al., 2006). The level 2 MODIS global fire product
generates daily global browse images at a spatial resolution of 5 and
20 km (Justice et al., 2002) and archived at a spatial resolution of 1km
(Kaufman et al., 2003). Validation of the product took place using data that has a
reliable and known level of accuracy, such as other fire products, ground validation
and a global sample of Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) data, due to its high resolution of fire detection
(Justice et al., 2002).
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Table 3: A summary of active fire products

Product name | Resolution Frequency Agency Products available at
NOAA- Global active fire day . o
AVHRR 1 km & 10 day JRC http://www-gvm.jrc.it/tem/
ERS-ATSR-
AATSR | km Global active fire day ESA http://shark 1 esrin.esa.it/ionia/FIRE/
ENVISAT- & 10 day AF/ATSR/
AATSR
29 km +/-40° from Equator
’ active fire day & night http://earthobservatory.nasa.gov/Obs
TRMM-VIRS NASA ervatory/Datasets/fires.trmm.html
0.5° Monthly
GOES Western hemisphere ) .
WF_ABBA 1 km active fire day & night CIMMS http://www.nrlmry.navy.mil/flambe/
MODIS- .
AQUA, 250m Global actnfe fire day MODIS team | http://rapidfire.sci.gsfc.nasa.gov/
and night
TERRA
Lat long
MSG FIR 3km MSG coverage | gy prgar hitp://eumetsat.int
Active day & night
. CSIR .
AFIS | km Southern Hemisphere www.wamis.co.za/eskom/checkboxes
active day & night NASA /eskom.htm
Eskom

Origin of the MODIS fire algorithm

The original MODIS algorithm was based on the algorithms developed for the
AVHRR and VIRS (Giglio et al., 2003; Morisette et al., 2005). The original algorithm
was developed from the contextual daytime algorithm; however, rather than relying
on the background brightness temperatures in a very heterogeneous area, the
improved spectral capacities of MODIS have been utilised by using the mid-infrared
reflectances and identifies individual per-pixel locations of fires (Justice et al., 2002).
The algorithm uses the brightness temperatures from the 4 pum and 11 um channels.
The warm part of a pixel will emit more radiance in the shorter wavelengths in the
thermal infrared than in longer wavelengths (Dozier, 1981). The development of the
original fire detection algorithm, was based on the fact that the 3.8 um brightness
temperatures accentuate areas of high temperatures, and was found to be
34.5°C higher than the brightness temperatures in the 11 um channel (Matson and
Dozier, 1981). The theory of fire detection means that channel 3, rather than channel

4, on AVHRR records the maximum amount of infared radiation emitted, as the
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maximum of the emission curve shifts towards shorter wavelengths, with increasing
intensity and increasing temperature of the fire (Chrysoulakis and

Cartalis, 2000, Dozier, 1981).

MODIS Fire Algorithm

Algorithms developed and used by the MODIS Fire Science Team (MFST) use
thermal signatures to separate the fire signal from the background signal
(Kaufman et al., 2003). The MODIS instrument has two channels (21 and 22) that lie
at the wavelength (4 um) used for global fire monitoring (Kaufman et al., 1998).
Channel 22 saturates at 331 K and is less noisy than channel 21, and is therefore used
as the 4 pum temperature (T4) value whenever possible. Channel 21 saturates at almost
500 K, is not affected by water vapour or the absorption of other gases and, and is

used when there is data missing from channel 22 (Giglio et al., 2003).

A number of threshold tests are carried out on the potentially active fire using the
brightness temperature from the 4 um channel, as well as the difference in brightness
temperatures of the 4 ym and 11 pm channels to differentiate the fire pixel from the
non-fire background. Additional specialised tests are applied to the data to eliminate
false detections that can be attributed to sun glint, desert boundaries and errors in the
water mask. At the end of the process, pixels are assigned to a class as missing data,
clouds, water, nonfire, fire or unknown (Morisette et al.,2005). The 250-m
near-infrared channel (channel 2) averaged to 1 km resolution, is used to reduce false
alarms by identifying highly reflective surfaces (Kaufman et al., 2003) and absolute
criteria are used to identify larger and more intense fires, whereas relative criteria are
used to identify smaller fire by accounting for natural variability in temperature and
emissivity of surface reflection by sunlight. Sun glint rejection is performed on all
daytime observations, taking into consideration the satellite and sun geometry
(Kaufman et al., 2003). Different thresholds are used at night because of the solar
contamination in the 3.8 pm channel (Matson and Dozier, 1981; Roberts et al., 2005).
A detection confidence is also implemented to provide an estimate of the quality of

individual fire pixels for the user (Kaufman et al., 2003).

29



False alarms and clouds are detected using the brightness temperatures of the 250-m
red (poes) and near-infrared (poge) channels. Water-induced false alarms are detected
by the 500-m 2.1 pm band (p,.;) (Giglio et al., 2003). Despite this false alarms do still
exist, most of which can be attributed to the absolute threshold tests
(Justice et al., 2002) and the sensitivity of the algorithm to smaller and cooler fires,
which result in fewer obvious false alarms (Justice et al., 2002). These fire products
capture much of the seasonality and spatial distribution of fires, but actual burned area
is difficult to estimate, due to inadequate temporal sampling, cloud cover, variability
in vegetation/fuel conditions, variations in fire behaviour and issues with spatial
resolution (Scholes et al., 1996b, Eva and Lambin, 1998a&b, Kaisschke et al., 2003).
To avoid over-estimating fire occurrence, it is important to have good band to band,

and scene to scene registration (Kaufman et al., 1998).

Biomass burning contributes a significant amount of trace gas and
aerosols into the atmosphere. There is a distinct burning season for
southern Africa and the emissions have both indirect and direct
climatic implications. The development of the field of remote
sensing and the use of satellites in fire detection has allowed for the
continuous monitoring of burning, improving the temporal and

spatial scale of monitoring fires and biomass burning emissions.
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Chapter 2

Data and Methods

In this chapter the fire count and land cover data used in the
dissertation are discussed. The method used to separate fire
data into seasons and years is described here. This is to depict
the pattern of interannual and seasonal variations in burning
and highlight the spatial and temporal distribution of fires.
The method used to calculate biomass burned and the
emission factors used to calculate the emissions released from

biomass burning are presented in this chapter.

Methods

Fire data

Processed MODIS fire data from September 2002 to November 2006 is used in this
project. All the data is used to calculate emissions; however, for the interannual
spatial and temporal distribution of fires, only data for 2003 — 2006. The MODIS
daily fire counts were obtained from the CSIR SAC, generated as part of the AFIS
project. The fire data were imported into the ARCVIEW GIS program, ARCMAP, to
produce maps to demonstrate the spatial and temporal distribution of the fires over the
given time period. The extensive data set was separated, first into yearly fire counts
for 2002, 2003, 2004, 2005 and 2006, and then into monthly fire count data. This was
achieved by wusing Structured Query Language (SQL), using ARCVIEW's
“SELECTION BY ATTRIBUTE”. The displayed map with selected data was then

exported as a shapefile for each month for every year (Figure 5).

The fire data sets include seasonal, monthly and yearly fire counts in the form of
shapefiles. Even though 2003, 2004 and 2005 were the only years with a complete
data set, the data set used is from September 2002 to November 2006 (Spring 2002 to
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Spring 2006). In order to assess the seasonal and interannual changes of the fires over
the given study period, Africa south of the Equator was divided into six sub-regions,
namely, East Africa, Congo, Zambezi, Namibia, Angola and South Africa (Figure 6).
These sub-regions were defined using the shapefile of SAFARI-2000 vegetation
species composition map. This map was developed by the National Botanical Institute
(NBI) in South Africa (Rutherford et al., 2000). The map consists of six individual
sub-regions (Otter et al., 2003), namely 1)South Africa- South Africa Lesotho and
Swaziland (Low and Rebelo, 1998), 2)Namibia (Wild and Barbosa ef al., 1968), 3)
Zambezi-Botswana, Zimbabwe, Zambia, Malawi and Mozambique (Barbosa, 1970),
4) East Coast-Tanzani, Kenya, Uganda, Somalia, 5)Congo-Ruanda, Burundi, Congo,
Gabon, Democratic Republic of Congo and 6)Angola (White, 1983).

For practical purposes, the fires were divided into seasons, for each year, where
summer months include the December of the previous year to the following February,
autumn includes March to May, winter includes June to August and spring constitutes
September to November. Fires were overlaid onto the map indicating the sub-regions,
to ascertain the number of fires in each sub-region. The same seasonal divisions were
assumed for the whole of Africa south of the Equator with the aim of outlining the
progression of the burning season across the sub-continent, the seasonality of burning

and interannual differences of the burning season.

Fire density (number of fires/km?) was calculated by dividing the number of fires by
the total area of each region. To compare the relationship between rainfall
rate (mm/day) and fire density, a seasonal average of fire density was obtained by
averaging the fires for each season over the four year period. The same process was
carried out to calculate a seasonal average of rainfall rate (mm/day). The mean was
calculated by finding the mean of the annual totals of rainfall rate and fire density for
the four year period. The deviation from the mean was calculated by subtracting the
annual totals from the mean to illustrate the interannual variability in rainfall rate and
fire density for each region. Monthly fire density totals were summed to calculate the
seasonal fire density total for each region for each year. Seasonal totals for estimated

emissions were calculated in the same way, where the total monthly emissions from
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each land cover type, for each year were added.

The method used to calculate biomass burned and consequently emission estimates
for this study followed the method wused by Barbosaetal., (1999).
Barbosa et al., (1999) distinctly outlines the method used to calculate emissions from
burned biomass and was applied to studies spanning multiple years of data, extending
across southern Africa. The calculation of biomass density according to
Barbosa et al., 1999 does not require field or lab work, which was relevant to the
scope of this remote-based study. The method is most applicable to the available data
for this study and can be applied to the entire southern African (Africa south of the
Equator) region. Biomass density and combustion efficiency are considered by
Barbosa et al., (1999) in calculating burned biomass estimates due to variable nature
of fire. This is beneficial to calculating emission estimates. Total error can be
calculated, as Barbosa et al., 1999 calculate present percentage error for emission

estimates, which given the nature of the study is pertinent to include.

Biomass Burned

The large variation in emission estimates is due to the large uncertainty in
quantification of biomass burned in vegetation fires. Burned biomass estimates
presented by  various  authors  (Haoetal., 1996,  Scholes et al., 1996a,
Ward et al., 1996) are determined by using the classification method, which uses the
area burned, biomass density and burning efficiency for a particular vegetation type.
This study follows the method used by Barbosa et al. (1999) which uses NDVI values
to calculate biomass density values and burning efficiency and makes use of biomass
density, burning efficiency and burned area to calculate burned biomass (Equation 3)
estimates. The method Barbosa et al. (1999) uses to calculate biomass density is
based on NDVI values, which are readily accessible for southern Africa, and
calculating biomass density values for each season and vegetation type is more

accurate than extrapolating values calculated for the northern hemisphere.

Biomass Burned = ZAV X Bvx C (Equation 3)
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where A , is the burned area (mz), B, is the above ground biomass density (g.m'z), C

is the burning efficiency (g.g™") and v is the vegetation class.

Biomass burned was calculated for each month in the four year study period for each
of the twelve (12) land cover classes and then summed to result in five land cover
classes. Monthly biomass burned totals were added to calculate seasonal biomass

burned totals for each year for five land cover classes.

Figure 5: Shapefile showing the distribution of fires for August 2006 (adapted GLC
2000 map (Mayaux et al., 2003) and MODIS active fire counts (red dots), created in
ARCVIEW in 2007)
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East Africa

© Namibia

Figure 6: Regions for observation of spatial and temporal distribution of fires

NDVI and land cover images for combustion efficiency and biomass density

NDVI and AVHRR UMD land cover images of the entire African continent were
downloaded and the southern African region was “windowed” out from the full
image, using latitude and longitude co-ordinates. However, the land cover image and
NDVI images did not correspond if an overlay operation was carried out. The land
cover map was therefore co-registered to the NDVI images using 23 ground control
points (GCP), based on latitude and longitude co-ordinates. The images with
corresponding sizes and the same co-ordinates in terms of rows and columns were

used for analysis.

Biomass density

To account for interannual and interseasonal variability, an accumulated NDVI was
computed for each season from spring 2002 to spring 2006, for each land cover type.

This also reduces the effect of cloud cover on the NDVI. The NDVI images and land
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cover image were imported into ENVI and saved as geotiff files. Interactive Data
Language (IDL) was used to run a program that identified the land cover type with the
corresponding NDVI values. Following Barbosa et al. (1999) the accumulated NDVI
(ONDVI) was calculated by finding the NDVI values between the maximum and
minimum NDVI values found for each season. The values were summed on a pixel by
pixel basis for each land cover type, for each season in the three year period. The
biomass density for each season for the study period was then calculated by
computing the linear relationship between 1) the minimum and maximum ) NDVI
values found for the 3 year study period for each vegetation type, and 2)the
maximum and minimum biomass density values from previous studies (Table 4).
Biomass density values were calculated for each vegetation type for each season for

the three year period.

Burning efficiency

To account for the variation in moisture content of vegetation, a relative greenness
index (RGI) (Equation 4) was computed for each vegetation cover, for each season
from Spring 2002 to Spring 2006. RGI is assumed to have an inverse relationship
with burning efficiency, i.e. when RGI is low, burning efficiency is high, and vice
versa (Barbosa et al., 1999). RGI was calculated using the maximum (NDVI,,,x) and
minimum (NDVI,,;,) NDVI value observed for each vegetation type during the entire
three (3) year period and the median NDVI value (NDVI,) for each vegetation type

for each season, for each year:

(NDVIo— NDVIuw)
GI = X 100
(NDVIuax — NDVIu)

(Equation 4)
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Table 4: Biomass density values from previous studies (adapted from

Barbosa et al., 1999).

Eiomass density (t.ha'l:l
Wegetation types Ddimrmum Ilazmurm

Sudarian Savanna 2 5
Guinean Savanna’ 4 8
Hutnid Miombo 3 7
Diry Miombo 3 7
South African
Savanna’ 1 5

M enanut ef &l | (19917

"The Met Primmaty Production Database available at
httpfwranw - eosdis ol gow/nppinpp home html

“Sheaef al | (1996)

Burned Area

Active fire information can be used indirectly to reduce the uncertainties in estimates
of burned biomass (Barbosa et al., 1999). Fires detected by the MODIS fire product
can be used as a proxy for the amount of biomass burned. The spatial resolution of the
fire product is 1 km2, therefore for each fire detected, one square kilometre of
vegetation can be assumed to be burned. This might result in an overestimate of the
amount of biomass burned, as it is assumed that the entire pixel (1 km?) is burning
and this might not be the case. It is also possible that the algorithm is unsuccessful in
detecting smaller fires that do not emit enough intense energy to be detected as a fire.
This could possibly reduce some of the error in the overestimate of the area burned.
The fire data for the study period were converted from shapefiles into raster files in
IDRISI. The images were then resampled using twenty three (23) GCP so that the fire
data correspond to the landcover and NDVI images used to calculate biomass density
and combustion efficiency. The fire count data were saved in geotiff format to be used
in a program written and run in IDL. This program cumulatively sums the number of
fires that are detected in each vegetation class for each season from spring 2002 to

spring 2006 to calculate the burned area, for each season for each year.
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Aerosol and trace gas emission estimates

The amount of trace gases and aerosols released from biomass burning can be
calculated by multiplying the amount of biomass burned with the emission factor for a
specific vegetation type. A number of methods have been used to calculate emission
factors. Sinha et al. (2003), Yokelson ef al. (2003) and Ferek et al. (1998), calculate
emission factors purely for savanna vegetation. Scholes et al. (1996) calculate
emission factors for grassland, forest and savanna, and Bertschi et al. (2003) present
emission factors for compounds released during residual smouldering
combustion (RSC). Andreae and Merlet (2001) calculate emission factors for extra
tropical and tropical forest, agricultural residue and savanna and grasslands. In this
study emission factors calculated for southern Africa (Scholes et al., 1996a and
Sinha et al., 2003) are used where available and emission factors calculated by

Andreae and Merlet (2001) are used to complete the data set (Table 5).

The total number of emissions per compound for each vegetation class for every
season, for each year is calculated using the amount of burned biomass (Equation 3)
and multiplying it by an emission factor specific to the vegetation type (Equation 4).
Monthly emission estimates for five land cover types were calculated and then
summed to obtain seasonal emission estimates per land cover type for each year in the
four year study period. The number of emissions released by each country is
calculated by estimating the percentage of a particular land cover class present in the

country and the emissions are calculated proportionally.

Emissions = By X EFx (Equation 5)

where B, is the biomass burned for a specific vegetation and EFy is the emission

factor for a specific compound.

Monthly emission data for each land cover type was combined to demonstrate
seasonal trends. Emission data for December, January and February were combined to
display totals for summer, and March, April and May were combined for an autumn
total. June, July and August were combined for winter totals. Emission totals for
spring were calculated by summing emissions from September, October and

November.
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Table 5: Emission factors for the different vegetation types used in this study

Emissions (g'kg)

Author

Sinha ef af .
(2003)

Scholes e al .
(1996a)

Andreae and Merlot (2001)

Vegetation
Type

Species

Savanna

Grassland

Tropical
forest

Agricultural
residues

Extratropical
forest

Carhon
Dioxide {COs)

1700 £ 60

1580 £ 50

1515+ 177

1569 £ 131

Methane
(CHy)

1.70£098

17-34

620

2.7

4718

Carhon
MMonoxide

(CO)

68 £ 30

59 - 57

104 £ 20

92 + B4

107 £ 37

Non-Methane
hydrocarbons

(NMHC)

24+£273

B1x30

(7.00°

2746

Total
Particulate
MLatter (TPIVI)

10075

51-646

£5-105

13

176+64

Total
Particulate
Carbon (TP)

27214

f.6£15

£1-104

Organic
Particulate
Carbon (OPC)

23%12

52+£15

33

b6 -87

Black Carhon
(BC)

039+019

066031

069+0.13

0.56+01%9

Mitrous oxides

(NO,) as NO

33106

42-638

1607

25+10

2014

Armmonia
{NHj3)

026014

(1.30)a

(1.30)a

1408

Condensation

Nuclei {CT¥)

30217
106

34 % 1007

34 % 10%°

3.4 % 1007

Formaldehyde
(HCHO)

1.1+038

(0.14)°

(0.14)"

22+05

Hydrogen
Cyanide
(HCIN)

0532015

0.15)°

(0.15)*

(0.15)°
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Data

Fire data

Daily fire count data from Moderate Resolution Imaging Spectrometer (MODIS) fire
products were obtained from the Advanced Fire Information System (AFIS) project
operated by the Council for Scientific and Industrial Research (CSIR). This system is
based on the technology developed at the University of Maryland, USA and National
Aeronautics and Space Administration (NASA). The project is a collaboration
between the CSIR Satellite Application Centre (SAC), Eskom and the Department of
Agriculture. Fires are detected by MODIS and Meteosat-8 Second Generation (MSG)
satellites where the centre of a 1 km pixel contains one or more burning fires. The
satellite data is processed by the Wild Fire Automated Biomass Burning
Algorithm (WF_ABBA) to identify active fires and reduce the detection of false
alarms. MODIS fire detection data is processed using a contextual thresholding
algorithm that is based on the sensitivity of the mid-infrared channels to thermal
anomalies. The detected fires can be viewed using the Advanced Fire Information
System (AFIS) Geographical Information System (GIS) on the World Wide Web
(AFIS User Guide, CSIR Satellite Application Centre, 2006). MODIS Terra and Aqua
are polar orbiting satellites that pass over the southern African region daily between
10:00-11:30 and 14:00-15:30 respectively, whereas MSG produces a full scan of
Africa every 15 minutes. Although MSG is currently available and has a better
temporal resolution than MODIS active fire data, MSG still detects many false alarms
and burning is overestimated. MODIS fire data from AFIS was therefore used for this

project.

Rainfall rate data

Rainfall rate (mm/day) data from the Global Precipitation Climatology
Project (GPCP) was used to investigate the correlation between rainfall and fire
occurrence and consequently the relationship between fire occurrence and vegetation.
The GPCP was developed and implemented by the World Climate Research Program

and integrates precipitation information from a number of sources to provide a
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monthly mean analysis of surface precipitation at a 2.5°longitude x 2.5°latitude
resolution (McCollum et al., 2000). This information comprises low orbit satellite
microwave data (Special Sensor Microwave/Imager (SSM/I)) from the Defense
Meteorological Satellite Program (DMSP), infrared (IR) precipitation estimates from
numerous geostationary and polar orbiting satellites (McCollum et al., 2000;
Huffman et al., 1997) and the rain gauge data are assembled and analysed by the
Global Precipitation Climatology Centre (GPCC) of the Deutscher Wetterdienst.
(Huffman et al., 1997). The GPCP is a globally complete data set from January 1986
to present. (McCollum et al., 2000). Data is available through the World Climate
Research Programme at http://cics.umd.edu/~yin/GPCP/main.html

Land cover map (UMD AVHRR 1 km)

The University of Maryland, Department of Geography (UMD) first generated a
global land cover classification map in 1998, distinguishing 14 classes. The land
cover classification map was created using Advanced Very High Resolution
Radiometer (AVHRR) 1 km data between 1981 and 1994 to distinguish the classes
(Hansen et al., 1998). More recently, UMD generated a land cover map with a spatial
resolution of 1 km, using the one degree (DeFries and Townshend, 1994) and 8 km
(DeFries et al., 1998) maps as a foundation (Hansen and Reed, 2000). The 1 km
AVHRR UMD land cover map (Figure 7) was developed using a supervised
classification method and Local Area Coverage (LAC) data. Data from Normalised
Difference Vegetation Index (NDVI) images and five AVHRR bands (channel 1-5)
between 1 April 1992 and 31 March 1993 were integrated into a tree classification
algorithm to classify the globe (Hansen ef al., 2000). The training data used for the
UMD 1 km map is a combination of interpreted high resolution and co-registered
coarse resolution data. The AVHRR data was divided into twelve (12) classes using a
hierarchical tree structure classification (Hansen et al., 2000). The decision tree
creates a homogeneous class membership, where classification continues until each
pixel is separated from another (Hansen et al., 2000). The trees usually overgrow the
training data, therefore two sets of data are used; one to grow the tree and one to
prune the tree (by visual interpretation of global geographical distributions of
vegetation) when too many errors or noise are generated (Hansen et al., 2000). For

this study, twelve (12) classes were reduced to 5 land cover classes in order to
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correspond with emission factors. Broad and needle leaf deciduous, evergreen and
mixed forest were combined and named forest, savanna comprises open and closed
shrubland, grassland constitutes grassland and wooded grassland, woodland remained
woodland and cropland was combined with bareground and renamed as
agriculture(Figure 7). For emission calculations savanna and grassland were

combined and labelled savanna.

M Agriculture and Bareground
M Forest
Savanna
Wooded grassland
Woodland
Grassland

Figure 7: UMD AVHRR 1 km land cover map for southern Africa (Global Land
Cover Facility, UMD AVHRR 1 km adapted in ENVI, created in 2007).

Normalised Difference Vegetation Index (NDVI) images

The VEGETATION instruments onboard the SPOT-4 and SPOT-5 satellite provide
accurate operational measurements of fundamental characteristics of vegetation and
vegetation canopies in order to monitor essential vegetation resources. The S10 NDVI
product for Africa was downloaded from www.spot-vegetation.com for each season
for the period between January 2003 and October 2005 in Geographic (lat/lon)
projection. The S10 product uses atmospherically corrected segments over a ten day
period, which are then compared on a pixel by pixel basis to acquire the optimum
reflectance values for the given period. The S10 NDVI product uses only the NDVI
data from the S10 product. The NDVI product has a spatial resolution of 1 km” and an
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accuracy of 300m (www.VGT4AFRICA.org). VEGETATION data is distributed in
Africa through EUMETCast. Further information about the VEGETATION products

and

downloads are available at www.VGT4AFRICA.org

www.spot-vegetation.com/vegetationprogramme/index.htm.

The data used in this study consist of MODIS daily fire
count data from AFIS to explain the spatial and temporal
distribution of fires over Southern Africa and a proxy for the
area burned to calculate emissions from biomass burning.
Ancillary data include the AVHRR 1 km landcover map and
monthly NDVI images, which are used to calculate the
biomass density per landcover type. Emissions released from
biomass burning are calculated following the method of
Barbosa et al. (1999), who calculates biomass density, area
burned and the combustion efficiency to determine burned
biomass. A combination of the most appropriate and available
emission factors is applied to calculate the emissions released

from biomass burning.

or
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Chapter 3

Results: Spatial and Temporal Distribution of Fires

In this chapter the seasonal and interannual variability of fire
distribution and occurrence in southern Africa, specifically in
relation to vegetation, burning practices and rainfall, are

examined.

The number of fires detected varies not only from one season to another, but from one
year to another. The study period extends from the spring of 2002 to the spring of
2006. The number of fires detected can be influenced by a number of factors. Using
remotely sensed fire data from this period, it is possible to provide insight into how
rainfall and subsequently vegetation (biomass burning fuel) influence the number of
fires that occur. A higher number of detected fires can be attributed to agricultural
practices, a higher amount of available fuel load for burning, dry atmospheric

conditions conducive to fires in the burning season and/or more cloud-free days.

Seasonal Variability in fire incidence

The burning season in southern Africa occurs during winter and spring and coincides
with the dry season (Figure 8). A distinct seasonal pattern of burning and a
progression in the spatial distribution of burning throughout the year are evident. In
many areas of southern Africa, the wet season extends over five to seven months of
the year during the summer months (Conley, 1996). Most of the annual rain falls
during this period (Conley, 1996), and very little burning occurs in the wet season.
Although this pattern stays consistent, there is variation in the amount of burning that
takes place from one season to another and from one year to another. The mean
annual rainfall in southern Africa is affected by the quasi-periodic 18-year oscillation,
with nine years of above annual mean rainfall (wet years) and nine years of below
annual mean rainfall (dry spell) (Tyson and Preston-Whyte, 2000). The effect of the

quasi-periodic oscillation is most prominent in dry years and accounts for not more
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than 20-30% of rainfall variability (Tyson and Preston-Whyte, 2000).

The period of burning spans May to October. There is a notable increase in fire counts
in May and counts continue to increase, reaching a maximum in August and
September. The highest number of fires and lowest rainfall rate (mm/day) (Figure 8)
occur in winter throughout the region. There are few fire incidences during summer

(Figure 9) in southern Africa, as this is when most of the rain occurs across the sub-

continent.
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Figure 8: Average number of fires and rain rate (mm/day) in summer
(December-February), autumn (March-May), winter (June-August) and spring
(September-November) for Southern Africa (deviation from the mean for number of

MODIS active fires and rainfall rate (GPCP)).

Fires start in the western part of the sub-continent in north-western Angola and the
southern Democratic Republic of Congo (DRC) in March (Figure 10) and become
more frequent in these areas during April. As drier conditions spread over the sub-
continent from March to June, fires spread across the savannas from Namibia to the
interior of southern Africa, especially to the south east of the Great Rift Valley and

southwards (to 20°S) along the eastern coast (Edwards et al., 2004). Fires burn
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extensively in the Tropics throughout the winter period (Figure 11). From late
winter/early spring (Figure 12) there is an increase in burning in the eastern countries
and east coast (Tanzania/Mozambique) and a decline in burning in the west and
interior as drier conditions extend to the eastern coast of southern Africa
(Cahoon et al., 1992). By September fires are widespread across southern Africa, and
burning is particularly intense in Angola, DRC, Zambia, Zimbabwe and Mozambique
(Figure 12) (Cahoon et al., 1992) but are no longer burning as extensively in the
northernmost parts of the Tropics, where burning was initiated. Fires continue to burn
on the sub-continent, but not as extensively, as earlier in the winter months. By
November most of the fires have ceased in the Tropics (Angola/DRC), except for
isolated fires burning, as is the case in late summer and early autumn. The cycle of
burning repeats from the point of initiation — eastern Angola (at approximately 10°S)

and the southern parts of the DRC.

Figure 9: MODIS fire counts for summer 2005 (adapted GLC 2000 map
(Mayaux et al., 2003) and MODIS active fire counts (red dots), created in ARCVIEW
in 2007).
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Figure 10: MODIS fire counts for autumn 2005 (adapted GLC 2000 map
(Mayaux et al., 2003) and MODIS active fire counts (red dots), created in ARCVIEW
in 2007).

Figure 11: MODIS fire counts for winter 2005 (adapted GLC 2000 and MODIS active
fires (red dots) in ARCVIEW, created 2007 adapted GLC 2000 map
(Mayaux et al., 2003) and MODIS active fire counts (red dots), created in ARCVIEW
in 2007).
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Figure 12: MODIS fire counts for spring 2005 (adapted GLC 2000 map
(Mayaux et al., 2003) and MODIS active fire counts (red dots), created in ARCVIEW
in 2007).

Angolan and Congo Region

The Angolan region has the highest fire density in southern Africa for autumn and
winter (Figure 13). The Angolan and Congo region received the highest amounts of
rainfall in the sub-continent. These areas have very little bare ground and are
extensively covered with vegetation with a high biomass density, which provides a
large amount of fuel to burn. Rainfall tends to be very high at the Equator where
maximum rainfall is received during summer. Tropical regions experience dry winters
and heavy convective rainfall during summer (Waugh, 1995). The rainfall in this
region fluctuates with the north- and southward shift of the position of the
Inter-Tropical Convergence Zone (ITCZ) throughout the year (McCollum et al., 2000,
Tyson and Preston-Whyte, 2000). During the southern hemisphere winter, the ITCZ
migrates further north with the rain belts shifting accordingly. Conversely in summer,
the ITCZ moves into the southern hemisphere and establishes a region of major
latent-heat release in the tropical atmosphere of southern Africa (Tyson and

Preston-Whyte, 2000). Rainfall is lowest during autumn and winter (Figure 14 and
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Figure 15). There is a high incidence of fire in savanna, forest and woodland during
winter in the Angolan region. A high amount of rain falls in spring and continues into
summer on the west coast of Congo and northern Angola (0°S-15°S) then moves east
and south to cover the sub-continent in summer. The Congo (0.37 fires/km?),
Zambezi (0.30 fires/km?) and East African (0.22 fires/km?) regions also have high fire
densities in winter, but these regions experience between a third and a half of the
burning experienced in Angola . There are many fires burned for land clearing for
provision of agricultural needs in these regions, but particularly in Angola. In the
Congo region, there is a slight increase in the number of fires in March and April,
especially in the Tropics, where the number of fires increase and fires spread
eastwards and southwards (Figure 15). Fires decrease in spring in the central Congo
region due to an increase in precipitation, particularly if rains occur early in spring

(Figure 15) (Cahoon et al., 1992).

East Africa and Zambezi region

The Zambezi region has the highest incidence of fire per square kilometre in spring.
The burning season for this region extends over winter and spring (Figure 16).
Croplands, woodlands and forest constitute the vegetation classes affected by fire in
the Zambezi region in spring. These vegetation types have high biomass density that
provides a large amount of fuel for burning. Natural vegetation is burned to clear land

for agricultural purposes and land use changes.

The interior receives the most rain during summer, although lower than the central
DRC, east coast and west coast between 0°S and 7°S. There is a general decrease in
rainfall over the sub-continent during autumn and winter. The burning season for East
Africa occurs during winter when rainfall is at its lowest (Figure 17). In 2006 there
was less burning in winter than in the preceding years. This could be due to the
extended rainy season of 2004/2005, which delayed the onset of the dry season and
hence burning. Ordinarily, the wet season spans summer and autumn, with the
maximum amount of rain falling in summer; however, a small amount of rain fell in
summer 2005 and the majority of rainfall was experienced in autumn 2005 (Figure

17). From November, a less dense pattern of fire incidence occurs and fire counts start
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to decline until they cease in December, as the moist conditions start to settle into the
interior and north western and southern coasts of the sub-continent
(Cahoon et al., 1992). In January and February forest fires start to burn in the Tropics,
particularly along the east coast of southern Tanzania, eastern Angola (at
approximately 10°S) and in the southern parts of the DRC. There is an increase in
grassland, woodland and forest burning in June and July on the northern coast of
Mozambique, progressing southwards along the east coast from approximately
10°S-33°S in South Africa.

2003 W2004 02005 2006
0.35

0.3 4

0.25

0.2

0.15 4

Fire density (fires detected/km2)

0.1 4

0.05 -

East Africa Congo Zambezi Namibia Angola South Africa

Figure 13: Annual fire density for regions within southern Africa between 2003 and
2006 for summer (December-February), autumn (March-May), winter (June-August)

and spring (September-November) for southern Africa
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Fire density = = Rainfall rate
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Figure 14: Relationship between fire density and rainfall rate for Angolan region

Fire density = = Rainfall rate

0.12 25
0.1
_ 120
£
2 o008
5 115
3
£ 006
3
£
> + 10
2 0.04-
(]
T
e
= +5
0.02
0 0
&
L
.(\Q ()
& &
9 "o"

Rainfal Rate (mm/day)

Rainfall rate(mm/day)

Figure 15: Relationship between fire density and rainfall rate for the Congo region
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Fire density = = Rainfall rate
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Figure 16: Relationship between fire density and rainfall rate for the Zambezi region
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Figure 17: Relationship between fire density and rainfall rate for the East African

region
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Namibia and South Africa

The lowest fire density for the sub-continent for each season occurs in Namibia. The
low fire density (Figure 13) can be attributed to the lack of vegetation and vast desert
that extends across most of the country. Minimal rain falls in subtropical regions due
to the subsiding limb of the Hadley and Ferrell cells at 30°S (Waugh, 1995). The west
coast of Namibia and the western coast of South Africa remain dry during the
summer, but experience an increase in rainfall during late autumn and winter. The
greatest amount of burning in the central and eastern parts of the countries occurs
during spring (Figure 18) in preparation for the growing season and just before the
rainy season (summer) (Figure 16). The lowest fire density occurs in autumn (Figure
13) during harvest time. The primary vegetation type that burns in Namibia is

croplands, and some forest and grassland further inland.

Fire density = = Rainfall rate for summer rainfall region Rainfall rate for winter rainfall region
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Figure 18: Relationship between fire density and rainfall rate for Namibia

The western cape region of South Africa experiences burning during the
summer/autumn months, as this is the dry season for the south western coast and
burning increases in this area from December through to February. In the rest of

South Africa, the burning season occurs in winter and spring, but maximum burning

53



occurred in winter in 2003, 2005 and 2006, and in spring in 2004 (Figure 19). This is
possibly due to the intense burning season of 2004 and an average wet season of
2004/2005 resulting in less available fuel. In November the fires mainly occur on the
eastern coast of southern Africa, from approximately 15°S to 25°S, although they do
not extend as far south as during the winter months. Little to no burning occurs on the
south western coast of South Africa (25°S-35°S) in the winter months. The fires along
the east coast of South Africa extend further into the interior (westwards) to

Swaziland, KwaZulu Natal and the Highveld region of South Africa.
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Figure 19: Relationship between fire density and rainfall rate for the South African

region

Interannual variability of fire incidence

During the study period the greatest number of fires were detected in 2003, followed
by 2005, 2004 and the least detected in 2006 for the southern African region (Figure
20). This pattern coincides with the extraordinarily wet rainy season of 2003/2004. An

El Nifio phase and consequently dry conditions were associated with the rainy season
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of 2002/2003. Drier than normal conditions were prevalent in Angola, Namibia and
Zambezi regions in 2004/2005, even though the regional rainy season of 2004/2005
was not exceptionally high, and the Congo, East Africa and South Africa regions
experienced an abnormally wet rainy season, followed by a La Nina event in
2005/2006. A lower than normal amount of rain fell in the Congo and Angolan
regions. The late spring rains of 2005/2006 resulted in an extended dry season of
2005, resulting in more fires in the Zambezi and East African regions (Figure 21). A
particularly wet season followed by an extended or particularly dry season results in
conditions most suitable for fire occurrence. The prevailing moist conditions and
increased cloud cover during the wet rainy season result in fewer fires being detected
via satellite. The greatest interannual variations in fire counts occur in autumn. The
most biomass burning occurs during winter which means that the annual variations in

burning reflect variations in winter burning.
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Figure 20: Interannual variabilty in the total number of detected fires in Africa south

of the equator
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Interannual variability for South Africa and the Zambezi region (Figure 21), follow a
similar pattern to the regional trend (Figure 20), where fires occur later in the burning
season in 2004, i.e. in spring rather than winter. The South African and Zambezi
regions contain much of the savanna and woodland of the sub-continent. Woodlands
and savanna are very susceptible to fires especially in dry conditions, and it can be
said that in 2003 and 2005, there is an increase in savanna and woodland burning and
hence burning across the sub-continent. There is an inverse relationship between fire
incidence and rainfall in the Zambezi region (Figure 16). In 2003 and 2004 the
burning and dry seasons are longer than in 2005 and 2006 but burning is not as

extensive.

Fires that occur in regions of predominantly savanna are dependent on rainfall of the
preceding rainy season and the dry conditions of the dry season. A wet preceding
rainy season allows for a greater amount of available biomass and a greater potential
for burning. A particularly dry burning season allows fire occurrence to be wide
spread. This can also be said for regions that consist predominantly of woodlands, as
fire incidence corresponds inversely to rainfall. Fire incidence in regions covered
mainly by forest is dependant more on the dryness of the preceding rainy season,
which allows the vegetation to dry out enough by the burning season and allow for
extensive burning. Although crop burning follows a seasonal pattern according to the
season of growing and harvest, fires lit for agricultural purposes are not correlated

with rainfall, as these have an anthropogenic origin.

South Africa has a more complex relationship between fire incidence and rainfall
(Figure 19). This is a consequence of winter rainfall and summer/autumn burning on
the south west coast, and summer rainfall and winter/spring burning over the rest of
the country. There was higher rainfall in the 2004/2005 and 2005/2006 rainy seasons
in South Africa (Figure 19). The irregular pattern of rainfall in the winter rainfall
region of South Africa can account for the erratic pattern of burning (Figure 19). The
burning seasons of 2003, 2005 and 2006 correlate well with the rainy seasons of
2002/2003, 2004/2005, 2005/2006 in the summer rainfall region. There is an inverse

relationship between rainfall and fire counts, where fewer fires detected in
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summer/autumn when rainfall is high. In 2004 maximum burning occurs at the end of
the dry season. Rainfall in the winter rainfall region does not decrease after winter

rains in the 2003/2004 rainy season, but extends into spring.

The most consistent number of fires detected per square kilometre each year occurs in
the Namibian region (Figure 18). This can be attributed to fires occurring mainly due
to agricultural burning and the limited vegetation. There is a slight but progressive
increase in the number of fires with each year. The Namibian region contains very
little vegetation, as the majority of the country is desert. Between 15° and 25°S (over
the Namib Desert) along the west coast, rainfall is low (<200mm per annum) and the
region is very susceptible to drought (Anyamba et al., 2003). A similar amount of rain
fell in 2002/2003 and 2003/2004; there was a decrease in rainfall in 2004/2005 and
much higher rainfall in 2005/2006 (Figure 18). This does not correspond with the fire
pattern, which suggests that factors other than rainfall influence burning in Namibia.
The main vegetation cover is agriculture, with a small amount of grassland. Therefore
the variation in burning between years can be attributed to changes in agricultural
practices from year to year and burning of land to prepare the land for the growing

s€ason.

In the East African and Angolan regions the greatest amount of variability in fires
occurred in 2003 and 2006, such that in 2003 a substantially above average number of
fires were detected and in 2006 a substantially less than average number of fires
occurred (Figure 20). The rainfall variability does not account for the vast variation in
fire detection, since in East Africa an above average amount of rain fell in 2004/2005
(Figure 22). The vastly below average rain that fell in the 2002/2003 rainy season
accounts for the large number of fires in 2003, as the particularly dry conditions are
conducive to fire occurrence. The particularly low number of fires in 2006 can be
attributed to other factors, such as atmospheric conditions and local burning practices.
In Angola, an above average amount of rain fell in the 2002/2003 rainy season, and a
below average amount of rain fell in the 2004/2005 rainy season (Figure 22), even
though a similar number of fires are detected in 2004, 2005 and 2006 (Figure 21).
This suggests that rainfall alone does not determine fire occurrence. A high amount of

rain fell in the 2002/2003 and 2005/2006 rainy season (Figure 14) in Angola,
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although the burning in winter differs between these two years, with more fires
detected in 2003 (Figure 14). There is little variability in the number of detected fires
during the burning seasons from 2004 to 2006, but there a higher number of fire
counts in the burning season of 2003 than in the years that follow. Angola and East
Africa have a range of vegetation types. The dominant vegetation type is woodland. It
is evident that fires and rainfall are not consistently well correlated. This suggests that
despite the many fires in this region are anthropogenic in origin, despite the strong

relationship of fire and rainfall throughout the rest of southern Africa.
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Figure 21: Interannual variability of fires detected per km? in each region, using the

deviation from the mean for each region
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Figure 22: Interannual variability of rainfall rate per region, using the deviation from

the mean for each region

There is little difference between fires detected between 2004 and 2005 in the Congo
region, which shows a similar trend to many other regions on the sub-continent;
however, the Congo region is the only region that has fewer fires detected in 2003 and
2006 (Figure 21). In the Congo region an above average amount of rain fell during
2002/2003 and 2004/2005 rainy seasons (Figure 22), although 2002/2003 was
substantially higher. In the 2003/2004 rainy season and especially in the 2005/2006
rainy season a below average amount of rain fell. The drier conditions could account
for the larger number of fires detected in 2004, although this does account for the
decrease in fires in 2006 or the increase in 2005. Less rain fell during the 2003/2004
rainy season than in 2002/2003, yet there is little variability in the amount of detected
fires in the burning season of 2003 and 2004 (Figure 22). Similarly there is a great
difference between the rainy season of 2004/2005 and 2005/2006 rainy season yet
only a slight difference in the amount of detected fires in the burning season of 2005
and 2006 (Figure 15). Fires in this area can be attributed to deforestation and land use

changes, as the dominant vegetation type in the Congo region is forest.
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Fire incidence corresponds with agricultural practices and
with rainfall distribution and amount across southern Africa.
Burning occurs during the dry season and is at a minimum
during the rainy season. An exceptionally wet rainy season
followed by a particularly dry season results in a high amount
of detected fires. Variations in the pattern of burning can be
attributed to local burning practices, such as land clearing and
deforestation in order to use the land for agriculture.
Interannual variations in burning can be explained by rainfall,
atmospheric conditions, traditional burning practices and
changes in seasonal burning. The burning season is initiated
on the north west coast of southern Africa during late
autumn/early winter. The fires spread in an easterly and
southerly direction across the sub-continent. By spring,
burning decreases in north west of the sub-continent, but the
interior is burning, especially the Zambezi region. By
summer burning has ceased over most of the sub-continent,

except for the south western Cape.
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Chapter 4

Results: Emissions

The seasonal and interannual distribution of biomass burning
emissions, specifically by land cover type, is explored in this
chapter. The emissions calculated in this study are compared
to global emissions and other results for southern Africa.
Biomass burning emissions are also compared to emissions

from other sources in South Africa.

Emissions released from biomass burning are dependent on a number of factors,
including the number of fires (burned area), biomass density, combustion efficiency,
and quantity of aerosols and trace gases released when a specific vegetation type is
burned (usually expressed as an emission factor). There are a number of methods used

to calculate these parameters, which can result in different emission values.

Seasonality of emissions

The greatest number of fires in southern Africa burn in woodland and savanna (Figure
23). The biomass density for these two vegetation types is not particularly high, but
emissions, especially for woodland, are the highest of all the vegetation types for most
of the chemical species. Savanna and woodland dry out quickly and are easily
combustible, which allows these two vegetation types to burn extensively and
efficiently. Forests are not affected as much by fire as savanna (Figure 23), but release
similar and often more emissions than savanna due to the large amount of fuel load

available and higher density (Figure 24).

High biomass density values occur at the end of the rainy season (late summer,
autumn) and low values during the dry season, especially when much of the biomass
has been burnt (spring). Biomass density is closely related to rainfall as areas with

high rainfall have a high biomass density, and areas with lower rainfall have a lower
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biomass density. Forest has the highest biomass density of all the major vegetation
types in southern Africa (Figure 24). Savanna has a considerably lower biomass
density than that of forest (Figure 24). Even though biomass density is an important
factor in burning (through the provision of fuel load) it is not necessarily the driving
factor behind the amount of aerosols and trace gases released during burning, as the
high density might result in smaller, smouldering fires rather than widespread flaming
fires detected via satellite. Biomass burning estimates often underestimate emissions
from surface fires as NDVI do not detect the corresponding fuel load (litter as dead
tree leaves, twigs and grass) (Hély et al., 2003b). In this study, it was found that the
burning of forest releases per wunit area less CO, (approximately
113 000 kgCOz.year'l.km'z) and CO (approximately 48 kgCO.year'l.km'z) than
woodland (180 000 kgCOz.year'l.km'2 and 540 kgCO.year'l.km'z), even though forest
has a higher biomass density. This highlights that there are a number of factors that
determine the amount of emissions released from burning.

— Forest — Woodland Savanna — Agriculture
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Figure 23: Number of fires in 2002 to 2005 per square kilometre for each vegetation

type in southern Africa, as detected by MODIS active fire product
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Biomass burning emissions in southern Africa peaked during winter (Figure 25 to
Figure 28). High measurements of Aerosol Optical Depth (AOD) indicate strong
increases in aerosol loading from August to October (Edwards et al., 2006) during the
peak of the burning season (Holben efal., 1996). In this study emissions are
calculated based on fire incidence as a proxy for burned area, rather than emissions
observed via remote sensing. This highlights the correspondence between the peak of
emissions and fire incidence. The seasonal emission pattern follows the pattern of the
burning season where burning progresses from the north west of the sub-continent, in
a southerly and easterly direction. Efficient burning from flaming combustion usually
dominates in the early burn in woodland and savanna and results in a higher release of
CO, (Korontzi et al., 2003, Ward et al., 1996). This is followed by a later
smouldering stage that can continue for days and even weeks (Sinha et al., 2003) and
a higher release of CO. Towards the end of the burning season, the smouldering phase

and smaller undetectable (via satellite) fires burn.

The interannual and seasonal variations in emissions are primarily due to the
occurrence of rainfall, the number of fires burning and agricultural practices. Fires
occur during the dry season and are more prevalent after a particularly wet rainy
season (Figure 23). Variations in emissions per land cover type can be attributed to
the burning and prevalence of a particular land cover type on the sub-continent. The
difference in emissions between land cover types could be as a consequence of
vegetation-specific emission factors and different biomass densities. For most trace
gases, the highest emissions originate from woodland, followed by either savanna or

forest.
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Figure 24: Biomass density for common vegetation types in southern Africa

Variations in the emission of chemical species due to vegetation type

Carbon dioxide (CO,), carbon monoxide (CO), methane (CH,4), ammonia (NH3), total
particulate carbon (TPC) and organic particulate carbon (OPC) (Figure 25 and Figure
26) exhibit a very similar pattern of burning interannually and seasonally, with
woodland emitting the most, followed by forest and savanna and lastly agriculture.
These trace gases are the most abundant of emissions from biomass burning. CO; is
released in the greatest amount of all the chemical species, mainly due to the high
carbon composition of fuel. Some studies (van der Werf et al., 2003 and
Levine, 1990) calculate CO, emissions assuming 90% of the biomass burned is
emitted as CO,. The extensive amount of vegetation classified woodland and the
burning of woodlands in southern Africa could result in woodland exhibiting the
largest amount of emissions for most chemical species. The burning of woodland and
savanna emits the most CO, per square kilometre (Figure 25) due to the large number
of fires (woodland) and the high biomass density and subsequently fuel load (forest).
In 2003 and 2005 burning continues peaking into spring. This is could be due to the

prolonged dry season of the respective years.
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The burning of savanna and woodland emit similar amounts of nitrogen oxides (NOy)
per square kilometre, considerably more than other land use types (Figure 27).
Savanna burning also emits the largest amount of Hydrogen cyanide (HCN). In the
winter of 2005, NOy emissions from woodland were particularly high (Figure 27).
This could be due to the increased amount of burning that took place in 2005 due to
the extended dry season. Emissions of NOy, organic compounds, and CO from

biomass burning result in the formation of Os.

Agricultural burning accounts for the lowest emissions per square kilometre for all
trace gases, other than non-methane hydrocarbons (NMHC), total particulate matter
(TPM) and nitrogen oxides (NOy). Condensation nuclei (CN) emissions (Figure 28)
follows a slightly different pattern to the regional pattern, where the maximum
emissions originate from the burning of forest, followed by savanna, woodland and
lastly agriculture. Formaldehyde (HCHO) is emitted predominantly from woodland

burning, with minimal amounts released by other land cover types.
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Figure 25: CO, emissions from biomass burning in southern Africa (30-35% error)
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Figure 26: NH3; emissions from biomass burning in southern Africa (>60% error)

Savanna — Agriculture

- Forest = Woodland

300

ANEV_\Q_V SUOISSIWA SI9PIXO SNOJIN

Figure 27: NOx emissions from biomass burning in southern Africa (50-55% error)
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Figure 28: Condensation Nuclei emissions from biomass burning in southern Africa

(>60% error)

Uncertainties

There are a number of uncertainties in estimating biomass burning emissions,
especially since several parameters are used to calculate emission estimates.. In this
study biomass burning emissions are calculated using biomass burned, biomass
density, combustion efficiency and emission factors. Consistently, the largest
uncertainty in calculating biomass burning emissions is burned area (Andreae and
Merlet, 2001) which can hold a level of uncertainty of up to 50%. In this study,
MODIS active fires are used as a proxy for burned area. The two main obstacles for
using an active fire product to estimate burned area, is the overestimation of burned
area through the assumption that the entire 1km?” pixel is burning and secondly the
underestimation of fires due to the time of satellite overpass. Smaller fires are not
easily detected (Hoelzemann et al., 2004) and cloud cover can prevent fires from
being detected (Hoelzemann et al., 2004). The MODIS active fire product has a 50%
probability in detecting a minimal flaming fire of 100m” however, this probability

increases to almost 100% for a 50m” flaming fire under ideal atmospheric conditions
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(AFIS User Guide). Burned area products are not without error either. Burned area
products rely on a change analysis of imagery, which often has to be validated with
higher resolution imagery (Roy et al., 2005a and 2006). The landcover change is not
associated with fires early in the season and those that occur late in the season (Bucini
and Lambin, 2002) which means burned area products dependent on change analysis
of spectral signature will not underestimate the fires for the burning season. Burned
area calculations can be refined by using a combination of a burned area and an active
fire product (van der Werf et al., 2003 and Ito and Penner, 2004), and validated using
ground-based information and higher resolution images much like the protocol

followed by SAFNet (Roy et al., 2005a).

Fuel load estimates and interannual differences in vegetation and burning also result
in differences in emission estimates from biomass burning. Variation in rainfall and
hence available fuel load will result in interannual differences in emission estimates.
Various authors use different approaches when calculating emissions. For example,
van der Werf et al., (2003) use TRMM VIRS imagery and a biochemical model for
1998-2001, Scholes et al., (1996b) use the fuel consumption and emission factors
from SAFARI-92 in a static model and Barbosa et al., (1999) use NDVI to calculate
biomass density and combustion efficiency and subsequently estimate biomass
burning emissions. Ideally validation of products and studies should be carried out for
the same time period and defined area, using the same land cover classification

system and emission factors.

Error

Barbosa et al., (1999) suggest an error of 30% for biomass density values and 25 %
for combustion efficiency. Hoelzemann et al., (2004) suggest an error of 12% in
burning efficiency values for savanna and grasslands and up to 20% error in estimates
for forests (Hoelzemann et al.,2004). Andreaec and Merlet, (2001) highlight the
problems with emission factors. In general, emission factors are calculated for
specific regions and fire types (e.g. savanna) or for biomass burning as a whole,
without considering different fuel types. Sufficient work on emission factors has been
carried out for CO, CO, and CH; (Andreae and Merlet, 2001;
Hoelzemann et al., 2004) where a 20-30% error can be assumed. An error of up to

50% is assumed for other emission factors that have not been investigated as
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extensively (Andreae and Merlet, 2001). Barbosa et al., 1999 account for error in their
biomass burning estimates using the following expression:

2 2 2 2
€total= (e burned area + € biomass density + € combustion efficiency + € emission factor)

(Equation 6)

Following Equation 6 the total error for CO2, CO and CH4 in savanna and grasslands
is 34% and for forest the total error is 35%. The total error for other chemical species
for savanna and forest is 52% and 54% respectively. The emission factor for CN and
NH3 is given with uncertainty (>60%) for forest and agriculture but with a 55% error

for savanna and grassland, resulting in a total error of at least 60%.

Comparative studies and sources

In this study, the amount of biomass burned, biomass density and burning efficiency
and were calculated according to the method used by Barbosa et al., (1999), emissions
are calculated using emission factors from a number of sources (Table 5) and fire
counts used as a proxy for burned area. The biomass burning emissions calculated in
this study are compared with global emission estimates, other estimates for southern
Africa calculated using different methods or datasets, and emissions from other

sources in South Africa.

Comparison of biomass burning emission estimates with previous studies

The total error in emissions for this study vary from 30% for CO,, CO and CH,4 for
savanna and grassland burning to >60% for CN and NH; in forest and agricultural
burning. The total error for emission estimates calculated by Barbosa et al., (1999) is
58%. The main difference between Barbosa e al., (1999) and the study presented, is
the method used for calculating burned area. Burned area estimates were derived by
applying a multitemporal multithreshold technique to AVHRR images and validated
by Landsat Thematic Mapper (TM) in Barbosa et al., (1999), whereas this study, used
MODIS active fires as a proxy for burned area. Burned area estimates are one of the
greatest uncertainties in calculating emission estimates. The different vegetation
classification and differences in the regional climate for the respective study years can

account for the variance in emission estimates. CO, emissions calculated in this study
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fall within the average range of those calculated in other studies (Table 6). Burned
biomass is higher than the average of that calculated in other studies for southern
Africa (Table 6), however if a 30% error is considered for burned biomass for each of
the studies, then the values are comparable. The error can account for some fires,
especially smaller fires that are not detected with MODIS due to the resolution of the
instrument and the time of the overpass of the satellite. A greater amount of biomass
burned is detected due to the assumption that the whole pixel area is being burnt or
the triangular response of MODIS, where a fire at the same location is detected twice
in adjacent pixels along the scan line. Differences in burned area, burned biomass and
CO, emissions calculated in the studies may also be partially due to interannual

climatic differences.

Table 6: Comparison of annual estimates of burned areas, biomass burned and CO,
emissions from open fires in southern Africa (Barbosa et al., 1999,

van der Werf et al., 2003, Ito and Penner, 2004).

Area Burned Burned biomass {Z0; Emissions
Study 3. 2 1 -1
(10° km* 3™ (Tg) (Tg COzy1 ")
This study 692 722 863
Ito and Penner (2004) 999 - 1644 - 2138 -
(1639 — 1736)
Hao ez af (1990) 914 1508
Scholes et af . (1996) 1630 117 224
Earhosa ef ad. (1999) 1541 456 748
Justice ef ad. (2002) - 1525
Van der Werf ef af . (2003) 1160 1702°
Average 1345 £ 318 1242 £ 568°
* Statistics were estinated by using 3Scl: ESF=1 and TFF=1 in only grid cells where ATSE fire counts
are detected
" Values in parenthesis represented the Scenarios 2 and 4 (E3F=1 and TFF=1 m all gnd cells, TFF =10
m only grid cells where ATEE fire counts are detectable
" Estimated from the carbon emissions in van der Werf of @/ . (2003) assuning 90% is T4
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The results in this study differ significantly from those in Scholes et al. (1996).
Burned area calculated in this study is less than half of that calculated by
Scholes et al. (1996), yet biomass burned is four times greater and CO, emissions are
three times greater than in Scholes ef al. (1996) (Table 7). Scholes et al., (1996)
derived emission factors and used modified combustion efficiency values in a
modelling method to estimate the amount of trace gases and aerosols released from
biomass burning. Biomass burned values calculated in this study are most comparable
with those in Hao ef al. (1990), yet the emissions are approximately a third less,
which could be due to the different emissions factors applied. CO, emissions and
burned biomass calculated by Ito and Penner (2004) exceed estimates in this study by
approximately a third, and CO, emissions and biomass burnt calculated by
van der Werf et al. (2003) exceed those in this study by more than a half (Table 6). Ito
and Penner (2004) use Global Burned Area (GBA)-2000 burned area estimates and
Along Track Scanning Radiometer (ATSR) fire counts to compensate for smaller fires
that are not detected by the burned area algorithm to calculate the burned area as the
input into emission calculations. Van der Werf et al. (2003) use a combination of the
Moderate Resolution Imaging Spectrometer (MODIS) 500-m burned area algorithm
and Tropical Rainfall Measuring Mission (TRMM) fire counts to estimate burned
area. The MODIS burned area algorithm detects a large amount of burned area, which
explains the large amount of biomass burned calculated by van der Werf e? al. (2003).
Van der Werf et al. (2003) derive a vegetation map based on mean annual
precipitation and satellite-derived tree-cover (DeFries efal., 1999) and use the
Carnegi-Ames-Stanford Approach (CASA) to estimate net carbon fluxes from the
terrestrial biosphere to model the flux of carbon from vegetation burning. The higher
emission estimates could be accounted for by differences in the estimate of burned
area, vegetation classification or model uncertainties. CO, emission estimates for this
study are higher than those calculated by Barbosa ef al. (1999), even though the
method used for this study follows Barbosa efal. (1999). Barbosa et al. (1999)
calculated burned area by applying a series of Advanced Very High Resolution
Radiometer Global Area Cover (AVHRR-GAC) data to a multitemporal,
multithreshold technique-burned area algorithm (BAA) and validated the burned areas
with Landsat TM images. This study uses fire counts as a proxy for burned area. The
variation between studies, highlights the possibility of error that can affect the final

emission total due to the differences in emission factors and methods used to calculate
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burned area and burned biomass totals. The discussed studies were not carried out in
the same year or over the same time period. The interannual fuel load differences, in
the amount of available fuel and the dominant vegetation type constituting the fuel for

that period of time can have a considerable effect on emission estimates.

Contribution of CO; emissions from biomass burning in southern Africa to global
biomass burning emissions

CO, emissions from biomass burning in southern Africa have previously been
suggested to contribute 40% of global biomass burning emissions
(Levine et al., 1995) since a large portion of biomass burning takes place on the
African continent. If CO, emission estimates for biomass burning in southern Africa
from this study are compared to global CO, emission estimates from biomass burning
from Levine er al. (1995), it is calculated that biomass burning in southern Africa
contributes approximately 30% of carbon released globally from biomass burning and
approximately 10% of biomass burned globally (Table 7) The use of vegetation
indices (this study) rather than dry matter (global estimates) can account for the
difference between this result and that of Levine et al. (1995). The burning of
agriculture in southern Africa constitutes 10% of global biomass burning. Woodland
emissions of CO, exceed global estimates of tropical and boreal forests. This is
possibly due to the manner in which biomass density is calculated, where global
estimates use dry matter and this study uses vegetation indices. The difference can
also be ascribed to a difference in the classification in vegetation type and the value of

the emission factor applied to the biomass burned.

Comparison of emissions calculated using MODIS, GBA-2000, GLOBSCAR and in
the current study for southern Africa

The MODIS 500m burned area product, GBA-2000, GLOBSCAR (Table 8) and
MODIS fire products (this study) all have a pixel resolution of 1 km”. Emissions were
calculated from the MODIS 500m burned area product, GBA-2000 and GLOBSCAR
using the same method used here, the only difference being area burned. The MODIS
burned area product detects a much higher burned area (9 269 225 km?) than this
study (2 528 294 km?), GBA-2000 (268 500 km®) and GLOBSCAR (59 800 km?)

(Korontzi et al., 2004). The three 2000 burned products are available yet none are
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systematically validated (Korontzi et al., 2004) and indicate very large discrepancies
in burned area estimates. This is can be attributed to the different satellites used for
detection and/or the burned area algorithm. The difference in emission estimates is
predominantly due to the amount of area burned, the study period and emission
factors used. In addition to this, the amount of atmospheric species emitted is not
directly proportional to the area burned, in that there is not a consistency in the order
of magnitude between the differences in the burned area products and the emissions.
Emissions are dependent on the spatial distribution of burning relative to the fuel load

amount and the composition of grassland and woodland (Korontzi et al., 2004).
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Table 7: Estimates of biomass burnt annually and the associated emission of carbon
and carbon dioxide (CO;) to the atmosphere for southern Africa (this study) and
globally (Levine, 1995).

Source of ! Carbon Released C0, Released
) Biomass burned (T g/year)
burning {Tg(C)iyear (Tg(COy)iyear
Southern Southern .
Global® : Global® : Global® |Southern Africa
Africa Africa
Savanna 3690 239 1660 440 1494 417
Agricultural
e 2020 21 910 42 829 39
waste
Tropical forest 1260 g7 570 170 513 156
Temperate and
horeal forests/
Woodland 280 318 130 587 117 537
(southern
Africa)
Total 7250 666 3270 1238 0 963
*1 Tg (teragram) = 10% metric tons = 1012g
Based on carbon content of 45% m biomass matenal. In case of charcoal, the rate of burning has been mulbphed
bASSllI’I]jIlg that 20% of the carbon released 15 i the form of CO5
“Sources: Seiler and Crutzen (1980), Crutzen and Andreae (1990), Hao 2¢ @f . (19900, Andreas (1991).

The emissions from grassland (savanna) and woodland from this study are much
greater for September than the emissions from the comparative products, especially
for CH4, CO, NMHC, OPC, BC, NOy and HCHO. Emissions estimates for savanna
are greater for all trace gases. This is could be attributed to the vegetation
classification, for example, in this study, grassland is included in the savanna
classification. The difference in detected burned biomass and emission factors used
can account for the differences in emissions estimates. The values from this study
compare well with MODIS 500m burned area product for woodland for CO,, CO,
BC, NOy and TPM. MODIS 500m burned area product, GBA-2000 and GLOBSCAR
made use of models comparing emission factors and modified combustion efficiency
reported in literature (Korontzi et al., 2003b, Sinha et al., 2003, Ward et al., 1996,
Yokelson et al., 2003) whereas this study used a combination of emission factors
(Table 5). MODIS 500m burned area, GBA-2000 and GLOBSCAR are all specific to
one month, being September 2000, whereas this study averages the emissions for
September from 2003-2006. GLOBSCAR estimates do not compare well with this

study at all, other than HCN estimates. The main difference in the calculation of
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emissions is the vegetation classification and the estimate of burned area. This study
uses fire as a proxy for burned area, whereas the comparative products are all burned

area products.

Comparison of emissions from biomass burning to emissions from other sectors in
South Africa

Most CO, and NOy in South Africa is emitted by the industrial and energy sector
(Table 9). Vehicle emissions contribute a greater amount of NOy than biomass
burning, but still contribute approximately a quarter of what industry contributes
(Table 9). Agricultural and cane sugar burning contributes the least emissions of all
the sectors. The sector responsible for the largest amount of CO is veld and bush fires,
whereas it was calculated in this study that biomass burning contributes the most to
CH,4 emissions. Biomass burning also contributes a considerable amount of CO, even
though it is only approximately one quarter of the CO, emissions released by the
industrial and energy sector. Helas and Pienaar (1995) estimate CO emissions from
veld and bush fires (Table 9) to be four times those from biomass burning, as
calculated in this study (Table 9). Emission estimates for this study were calculated
using emission factors, whereas emission ratios from SAFARI-92 were used by Helas
and Pienaar (1995) to calculate estimates for veld and bush fires (Table 9). This
together with the possibility of different spatial resolutions used, the detection of
different detecting types of burning and burned area products can account for the
difference in emission estimates. Twice the amount of particulates is released from

biomass burning than from the industrial and energy sector (Table 9).
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Table 8: Regional biomass burning emissions for southern Africa for September 2000

from MODIS, GBA-2000, GLOBSCAR and this study (Korontzi et al., 2004).

Method MODIS GBA-2000 GLOBSCAR This study*
Speci Woodland |Grassland| Woodland | Grassland |Woodland|Grassland|Woodland| Grassland
ECIES
P (Gg) (Gg) (Gg) (Gg) (Gg) Gg) (Gg) (Gg)
Carbon 93393 | 40387 | 53935 36935 | 24951 | 5368 | swe3 | sssms
Dioxide (COq)
Methane 175 | 13.3205 29 12 43 p 249 a0
(CHy) O
Carhon
Monoxide 3100 767 2711 GE0 1284 109 SEED 2852
(cO)
Nonmethane
hydrocarhons 138 21 75 18 35 3 a0z 114
(INMHC)
Total
Particulate 1077 101 G962 54 268 15 531 220
Matter (TP
Organic
Particulate 222 47 120 42 57 7 107 107
Carhon (OPC)
Black Carbon
26 4 14 3 7 1 30 16
(BC)
Nitrous oxddes| =, 70 108 63 50 9 159 171
(NO,) as NO
fAmmonia 19 3 10 3 5 0 74 30
(IVH;)
Formaldehyde
116 15
(HCHO) 75 14 40 13 1% 2
Hydrogen
Cyanide 33 10 192 9 9 1 & 7
(HCN)
*Averaged values for September 2002-2006

There are many uncertainties related to calculating emissions from biomass burning.
The primary uncertainty is the amount of burned area. Burned area satellite products
are not sufficiently validated to be reliable to accurately estimate burned area.
Although some results were comparable with Scholes et al., (1996), the emissions
calculated in this study are low in comparison to global estimates and other studies.
The burned area calculated in this study is dependent on the number of active fires
detected via MODIS and is possibly the primary factor responsible for the

underestimation of emissions from biomass burning.

76



Table 9: Comparison of different combustion sources in South Africa per annum

(adapted by Helas and Pienaar (1995) from Scholes and van der Merwe, (1994), Helas

and Pienaar (1996), Wells et al. (1996), DEAT (2003).

Activity COy Co CHy NO, Particulates
(Tg) (Gg) (Gg) (Gg) {no.of particles)

Energy”, industrial®
bhurning, and other coal

c 245 57 44 2369 331
use and Scheduled
emissions’
Agriculture” and Cane 4 o5 56 15 i

Sugar Burning"

Domestic coal and

21.9 1545 50.4 624 -

wood fires®
All types of vehicles® 48 3428 15.9 519 -
Veld and Bushfires#" 6 4650 265 a1 -
Biomass burning® | 189 | 1152 | 463 | 373 610
- Walue not known

PDEAT, 2003, 1994 emissions
P17 ells of al | 1995
“Helas & Pienaar, 1996

# bazsed on estimated total of 443T g diw mazz (DL burnt per year, which equals 199Tg of cathon.
DM concentrations ate as follows: savanna (23.1T g), grassland(12 3T 2), fynbos (29T g)

or emission ratios measured duting ZAFART 92 (Helas and Pienaar, 1993

This study (average emissions between 2003 and 2006)

Emissions of aerosols trace gases from biomass burning reach
a peak during the dry season. CO; is the primary trace gas
released from biomass burning. Woodland burning is
extensive and is responsible for the greatest amount of
emissions, whereas agriculture is the responsible for the least.
The greatest number of CN is emitted by forest burning and
savanna burning is responsible for the emission of most NO;
and HCN. Burned area and emission estimates in this study

compare well with some studies for southern Africa but
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poorly with others. Biomass burning makes a significant
contribution to trace gas and aerosol emissions, especially
with regards to CH,4. Although CO, emissions from biomass
burning as calculated in this study do not exceed
contributions from the industrial and energy sector, it still
contributes two thirds of the amount from the above-
mentioned sectors. Biomass burning also contributes
significantly to the number of particulates emitted. The
optimum way to refine emission estimates is to calculate
burned biomass by using a combination of a burned area
product and an active fire product (van der Werf et al., 2003
and Ito and Penner, 2004), to include the modified
combustion efficiency in calculations, and to use a consistent
and refined vegetation classification and a consistent set of
emission factors for specific vegetation types relevant to

southern Africa.
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Chapter 5

Summary and Conclusions

In this chapter the main findings of this study are summarised
and concluded. The pattern of interannual and seasonal
variation in fire activity over the study period is indicated.
The pattern of biomass burning emissions across southern
Africa is summarised and a comparison of calculated burned

area and emission estimates is provided.

The main aim of this research is to investigate interannual and seasonal variations in
fire occurrence across southern Africa, using active fire data from satellite imagery.
Active fire counts are used to calculate estimates of aerosol and trace gas emissions
from biomass burning. Conclusions are made regarding observed fire patterns and
estimates of trace gases and aerosol emissions from various landcover types and are

compared to those calculated in previous studies, and from other sources.

Biomass burning in southern Africa

Biomass burning in southern Africa contributes approximately 10% of biomass
burned globally and approximately 40% of carbon released globally, according to the
results from this study (Table 7). The burning season in southern Africa occurs during
winter and spring and coincides with the dry season (May to October). Fire counts
increase substantially in May and continue to increase, reaching a maximum in
August and September.
® Fires start in the western part of the sub-continent in north-western Angola and
the southern Democratic Republic of Congo (DRC) in March and fires burn
extensively throughout the winter period between the Equator and Tropics.
¢ During late winter/early spring, burning in the eastern countries and east coast
(Tanzania/Mozambique) increases and there is a decline in burning in the west

and interior as drier conditions extend to the eastern coast of southern Africa
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(Cahoon et al., 1992).

By September, fires are widespread across southern Africa, and burning is
particularly intense in Angola, DRC, Zambia, Zimbabwe and Mozambique
(Cahoon et al., 1992) but are no longer burning as extensively in the
northernmost parts of the Tropics, where burning is initiated.

By November, most of the fires have ceased in the Tropics (Angola/DRC),
except for a few isolated fires burning.

The burning season in the south-western part of southern Africa occurs during

summer, as this region receives winter rainfall.

Fire density in southern Africa

The Angolan region has the highest fire density in southern Africa in autumn
and winter.

The main vegetation classes affected by fire in the Zambezi region in spring
are agriculture, woodlands and forest. These vegetation types have a high
biomass density that provides a large amount of fuel for burning. Natural
vegetation is burned to clear land for agricultural purposes and land use
changes.

The lowest fire density for the sub-continent for each season occurs in the
Namibian region, since vegetation density is low in this arid country.

The Western Cape region of South Africa experiences burning during the
summer/autumn months (December to February), as this is the dry season in

this area.

Burning season for southern Africa

A wet preceding rainy season allows for a greater amount of available biomass
and a greater potential for burning. A particularly wet season followed by an
extended or particularly dry season results in conditions most suitable for fire
occurrence.

The greatest interannual variations in fire counts occur in autumn.

The most biomass burning occurs during winter which means that annual

variations in burning reflect variations in winter burning.
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e The timing of the onset of the rainy season is a factor that determines the
length of the burning season and hence the total amount of burning for the
burning season.

e A particularly dry burning season allows fire occurrence to be widespread.

e The correlation between rainfall and burning is inconsistent, which emphasises
the influence of human activities on burning. The highest number of fires was

detected in 2003, followed by 2005.

Interannual variability of fire occurrence and burning for southern Africa

Rainfall influences biomass burning, yet there are inconsistencies between the
correlation of rainfall and fire incidence. This demonstrates the extent of fires that are

anthropogenic in origin.

¢ The regional interannual variability pattern of burning is due to the dominance
of woodland and savanna burning across southern Africa.

* Anthropogenic burning is particularly evident when there is a weak correlation
between fire incidence and rainfall.

¢ Fires due to human activity can be attributed to deforestation and land use
changes in Congo, agricultural burning in Zambezi and Namibia and
anthropogenic woodland burning the East African and Angolan regions.

¢ Fire incidence and rainfall have an inverse relationship in the Zambezi region.

¢ The most consistent number of fires detected per square kilometre each year
occurs in the Namibian region.

® South Africa has a two burning seasons. This is a consequence of winter
rainfall and summer/autumn burning on the south west coast and adjacent
lying area, and summer rainfall and winter/spring burning over the rest of the

country.
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Trace gases and aerosol emissions from biomass burning

The interannual and seasonal variations in emissions are primarily due to the
occurrence of rainfall, the number of fires burning and agricultural practices.

e Carbon dioxide (CO;), carbon monoxide (CO), methane (CH4), ammonia
(NH3), total particulate carbon (TPC) and organic particulate carbon (OPC)
exhibit a very similar pattern of burning interannually and seasonally, with
woodland emitting the most, followed by forest and savanna and lastly
agriculture. These trace gases are the most abundant of emissions from
biomass burning.

e The burning of woodland and forest emits the most CO, per square kilometre
due to the large number of fires (woodland) and the high biomass density and
consequently fuel load (forest).

® The burning of savanna and woodland emit similar amounts of nitrogen oxides
(NOy) per square kilometre, considerably more than other land use types.

e Agricultural burning accounts for the lowest emissions per square kilometre
for all species, other than NMHC, TPM and NO.

¢ The maximum amount of CN emissions originate from the burning of forest.

¢ Nitrous oxide (NOy) and hydrogen cyanide (HCN) are emitted predominantly
from savanna burning. Formaldehyde is emitted in minimal amounts in
comparison to the other species.

e The greatest number of fires burn in woodland and savanna in southern Africa.

e Savanna and woodland burn extensively and efficiently as they dry out
quickly and are easily combustible.

e (Greatest quantities of most aerosols and trace gases are emitted from fires in

woodland, savanna and forest.

Comparison of burned area and CO; emission estimates from biomass burning

estimates with other studies

e Burned area estimates calculated in this study fall slightly below the average
of estimates from previous studies for southern Africa. However, the CO,

emissions fall close to the calculated average. Burned area products for
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September 2000 (MODIS 500m burned area, GLOBSCAR and GBA-2000)
show great discrepancies in burned area values. The MODIS burned area
product detects a much higher burned area (9 269 200 km?) than this study
(2 528 300 km?), GBA-2000 (268 500 km?) and GLOBSCAR (59 800 km?)
(Korontzi et al., 2004). There is also an inconsistency in the differences in

burned area and the difference in emissions between products.

CO, emissions from grassland burning are estimated to be much higher in this
study that in most other studies. A large amount of vegetation was assigned as
grassland in the vegetation classification, which can account for the higher
estimate of emissions.

Emissions calculated in this study compare well with those from the MODIS
500m burned area product for woodland for CO,, CH4, CO, OPC, NOy and
HCN.

Estimates of TPM, NOy and HCN of this study compare well with GBA-2000
woodland estimates

Estimates of NMHC, BC, NH; emissions from this study are much higher than

those from other studies.

Comparison of biomass burning emission estimates with emissions from other

sectors

Biomass burning in South Africa makes a significant contribution to total trace

gas and aerosol emissions

Biomass burning makes a considerable contribution (approximately
463 GgCHy.yr™") to total CH,4 emissions (approximately 844 GgCHy.yr ™).

A considerable amount to total CO, emitted (189 TgCOz.yr'l), even though it
is only approximately one quarter of the CO, emissions released by the
industrial and the energy sector combined (843 TgCO,.yr'").

Biomass burning calculated in this study results in twice the amount of
particulates (610.yr") being released as the industrial and energy sector
combined (331. yr'h).

Industrial burning, coal use, and scheduled emissions emit the greatest amount

of CO, (843 Tg.yr Hand NOy (2369 Gg.yr'")
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There are many uncertainties related to calculating emissions from biomass burning.
The primary uncertainty is the amount of burned area. The burned area calculated in
this study is dependent on the number of active fires detected via MODIS and is
possibly the primary factor responsible for the difference in burned area estimates and
biomass burning emissions estimates compared to other studies. Burned area
calculations can be refined by using a combination of a burned area and an active fire
product (van der Werf et al., 2003 and Ito and Penner, 2004). The refinement of trace
gas and aerosol emission estimates can be achieved by the inclusion of the modified
combustion efficiency in calculations. A consistent and refined vegetation
classification and a consistent set of emission factors for specific vegetation types
relevant to southern Africa is needed in order to allow for a systematic comparison of

emissions.
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Appendix

10on

for each reg

ing emissions

burn

Total biomass

Table 10

2003 CO,(Tg) CH,(Gg) CO (Gg) NMHC (Gg) | TPM (Gg) TPC (Gg) OC (Gg) BC (Gg) NO (Gg) NH; (Gg) HCN (Gg) HCHO (Gg) Mz uﬁﬁﬁww
Congo 200 740 13100 890 1300 790 790 80 300 170 100 20 34ETTT
Angola 130 390 8800 500 1340 500 650 50 240 115 150 15 3.2E+17
East Africa 120 350 7500 430 1100 430 550 40 220 100 120 10 28E+17
Zambezi 60 120 3100 170 380 160 170 20 130 30 40 10 41E+17
South Africa 170 430 10600 600 1600 570 700 60 320 130 170 20 7.8E+17
Nambia 60 120 3150 170 460 160 190 20 120 40 50 10 37E17

2004 CO,(Tg) CH, (Gg) CO(Gg) | NMHC(Gg) | TPM(Gg) | TPc(Gg) | oc(Gg) BC (Gg) NO (Go) NH;(Gg) | HCN(Gg) | HCHO (Gg) mﬂmﬁﬁwﬂ
Congo 270 840 16350 1030 1540 950 930 100 530 210 120 30 5.9E+17
Angola 140 410 9200 520 1370 515 670 50 270 120 150 15 34E+17
East Africa 160 420 9700 520 1240 540 640 60 370 130 130 15 38E+17
[zambezi 140 260 7130 350 670 360 350 40 420 90 60 20 5.9E+17
South Africa 190 460 11550 650 1700 610 750 70 390 140 170 25 8.2E+17
Nambia 100 180 5200 260 600 260 280 30 260 60 60 10 4.6E+17

2005 €O, (Tg) CH, (Gg) CO(Gg) | NMHC (Gg) | TPM(Gg) | TPC (Gg) oC (Gg) BC (Gg) NO (Gg) NH; (Gg) HCN (Gg) | HCHO (Gg) mﬂmﬁﬁwﬂ
Congo 260 820 16000 990 1500 310 300 %0 500 200 120 %5 5.6E+17
Angola 140 400 9100 510 1400 510 660 50 270 120 150 15 34E+17
East Africa 160 410 10000 510 1200 520 630 50 360 120 130 15 3.7E+17
Zambezi 130 240 6800 330 650 330 330 40 390 80 50 20 5.7E417
South Africa 190 460 11400 640 1680 600 740 70 380 140 170 25 8.0E+17
Nambia 90 170 5000 250 600 250 270 30 250 60 50 10 4.4E417

2006 €O, (Tg) CH, (Gg) CO(Gg) | NMHC(Gg) | TPM(Gg) | TPC(Gg) | oOC (Gg) BC (Gg) NO (Gg) NH,(Gg) | HCN(Gg) | HCHO (Gg) vaﬁﬁﬂmw
Congo 300 930 18100 1140 1700 1050 1020 10 580 230 130 30 6.5E+17
Angola 150 440 10000 560 1500 560 720 60 200 130 170 15 3.7E+17
East Africa 180 460 10600 570 1350 580 700 60 410 140 140 20 4.2E417
Zambezi 160 280 7900 380 750 390 380 50 460 100 60 20 6.6E+17
South Africa 210 500 12500 700 1800 660 810 70 420 160 190 30 9.0E+17
Nambia 110 200 5600 280 670 280 300 30 280 70 60 15 51E+17
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1ng emissions per vegetation type

burn

iomass

B

Table 11

2002 co2(Tg) | CH4(Gg) | cO(Gg) | NMHC(Gg) | TPm(Gg) | TPc(Gg) | ocC(Gg) BC (Gg) NO (Gg) NH3(Gg) | HCN(Gg) | HCHO (Gg) m"‘umhﬂww
Forest 20 110 1610 130 100 100 80 10 20 20 2 2 0.0E+00
Woodland 120 350 8000 430 1300 460 640 40 220 100 160 10 25E417
Savanna 65 105 3270 150 290 150 140 25 220 42 20 10 3.8E417
Agriculture 10 20 550 40 80 20 20 5 20 10 1 1 2.0E+16

2003 co2(Tg) | cHaeg) | co(eg | NmHC(Gg) | TPM(Gg) | TPc(Gg) | oc (Gg) BC (Gg) NO (Gg) NH3(Gg) | HCN(Gg) | HCHO (Gg) m*zum_hﬁ_ww
Forest 150 560 10100 790 630 640 500 80 150 130 s 0 33E+17
Woodland 500 1500 34000 1810 5600 1900 2700 180 1000 450 670 50 11E418
Savanna 410 610 19400 870 1670 900 810 120 1310 230 120 50 21E+18
Agriculture 40 70 2300 170 320 100 80 20 60 30 5 5 8.4E+16

2004 co2(Tg) | cHaeg) | co(eg | NmHC(Gg) | TPM(Gg) | TPc(Gg) | oc (Gg) BC (Gg) NO (Gg) NH3(Gg) | HCN(Gg) | HCHO (Gg) m#m.mﬁwﬂ
Forest 150 560 70070 780 530 540 500 &0 150 130 10 3 33E+17
Woodland 500 1500 34000 1810 5590 1900 2730 180 950 440 700 50 1.1E+18
Savanna 410 610 19390 870 1680 900 820 120 1300 230 120 60 21E+18
Agriculture 40 90 2280 170 320 100 80 20 60 30 5 5 8.4E+16

2005 co2(Tg) | CHa(Gg) | co(Gg) | NMHC(Gg) | TPM(Gg) | TPC(Gg) | oC (Gg) BC (Gg) NO(Gg) | NH3(Gg) | HCN(Gg) | HCHO (Gg) m”_um_hﬁ_ww
Forest 150 540 9720 760 510 520 290 &0 150 20 10 0 32E+17
Woodland 540 1610 36700 1960 6040 2100 2950 190 1030 480 760 50 12E418
Savanna 380 560 17860 800 1570 820 750 110 1190 210 110 50 2.0E+18
Agriculture 40 70 2420 190 340 110 90 20 70 30 5 5 9.0E+16

2006 co2(Tg) | CHa(Gg) | co(Gg) | NMHC(Gg) | TPM(Gg) | TPC(Gg) | oC (Gg) BC (Gg) NO(Gg) | NH3(Gg) | HCN(Gg) | HCHO (Gg) m”_um_hﬁ_ww
Forest 170 740 11310 880 710 720 570 70 170 140 15 20 3.7E+17
Woodland 610 1840 41900 2230 6890 2390 3400 220 1170 550 860 60 13E+18
Savanna 455 660 21200 950 1850 980 900 130 1410 250 130 60 24E+18
Agriculture 40 70 2410 180 340 110 90 20 70 30 5 5 8.9E+16
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