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ABSTRACT

Il FNAOF KIF& 06SSy OFff SR (KStisdheauNipent@n®rgtieSNE 2 F (K
greatest proportion ofylobal fire occursThis widespread yet poorly understood phenomenon holds the
key to pocesses such as land coebiange vegetation change, arttie emissionof greenhouse gasses.
To understand this role, better information about the distribution and drivers of fire is nedRieskarch
in West Africa points to seasonal changes in vegetationing over the past 30 years. /lns 1S RQL @2 A NX
fieldwork at theterroir scale in one savanna region indicates an increase in the proportion of early dry
season fires related to the expansion of livestock raising. Since early dry season fires aatlygessr
intense than late dry season fires, a shift toward early season burning will influence vegetation cover
and greenhouse gas emissioBsit are these shifts apparent atoaderscales? How doesattle herding

interact with other variablesffectingfire?

Thisresearch investigates the factoaffecting fire seasonality at the country level@dte
R QL @ gdohkBuct a representative history of fire activity fors (i S RuSirig @éré thab 5000
Landsat TM/ETM+ images over the period 19840b4& Active fires are detected in each image using
two indices based on theadianceof fire in the shortwave infrared portion of the electromagnetic
spectrum.The workassesssthe fire regime as represented by active fire in 896 locations cov€liitg
dQ L @& & dlshBvestigatsthe relationship of fire patterns with climate and land use/land cover
variables using random forest regression. The independent variables show a strong relationship with fire

regularity and aveaker, though importantielationship with timing and densitgf fires

Theresults reveal spatial and temporal patterns in fire seasonality over the past 30 y&zotein
R Q L @v@hNelNdBnclude that theiming of fire acrosé & ('S  Fh&sln@ ghawIa substantial linear
trend over time, the seasonality, density, and regularity of fire has fluctuated over time and space.

These variations are related to temperature, rainfall, and pastorabsnong other variablesmproving



the understanding of fire regimes in C&ReQ L @ 2 A Niewddhtyon éngofig debates regarding the

impacts of increasing agricultural activity in West Africa on fire, vegetation, and climate change.
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Chapter lintroduction

Fire is a significant component of the savanna systems of West Africa, with over 50%otélthe
land area set alight each year in some regifi@sis, 2005)The paterns of burning in this region are
believed to be highly influenced by humaiBassett, Koli Bi, and Ouattara, 2003; Laris, 2(@&)ple
use fire as a todbr the management oégricultural lands, for hunting, and for the creation of fire
breaks(Bowman et al., 2011 However, when the characteristics of fire change, burning can also act as
a driver of eological change. The seasonal timing of annual fires plays a significant role in determining
the balance betwee® A NB Q dustidalilefandggmentnd land cover chang&arly dry season fires
generally result in lower intensity burns, lower emissifrgreenhouse gases, and a greater cover of
woody vegetatior(Bond and van Wilgen, 1996; Koné, Bassett, and Nkem, .20ddaisale studieof
al @ yylr aeéaiis vsowthal fired sbadoSalitReQdhiffed dvetdhe past 30 years, signaling

potentially important changes in land use and land cq@mé et al., 2011)

The seasonality of fire represents one important aspect ofpditern2 ¥ FANBE Q& 2 OO dzZNNB

across a landscape, or the fire regif@ll, 1975)Previous studies have examinagpects othe fire

regimes of West Africat the globalGiglio, Csiszar, and Justice, 20@6ntinental(Archibald, Scholes,

Roy, Roberts, and Boschetti, 2010; Cooke, Koffi, and Grégoire, a88docal scalegBassett et al.,

2003; Laris, 2011Yhese studies, howeveido not capture the full variability of fire regimes and, in

some cases, lack the ability to explain the patterns obsemdederstanding the potential role of fire in

land cover change and climate change requires better characterization of these aspReEacross

broad spatial and temporal scaleSuchinformation couldguide policy and management toward

improvedsocial andecological outcomes.

The factors that determine the fire regiraén Africa are currently debated, with primary

candidates redted to either climate or human activitjs interest in the impacts of land use on the



climate system increase, understanding these drivers is becoming more important. Greater information
is needed to inform attempts to mitigate climate change throughdlaranagement. At the same time,
agricultural activity is known to be intensifying in West Af(iadela and van der Werf, 2014) trend

that may also be driving changes in fire activithese new developmestinderline the importance of

better knowledge about the variables controllifige in West Africa.

Using a historical archive of remote sensing imagery covering the period of20984across
/] $G4S RQL@2ANBI (KS NBaSINOK LINBaSyiSR KSNB Ayg@dSai
andspace. bsk: What patterns in fire activity ovektY S | yR aLJ} OS I NB @AaAirofS Ay
climate and human activity relate to these patterns? To answer these questions, | use active fire
RSGSOGA2y (2 SEIFYAYS GKNBS 1aLlS0Ga 2F FANB | OGAOA

peak fire, and the regularity with which fire burns over time



Chapter 2. Literature Review

2.1Fire, Ecology & Society

Fireis an ephemeral phenomenonnaeeting offuel, oxygen, and spark. Thus, fire is best
understood as reaction a process of chamg rather than an entity in and of itself. Defining the role of
fire in a landscape is complicated by its transitory nature. Burns in one \egadiffer vastly fronthose
in the past year, decade, ewven century Nevertheless, patterns emergehd charateristics of fire in a
particular landscape are known as the fire regif@dl, 1975) The fire regime describes the intensity,
severity, frequency, seasonality, fuel consuiapt and fire sprea@Bond and Keeley, 2005}hese

terms are defined in table 1.

Fire has been a component of terrestrial systems since the emergence of vegetation on land
during the Siluriamperiodabout 420 MgBowman et al., 2009; Scott, 2000, 2pl0arge deposits of
charcoal during the Permian suggest that fire was an especially prominent feature of the Earth system
when atmospheric oxygeexceeded0% approximately 25800 Ma(Scott and Glasspool, 2006)ore
recently, fire isoelievedto have played a role in the expansion of tropical savannas abou8 Ma
(Jacobs, Kingston, and Jacobs, 19%9ile this shift was probably primed by declining atmospheric
CQ, fire played the dominant role in this expansi@Beerling and Osborne, 200&3lobally, the
remarkable stability and égnt of savannas was reinforced by feedback mechanisms among fire, climate

and vegetationBeerling and Osborne, 2006)

Hresare presentlyan important component of many ecosystems on every populated continent.
Available estimates suggest that approximately -B00 millionhectares burreachyeararound the
world (Hoelzemann, 2004; Mouillot and Field, 2008)here they are common, fires are necessary for
the sustainability of ecosystemiare exclusion and suppression cause substantial changes in vegetation

structurein such system@ond and van Wilgen, 1996Jires are especially important in savanna



ecosystems, where firis thought to be a key factor in maintaining the balabe¢ween grasses and
tree cover(Bond and van Wilgen, 1996; Bond, Woodward, Eiidgley, 2005) Newer models of grass
tree interactionfurther suggesthat the regular presence of fire disturbance is necessary to explain the

global distribution of savanngsehmann, Archibald, Hoflann, and Bond, 2011)

A limitation of many studies examining the global distribution of fire is the lack of attention paid
to human activity. This is surprising given that the most recent increase in global fire occurrence
coincided with human migratiorte Europe, Asia, Australia, and the Ameri@swman et al., 2009)
Today, human activities dominate many landscape characteristics, fire among them. The impact of

humans is therefore of critical importance to understanding the nature of fire irtnth system.

Fire has playedn important role in the lives of people for millennia. While intense debate exists
over the possible evolutionary origins of humans in a landscape dominated ijpdineinguezRodrigo,
2014) we know that humans have made regular domestic use of fire for at least 50,000 to 100,000 years
(BarYosef, 2002)and possibly as much as 1.9 million ygsvsangham, Jones, Laden, Pilbeam, and
ConklinBrittain, 1999) Human management of landscape fire is diverse, widespread, angbtanticed
as well(Bowman et al., 2009; Eriksen, 200/)deed, the concordance between the spread of humans
and the prevalence of fire historicallgowman et al., 2009; Thevenon, Bard, Williamson, and Beaufort,
2004)suggests that humans have used and promoteddiifected landscapes for tens of thousands of
years, if not longerArchibald, Staver, & Levin (20kjue that humans could ka affected fire
regimes in Africa as much as Ma through the maodification of firemitially ignited bylightning That
impact would have increased as humans gained the abiliigrtive firesindependently ofightningand

manipulate the landscape &drge scales ove300,000yearsago

Today, it is estimated that humans are responsible for about 90% of all fire igritievise,

Cofer, Cahoon, and Winstead, 199%jth the remainder largely attributable to lightning strikes. In areas



where fire suppression has been the dominant fire management paradigohasthe United States,
human ignitionsaccount for the largest proportion of fire ignitions baute largely accidentgPyne,

1984) In other areas, however, fire is a tool utilized byple to achieve land management goals
efficiently. In Africa, ife is used for rangeland management, preparation of crop fields, hunting, security
from theft, and protection agaist more intense firegeriksen, 2007; Fairhead and Leach, 1995; Kull and

Laris, 2009; Laris and Wardell, 2006; Laris, 2002, 2013; Mbow, Nielsen, ang&asra000)

In fact, humans have made use of landscape fire on every vegetated continent in some way.
Humans are able to influence the fire regime by altering environmental conditions and through direct
ignition of fires. Variables open to human infleeninclude fuel characteristics including load, moisture,
and continuity and wind speed through landscape modifica(@owman et al., 20119s well as timing
of ignition. Despiteits widespreadoccurrence the use of fire in landscape management remains
controversial in many placesgt least because fire can sify escape human control, transforming from
tool to disaster. There has been a strong tendency in European and academic traalititpdicy to
emphasize the negative impacts of f{igassett et b, 2003; Caillault, Ballouche, and Delahaye, 2014;
Kull, 2004 despite indications that fire can not only besustainable but necessacpmponentin some

systemgBowman et al., 2009, 2011; Pyne, 2009)

In recent decades, a new concern has arisen regarding the impact of humahfiusethe
potential contribution to anthropogenic climate chanfjdeinrat O. Andreae, 1991Yhe combustion of
biomass releases various climatdevant gasses, and fire can contribute to deforestation and net
carbon release, as has been documented in the AméZochrane et al., 199@nd South East Asia
(Miettinen, Shi, and Liew, 201Ihe advent ofoncerns that biomass burning could contribute to
climate changenotivated forcefulrecommendations to limit biomass burnifgndrasko, Ahuja,
Winnett, and Tirpak, 1991Recently, the potential use of fire in carbon sequestration has also garnered

significant attention(Bradstock et al., 2012; Neely, Bunning, and Wilkes, 2009; Wiedinmyer and



Hurteau, 2010; Woodfine, 2009hefollowing section reviews potential connections between fire and

the climate system.

2.2Biomass Burning and Climate Change

As a major driver of carbon fluxes, as a source of various trace gases and aerosols, and as a
determinant of vegetation characteriss and a driver of land cover change, biomass burning has the
potential to significantly influence the climate system. Understanding the effects of biomass burning is
important for accurate modeling of global climate change, forecasting of fire hazardigodicy
LX I yYyAy3 F2NI OfEAYFGS OKFy3aS YAGAILNGAZ2Y YR RAAI &
to assess, however, due to the complex and esgcific nature of fire. Herdéyeview the current
dzy RSNB G F YRAY 3 2 Fles@rid 2npdisawithin shezadidfake ysy3tenfigiveNirticular
FGGSydAazy G2 GKS I @FAtFIotS a2dz2NOSa 2F AYyF2N¥IGA2Y

existing difficulties in attempts to characterize those impacts.

2.2.1Role of burning in amical processes and climate forcings

¢CKS Lt/ / RSTAYSa 0A2Yl &a o0dz2NYyAy3 (Afwood, i KS 0 dzNJ A
Bosetti, Dubash, Gémedzcheverri, ad Stech, 2014Biomass burning refers to the burning of
vegetation in savannas and forests, as well as the burning of domestic fuels, agricultural wastes, and
charcoalMeinrat O. Andreae, 1991; Delmas, Loudjani, Podaire, and Menaut, 1991; Liousse et al., 2004)

Biomass burning is keature of most landscapes globalthhough the distribuibn is uneven.

A change in the physical or chemical characteristics of the earth system that results in a shift in
the climate equilibrium is known as a climate forciGjmate chang can occur via either direct or
indirect effects of a particular climafercing(Hartmann, 1994)Direct effects refer to the direct
AYGSNI OGA2y 2F F LI NIAOES 2NJ adaNFI O0S gAGK NI RALFGA
Indirect effects occur when a species infiges other climate processes which themselves influence

climate.CQ, trace gasses, water vapor, and particulates released from fire influence the climate system.
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These emissions have both direct and indirect impacts on clihMeérat O. Andreae and Merlet,
2001; Crutzen and Andrea®990; Crutzen, Heidt, and Krasnec, 19T®)rddition, biomass burning
indirectly effects the climate system through changes in vegetation, with shod longterm changes
in albedo(Beringer et al., 2003¢arbon stored in biomag8alshi et al., 2009and cloud formatiofM O

Andreae et al., 2004)

Worldwide biomass burning has been estimated to contribute as much as 40% ofikkhe bu
emissions of carbon dioxide globalieinrat O. Andreae, 199,1&n anount that is within an order of
magnitude of emissions from fossil fuel burning. However, the role of these emissions in climate change
is complicated by the fact that much of the S&leasedby fireis balanced by vegetation regrowtiver
time (Bowman et al., 2009)n generalbiomass burning is considered to be in an equilibrium state with
GKS OftAYIF(S SEOSLIi 6KSNB FTANB NBadzZ G6a Ay flyR 020
deforestation.However, lecause interannual variability of burned area is high, fireeleeted to be the
greatest driver of variability in the rate €fQ increase in the atmospher@an der Werf et al., 2006)
Fire is thus an important component of the global carbon cycle but not necessarily a contributor to

climate changes a result of C£&missions

Aside from carbon dioxide, biomassrning is a significant source of dozens of trace gases
including methane, CO, NOx, ammonia, VOC, carbonyl sulfide, and sulfur (ideideat O. Andreae
and Merlet, 2001) These emissi@acan exert climate forcings in various ways. For instance, methane
released from fires acts directly as a greenhouse Igasever, @rosols from fire are expected to result
in negative forcing on the climate systé®ena, Artaxo, and Correia, 2018)odification of surface
albedo due to fire can act as a climate forcaggwell Although the evolution of black materials from fire
is expected to reduce surface albedo for several wesdker a firg(IPCC, 20073he long term effects of

fire on albedo are positive, resulting in negative climateifoys at a regional levébena et al., 2013)



Ly &adzyYFNEX FTANBQAa STFSOGa 2y mégltuddtTheYl G6S aeal
O2YLX SEAGE 2F oO0A2Yl aa o0dzNY Ay 3Qasths g paEdlarhdiffcdy & 6 A (K
challenge for scientists who seek to understand the role of fire in climate change or to model future
climate behaviorThe following section gives an overview of the approaches currently taken by

scientists to better understand the ralf biomass burning in global climate.

2.2.2Biomass burning angreenhouse gas emissions

Emissions from biomass burning can be estimated by modeling and predicting emissions from
fire, or through direct observation @fasses near a fire combined with imse modelling of sources
¢tKSaS | NB 1y2 el a vie 8oyid20l8 LILINE I O KASellako, 20847 HhaS OG A @St @
most common approach to estimating the climate impacts of fire relies on the calculation of@missi
from fire usinginformation about fuelsand fire characteristickom available dataset&€missions from

fire may be calculated from the following equati¢®eiler and Crutzen, 1980)

Ow 6 03 0B 00 "Cw

where N gives the number of vegetation classes assessed and additional parameters are given as:

Burned area (BA) The land area affected by fire. This measurement is generally derived from
satellite data, or in the case of historical reconstructions, projections based on qualitative

assessment@Mieville et al., 2010)

Biomass density (BIQ)The amount of biomass contained witha given area of land. Ths

usually parameterized for each vegetation class assibs

Burning efficiency (BE)The percentage of biomass within a given unit of area that generally

burns. Again, this is often parameterized on a-pegetation class basis.



Emission factor (EE)The amount of gas X that is released by the burning ef ammount of

biomass within a given vegetation class.

This equation is pseribed bythe Intergovernmental Panel on Climate ChagigeCC, 2006pr National
Greenhouse Gas Inventory calculatians Y NJ Ay 3 AdG +a + 1Se& (22t Ay dzyR!

influence orthe climate system

Emissions from biomass burning across various time peiiage been calculated recent{yain,
Tao, Yang, and Gillespie, 2006; Jain, 2007; Mieville et al., 2010; Mouillot and Field, 2005; van der Werf et
al., 2010) Estimating emissions is a critical step in understanding the implications of biomass burning for
climate changeThistask is complicated by the need to determine whether the gross emissions and land
cover change from fire signify 1) a climate forcing or 2) a flux or aspect of change that is ultimately
canceled by other processdse(vegetation regrowtteither inthe same area or in othareas that
compensate for emissions and land cover chanigeaddition, a number of additional uncertainties

exist.

2.2.3 Uncovering uncertainty

L'y | OOdzNY S dzy RSNEGFYRAY3I 2F 0A2Y!l é@ndvellb dzNYy Ay 3Qa
constrained measurements of the parameters used in calculating emissions from fire. However, large
uncertainties in these estimatesge evident in the literatureHere, | review several examples of that

uncertainty.

Estimating burned area represismone challenge in understanding the role of biomass burning
in climate changeMouillot and Field (2005) used ASTR satellite imagery, government records, and
qualitative information such as burn scars in tree rings to reconstruct a history of glotfak fine 20"
century. They found that, excluding agricultural fires, 608 Mha per year burned at the end of the last

century. Because the influence of fire on carbon budgets is determined by trends in fire rather than the



bulk amount of fire, they furtheexamined trends in fire over the century. While fire decreased by
approximately 80% in boreal and temperate forests in the Northern Hemisphere, a sharp increase in fire
in tropical forests was also observeder the study periodsignaling the increasinge of fire for

deforestation and agricultural production.

These trends generally agree with previous regional studies of fire activity, but the analysis
NEYFAya | ao0Sald 3IdzSaaé RdzS (2 QOF NAR2dza az2dzdOSa 27
error, or uncertainty cited by the authors include: 1) the limited availability of historical records in some
countries which necessitated the interpolation of available data over data gaps, 2) significant differences
between reports from adjacent courigs suggesting substantial biases and difference in data collection
methods, 3) a decline in data quality for older fire records, 4) variability in the level of detail of fire
records, 5) exclusion of agricultural fires from the analysis, and 6) the asisanof fire regime

homogeneity within sulzontinent regiongMouillot and Field, 2005)

These uncertaities result in large discrepansién the estimated burned areaBheanalysis
from Mouillot and Fieldinderestimates burned area by up to 60% compared to the findingaudfosa,
Stroppiana, Grégoire, and Cardoso Pereira (198%ddition, remote sensing data can present biases in
burned area estimates. When fires occur at a spatial scale belavottzvailable satellite imagery, fires
can remain undetected. This problem has been noted particularly in the African context, wh8é&@25

of fires in some areas may be excluded from detecflaaris, 2005; Roy and Bbetti, 2009)

Similarly estimates of emissions from fire are difficult to constradmeof the difficulties in
estimating fire emissions lies in the fact that the ratio of smoldering to burning cannot be easily
determined based on available observatsoor models. Emissions factors are quite different for
smoldering and burning and the two are not well correlated. Adding to the difficulty, the ratio is

controlled by a variety of local factors including temperature, humidity, soil moisture, and fugitglen

10



(Bond and van Wilgen, 1996@)hese can, in turrbe related to season and time of day to some extent,
but including these factors in models is difficult in part because the relationship is regionally specific
(Keywood et al., 2013 hus, the emission factors and burning efficiency tend to be event specific in

ways that are difficult to model.

In addition, uncertainty in emissions estimates themselves remain substeftidies have
found a twafold difference between CO emissions estimated by L3JRC, MODIS fire counts, and the
Global Burned Area 2000, indicatiadnighdegree of uncertainty currently present within these datasets
(Arellano, 2004; Langmann, Duncan, Textor, Trentmann, and van der Werf, 2009; Monks et alA 2009)
3.4 fold discrepancy between aerosol emissions estimates from two different estimation approaches has
also been reportedKaiser et al., 2012These reaults reveal the uncertainty in current attempts to

estimate emissions from fire

The final goal of estimating emissions from fire is the quantification of climate forcings due to
biomass burningBowman et al. (2009)rovide a prelimingay estimate of climate forcings because of
biomass burning, but rely on substantial assumptions about the system. They suggest that only fire
which contributes to deforestation influens¢he climate system, and that that effect is due only to,CO

released

In contrast,Sena et al. (2013tudied the direct radiative effects of biomass burning over the
Amazon due to aerosols and albedo changes. They found that the radiative éfédlsedo was almost
an order of magnitude greater than that of the effect of aerosols. A vald@é.8ft 0.9 W/mfor mean
annual albedechange radiative forcing due to fire was reported, versus a valde ®ft 0.3 W/mfor
aerosol effects. The findingsiggest that the gaseous emissions may not be the most important
component of fire associated with climate changdinding that conflictsvith the approach taken by

Bowman et al. (2009)

11



Current knowledge about emissioaad climate ércingsfrom biomass burnings sufficient to
begin to assess global trend$owever, the current level of uncertainty regarding the effects of fire on
the climate system suggests that it may not yet be possible to state the climate effects of most fire

regimes with certainty.

2.2.4Future directions

Proponents othe use of fire for climate change mitigatisaggest thatif low-intensity
prescribed fires can reduce the net emission of carbon over time, this could create a net sink for
greenhouse gases. &lpossibilities for this use, however, are expected to be dependent on the
characteristics of the specific ecosystem to which it is applied, and preliminary study has not provided
evidence that this approach might be effectii&radstock et al., 2012; Wiedinmyer and Hurteau, 2010)
This fact has not stopped climate scientists and policy makems prescribing specific fire management
actionsto address climate change, however. The following section addresses these recommendations

within the context of current climate science and historical attitudes toward fire.

2.3Burn Center Narrative

2.3.1Introduction

Africa is a red contineng a continent on fire. This is the image presented in popular media and
scientific literature when addressing the topic of biomass burning. A particularly common theme in the
remote sensing and atmospheric sciencerliture holds that Africa is the site of more fires and a
greater amount ofjreenhouse gasmissions from biomass burning than any other continent on the
planet. Afrequentcorollary is that fire in Africa should be limited due to concerns over the affdae
2y @S3ASGLGA2YS FAN ljdzr tAGez yR OfAYIFGS OKIFIy3So
y I NNI(Konegp812)epresents fire in Africa as homogenous amiformly negativesavanna
management techniqueHowever, researchers in political ecology and other fields have argued that

these depictions rest olargely unquestioned assumptions abdutrning and its environmental effects

12
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Specifically, political ecologists claim that previous research has exaggerated the intensity of fires and
the homogeneity of landscapes affected by fikoné, 2012)In addition, such representations of fire
ignore the social and ecological ¢exts in which fires are set and burn. Understanding the fand
contentof the burn center narrative, as well as the factors that perpetuate it, can provide insight into
climate change and environmental governance. Deconstructing this narrative cartqpeartd a more

complete picture of the nuanced role of fire in African landscapes.

This section seeks to describe the constituent assertions and assumptions of the burn center
narrative and to explore alternative perspectives. Building on the woKoo# (2012)l argue that the
narrative is constituted by four distinct but interrelated characteristics. The narrative 1) identifies Africa
as the primary locus of fire and emissions from biomass burning globally, 2) assumes African savanna
fire is intense and homogeneous across broeales, 3) links African fire with the emission of
climatically relevant emissions of greenhouse gasses and patrticulates, and 4) prescribes a reduction in
fire frequency and intensity. Drawing from the field of political ecology as well as recent fimlings i
remote sensing and atmospheric scienbexplorethe nature of the burn center narrativend its
implications for savanna management in AfriEanerging evidence suggests that the narrative is flawed
because of inaccurate modeling assumptions and alftigorepresentation of African savannas. Some
researchers have identified the need to reduce biomass burning within African savannas, a conclusion
that others contend is premature. This is particularly true because such recommendations rarely
account forthe complex relationship between fire and the sceiological system in which it occuls.

this section, | argu#hat fire is one component of the complex socionatural savanna systems of Africa.

2.3.2Anatomy of the Burn Center Narrative: Linking Afrifiee with global emissions

Extensive research has been conductatthe impact of biomass burning on carbon fluxes,

atmospheric chemistry, and radiative forcing (Crutzen & Andreae, 1990). This literature finds that

13



biomass burning impacts atmospheric afistry in a number of significant ways as the result of

emissions from these fires. For instanG&) from anthropogenic biomass burning may contribute as

much as 60% of the warming effexdused by CQOeleased fronfossil fuel us¢Crutzen and Andreae,

1990) Climate science studies have also sought to enumerate the specific contribution of different

types of biomass fires across the globe to emissions détsdand climate chang@an der Werf et al.,

2010; varder Werf, Randerson, Collatz, and Giglio, 2008)s work seeks to attribute emissions to

particular fire activities and locations and to quantify the net radiative forcing associated with the

emissions. This line of study also investigates methods fiagation of climate change through human
modification of fire regimes. Together, thestidiesportray fire in Africaas G KNBF i G2 GKS LI
climate systemconstituting the burn center narrative. Herédiscusfour commonelements ofthe

burn cengr narrative.
2.3.3Africa as the Burn Center

Africa is consistently identified as the continghat ishome to the greatest proportion of all
terrestrial fires, with savanna fires making up the majority of all fires on the contiiBarbosa et al.,
1999; Crutzen and Andreae, 1990; Delmas et al., 1991; L&0obége, Ray, Witt, and Singh, 1999; Levine
et al., 1995; Mouillot and Field, 2005; Roberts, Wooster, and Lagoudakis, 20@8)ticular, the
expanding use of remote sensing to detect terrestrial figs provided convincing evidence thhe
majority offire occurs in AfricaTHs fact is the basis of thdepictionof Africaasti KS & 6 dzZNy OSy (i S NI
the world in more popular mediums of information disseminat{@ulia Cole and NASA, 2001; Stanford
University, 2004)Theportrayalof Africa as the center of global fire activityarks the firselementof
the burn center narrative. However, ttgpecifc nature and effectsof this fire is of critical concern to
climae change research as well. Bshow next, three additional lines of argumentation regarding the

nature of fire in Africa contribute to the burn center narrative.

14



2.3.4African savanna firas intense and homogeneous

The nature of fire depends directly on the fuel, climatic, and terrain conditions in which it occurs
(Bond and van Wilgen, 199dp understand the characteristics and history of fire in terms of location,
timing, efficiency, emissions factors, and fuel Ipade needs to drawmevidence from remote sensing
imagery, atmospheric chemistry, and field investigatidfigné (2012) provides a detailed summary of
the representation of the characteristics of African fire. He finds that the descriptions of fire in savanna
systems withirthe remote sensing and climate science literature portray this fire as intense and

homogeneous. This portrayal results from several factors.

First,Koné notes that the dominant works on global emissions (see review pap@gdpmann,
von Czawski, and Reid, 2008y on a single study of emission efficiency for West African savannas.
This study, known as FOS/DECAFE, was performed at a southern, relatively humid savanna study site in
/I 0SS RQL@Z2ANBS dzy RSNJ 02 y Rikfieck thediversé rgOdt fires hat gcBur  NH dzS a
across the regio(Bonsang and Boissard, 1995; Lacaux, Brustet, and Delmas, TB8%)ming of the
experiment (between 1A2AM in midJanuary), the extent of théres (100x100m and 10x10km), and
0KS ylIGdz2NE 2F GKS FANB AGaStT 6aAyiaSyairgse) 2N aDA
presents ébiasedimage of West African fire. Although other estimates of burning efficiency from
Central and Sdhern Africa exist (Delmas et al., 1999), the application of the parameter estimates
obtained from elsewhere on the continent to West African fires is not appropriate or practiced. Current
estimates of the impact of fire, then, rely on a singigperimentthat does not reflect the diversity of

the West African savanna systems and is derived from only two particularly intense fires.

Another potential underlying factor in the characterization of African fire as intense and
homogeneous lies in the detection fife itself. Laris (2005) demonstrated that the 1 km resolution

MODIS fire product commonly used to characterize global fire failed to detect 86&tna&fd areasn his
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study system. Because MODIS imagery has a relatively large lower bound for theodedéattivefire
(100n?), the type of fire detected is significantly skewed toward large, intense(fdigio, Descloitres,
Justice, and Kaufman, 2003his bias is particularistrong in grasslands, wheegen large active fires

are missedy MODISchroeder et al., 2008)

In summary, he burn center narrative presengsview of West African fires that is biaksky the
nature of the remote sensing and emissions data u3ée resulting depiction of fire focuses on fires
that are large and intense, obscuring the highly variable nature of fire in savanna médthicagh
authors do acknowledge these limitatioriee conclusions they reach are predicated on such an

understanding of fire nonetheless.

2.3.5Linking biomass burning and global greenhouse gas emissions

A key link in the burn center narrative is the connection drawn between biomass burning and
emissiors of greenhouse gases. Indeed, the impact of fire on atmospheric chemistry is one of the key
research interests drivingesearch on African fireTherefore, ti link between burning and greenhouse
gas emissions critical to understanidg the chain of Igic of the burn center narrativevhich links

African fire with climate change.

It is well knowrthat biomass burning can make a significant contribution to global atmospheric
chemistry (Crutzen, Heidt, & Krasnec, 1979). Possible effects result froml¢lase of climatically
relevant gases and particulates. Each species released has a unique influence on global radiative forcing,
and disentangling these effects is a significant challenge. Recently, van der Werf et al. (2010) utilized
MODIS fire data tossess the contribution of different fire types and regions to global emissions from
fire. They report that, globally, 72% of burned area, 52% of carbon emissions, 44% of CO emissions, and
36% of ClHemissions from fire can be attributed to Africa. In peutar, van der Werf and colleagues

report that savanna fires represented the single largest contribution to global carbon budgets from
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biomass burning. Thus, literature contributing to the burn center narrative ties African fire to impacts on

global atmosperic chemistry.

The relationship between fire and emission®ften described as complex and challenging to
characterize. The IPCC Guidelines for National Greenhouse Gas Inventories Programme (IP&€, 2006)
indicative Theauthors note that the calcation of"CQ and norCQ emissions from fire on all
managed landfs a top priority within the Agriculture, Forestry and Other Land Use sector. The
Guidelines include a chapter dedicated to the estimation of biomass burning on carbon stocks and
carbon emssions. IPCC GHG inventory methods do not require the quantificatio® emissions from
grassland fires in recognition of the fact that savanna fires rarely have a net impact on carbon budgets.
However, noRCQ GHGs must be still be reportéderchot et al., 2006)These methods include the
requirement that emissions be assessed on an annual basis to account for yearly fluctuations, the
recognition ofthe limitation of satellitederived burn products, and the acknowledgement that burn
parameters cannot be scaled accuratdtyshort, te relationship between fire and atmospheric

chemistry is recognized as compleariable and difficult to measure

However, some literature treating biomass burningla¢ global scale takes a much stronger
stance on the role of fire in climate chandgevine et al. (1999rgue that anthropogenic fire can have a
GyS3AFGAGS AYLI OG 2y X 2dzNJ Liindegd ibfass bQraingsy F S | yR 2y
considered & RNA @SNJ T2 NJ 3 2 0995). Inhis boyitekE fire isossimPlyidentifed & | f @ X
source of greenhouse gasses without interrogating the nature of these emissions or the net budget for

species such as carbon.

The influence of biomass burning on climate change remains in disputdyldgeto the
uncertainties in estimates of the impacts of trace gasses and particulates on global radiative forcing. The

magnitude and sign of these emissions remains unce(@iais et al., 2011xs does the impact on the
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global climate. However, it is undeniable that African fire releases & deahof gaseous and
particulateemissions each year. The burn center narrative is constituted by literature that focuses on

the substantial quantitiesf these emissions, which are often portrayed as troubling.
2.3.6Recommendations to limit fire

The fourth key aspect of the burn center narrative is the common recommendation that fire be
controlledto reduceits contribution to climate change. Recommaeatins that fire should be
suppressed or limited to seasons in which fire is less intense are particularly cormtieburning

recommendation@ppearin the work of the IPCC and supporting academic literature.

Andrasko et al. (1991yere the first to review polig optionsthat couldreduce climate change
from biomass burningThat workNBE O2 YYSY R& |y A Yy ONXB I énftoridficefrd NI a &t | y |
F NB |j dzS y O & Firé cgnitol rechidhienplationsor grassland management persists within the IPCC.
I Y2NB NBOSyYy(d Lt/ / NBLRNIL adz23asSada YAGAIraGAzy |+ Od
more effective fire suppressiomeducing the fuel load by vegetation management; and burning at a
GAYS 2F @8SIFNJ ¢gKSyYy tSaa /1n YR bun NS SYAUGSRe o
change and ecosystem degradation are represented as the inevitable outcome of biomzisg bRy
extension, thisF NI YAy 3 2F (KS thak INshouliNdsappresyedo redded s S a (0 &

negative effects.

Similar recommendations appear otherreports related to climate changé areport
prepared for UNEP Hyevine et al. (1999hat synthesiesglobal wildland firesthe authorsd KA 3 Kt A 3K G
global fire issues and id&fy opportunities to coordinate international wildland fire prevention,
adzLILINB&aaAzy | yR NBKEAD kepokt anldiyland pastdralgenzmdiliclivhatebchange

(Neely et al., 2009rguesthat
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"Where possible, alternatives to grassland burning should be found. Measures to control
burning to reduce both the intensity and frequency of fires should be put in place to limit
negative consequences of carbon and other gaseous emissions, and to reduce degradation of

soil and vegetation and associated loss of productivity and ecosyster furgy & ® &

{AYAT NI @ | uwnnd NBLR2NIG o0& G§KS bDh ¢SNNI FNXOI
savannas to reduce frequency and extent of fires (Woodfine, 2009). Although some of these sources
explicitly state that savanna fires do not nea& net contribution to GHG emissions, they nonetheless

fall into the final conceit of the burn center narrative: that fire must be limited in order to reduce
negative impacts of fire on climate change and the environment. These recommendations are made in
spite of, and often juxtaposed to, the acknowledgement that the contribution of biomass burning to

climate change is highly uncertain.

The following section explores emerging counternarratives that challenge the presumptions of
the burn center narrativeparticularly the prescription that a reduction in fire frequency and extent is
called forby existing evidence. Beyond challenging the scientific evidence used to reach this conclusion,
critiques leveled against the burn center narrative call for an urtdading of the narrative as a
historically and politically situated orthodgxRevealing the constructed natuséthe burn center

narrative points to possibilities for alternative approaches to fire management in West Africa.
2.3.7Counternarratives to Aica as the Burn Center

Recent findings, particularly from within the political ecology climate modeling literature, call
into question the logic of the burn center narrative. This effort has been led by Koné (2012), who
identified and problematizes the Ion center narrativebased orthe modeling parameters used for
global estimates and the characterization of African fire generidailjlding on these critiquesdraw

out several additional challenges to components of the burn center narrative thateeéoubd in the
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literature. A growing collection of studies suggest that the conclusions of the burn center narrative may
be unhelpful as scientists and policy makers seek to understanding the connections between fire,

climate, vegetation, and human managent in African savannas.

In his work that is critical of the burn center narrative, Koné (2012) suggests that this body of

62N] O2yaiAridziSa GKS ' TNAOIY GodNY OSydSNI yIF NNI G A

of fire in Africa:

[atN

XGKSYyao&NI SNE Yy I NNI

ABS A& LINRPOfSYIFLGAO T2N aS¢

VENNI GAQPS SAYLEATASE GKS ' TNAOIY &l SFyyl Fa Fy

VINNI GAPSQa SYLKIaia 2y KAIKE& RSarkedibzOidr @S

burning regimes of the®R I YA 'Y &l @F yylF ®X ¢ KANRZ SAaLAGS

TAN

idKS

amounts of greenhouse gas emissions in the burn center narrative, there is a scarcity of data on

the quantity and type of greenhouse gasses emitted from the saasof West Africa.

Thus, Kon@uestions the modeling assumptions of fire emissions estimatése case of West Africa.
His central argument asserts that the diversity and temporal variability of fire types that occur in African

savannas are natell regresentedby the parameters used in climate models that estimate emissions

from fire.

Certain critiques to this effect have betmg establishedvithin the literature.J. M. Robinson,

(1989)provides an excellent overview of the sources of error in global emissions estimategotte

LRAyGa (2 GKS GSELX 2RAYI dzy OSNI b Ay (i 8Thesdissues G 0 S Y LIG &

remain unresolvedparticularlythe uncertainty surrounding burning efficiency parameterdVest
Africa Only a single additional experiment in Wadtican savannas has investigated burning efficiency

AAyO0S w20AyazyQa INIAOES gl a LlJzoftAaKSR® !'a |

20

NE a dz



OA2YlIaa o0daNYyAy3Qa O2yiUNAROGdziA2y GubstantialiddellJK SNA O OKS

uncertairty.

The literature commonly reports large inconsistencies in burned area estimates both between
and within studiegGiglio et al., 2010; Menaut, Abbadi@vienu, Loudjani, and Podaire, 199ouillot
& Field (2005) report that their estimate of burned area in Africa diverges from sthdresby as much

as 60%. Giglio and colleagues (2010) find "substantial differences in many regions" between their

'da™y

assesment of fire and other fire products. Elsewheneef ST N} GKIF G0 aGKS GNUzS a0l ¢
' TNRAOF A& 3INBFGISNI GKFyYy ¢S OFy S| aniflehsth®tal dzZNB dza Ay
2009) Because the area burnedarimportant input into estimation and attribution of emissions from
biomass burning, this lack of certaimgises basic questions about the conclusions of the burn center

narrative

Burn parameters such as efficiency and emission factors are also highly variable. For example,
the literature reportsmedianbiomass combustion ranges thadry by a factor of mor¢han three
(Roberts et al., 2009Delmas et al. (199Xote that the level of uncertainty around burning efficiency is
"highly speculative” in this system, and so adopts an estimate of 25% based primarily on pretédent.
practice of modeling based on rough estimasarf key parametes continues today (van der Werf et
al., 2010). In the case of particulate emissiddsid, Koppmann, Eck, and Eleuterio (2001&) that
modeling is uncertain because of the high standard deviation between experiments within a single
study, large discrepancies between studies themselves, and sampling methods sesithiat do not
reflect the nature of most fires. While this wide variability may represent true variation between sites
and environmental conditions, it also raises the point that the selection of parameters in estimating the
extent and impact of firgreatly influenceshe outcome of modelling efforts. The literature constituting

the burn center narrative has not adequately addressed these concerns.

21



Beyond knowa variability in burn parameters, unmeasured biases in the experimental
approaches of climatecgentists introduce additional uncertainti@s attempts to quantify the impacts
of biomass burning-or example,te diurnal dynamics of fire are rarely considered within modeling
activities, with the result that important trends may be left di&Roberts et al., 2009)n addition, while
global modelers acknowledge that emissions factors differ between broad ecosysten{ltjqpesse et
al., 2004) the models produced do not distinguish between the many typdsethat may occur within
a given landscape (Bond & van Wilgen, 1996). Studies tend to rely on single pardoreaéirAfrican
savannagLiousse et al., 2004)n contrast to this practicdKoné, 2012jound significant variabilitin
burning efficiency between dérent vegetation types of theuslanian savanna zonefint 4 S RHEL @2 A NB
also found significant seasonal variation within vegetation tygagingdifferent periodsin the dry
season. As a result of the usetloéir variation, the uncertainty estimates femomass burning emissions

probably underestimat¢éhe degreeof error.

Studies seeking to understand global atmospheric dynamics and the role played by fire in these
dynamics are surely justified even in the face of uncertainty. However, these obseribimgo
guestion the key assertions of the burn center narrative. First, the uncertainty in burned area estimates
reduces the certainty about greenhouse gasissiongdue to Africarfires. The uncertainty in burn
parameters also problematisguantitative estimatesbetween biomass burning and atmospheric
effects. In addition, the broad variability in burn parameters between and within ecotypes indicate that
the representation of fire in Africa as homogeneous and intense is inappropriate. Finalplite
relevanceof these studies is limited due to thieghdegree of uncertainty in current estimates of the
effects of fire on climate. In light of persistent uncertainty and acknowledged bias, it is difficult to
imagine that a justification fathe outright suppression of fire in African savanmas be found within

the burn center narrative.
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Despite a dearth of evidence linking biomass burning with climate change, the burn center

narrative has been used as a basis for recommendations that fire shoulditesllwithin African

savannas. Previous work has shown that exogenous conceptions of nature and natural resources have

influencedAfricansocieties andandscapes since colonial tim@rush, 1995; Leach and Mearns, 1996)

Such work documents the ways in which the application of inappropriate environmental orthodoxies

have resulted in ngative outcomes foall involved(Forsyth, 2001) argue that the burn cente

narrative presents a contextually constructed, orthodox perspective on African fire. This perspective has

its origins in European attitudes toward fire that were entrenched during the colonial experience. A

recognition of the constructed naturef this rarrative presents the opportunity for deeper and more

socially relevanengagement with the complex interactions of fire in African landscapes. The burn

center narrative can be productively understood as a powerful epistemology with the ability to change

0KS OKIFNIOGSNRaGAOa 2F tA0Sa I yR  AChStfed, 20242 Ra 6 A (K

¢tKAa aSOuAz2y asSS1a (2 adaA3xSad GKIG GKS o0daNy OSyds

beliefsnotonlyr 6 2 dzii K2 ¢ (GKS @2 NI R A &Jmsadotfz200)f a2 K2g Al 2 dz=
The long history of anfire policies established by European colonizers pdmthe potentially

constructed nature of the burn center narrative. Europeans historically portrayed fire use as an

irresponsibility practice of local populatiofisull, 2004)and fire exclusion policies are common in

African states today. Against this backdrop, it is not surprising that a#ientiarrative has arisen

within the climate change literature, as it has in other literaturdseve Europeatperspectives

dominate. Historically, anfire policy was utilized as a tool in the struggle over natural resources

between local populations and colonial governmefisil and Laris, 2009; Kull, 200%he extent to

which antifire orthodoxy may continue tplay such a rodas not been explored in the climate change

context.
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I suggest that antfire policy recommedations within the climate change literature can be
traced to the historical and political context in which the IPCC and climate scientists perform their
research. The possible underpinnings of the burn center narrative include: 1) a long historyfoanti
ARSFf&asxs 2NJ GNBOSADBSR 6AaR2YAaIé (KN RO ieackahd LINK Y I NA f
Mearns, 1996)2) policies and practices for fire repression that have been implemented around the
world (Laris and Wardell, 2006) o0 G KS &t Ay SIF N Y2RSt 2F SELISNIAaSE
generally and climate sciend® particular(Beck, 201Q)and 4) the coproduction of cultal,

institutional, and political contexts of climate researchers themselves.

Thus, the burn center narrative can be understood productively as the outcome of the
experiences, biases, and material interests of Europeans. This understanding suggestviriues
through which scientific and political representations of fire in Africa can be made more socially and

environmentally relevant.
2.3.8 Savanna fire as an element of socionatural systems

In his work on the burn center narrative, Koné (2012) arghasthe narrative misses not only
important variability in fire, but also key procesdhat influence fire over time and space. The models
produced by climate science and the experimental parameters used in their production do not account
for social proessesn particular Indeed, the burn parameters used for West African fire are derived
TNRY SELISNAYSYy(a LISNF2NYSR 6AGKAY | yI @aeamBx LINB & SN
et al., 2006) This, despite the fact that the vast majority of fires in West Africa are getdyple to
achieve specific aims within highly managed landscépegne et al., 1995Furthermore,
recommendations made irhe literature often do not acknowledge the ways in which local interests
may shape fire regimes. Instead, broad assumptions are used to make recommendations for the

reduction of fire irrespective of local circumstancéhis section asses the current lisdre examining
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in the prevous section] now suggest that fire may more productively be viewed as a single component
of a larger socionatural stggn rather than as an isolated phenomenon. Actionable conclusions may yet

be drawn from global studies of fire.

Evidence suggests that fire aetsan integral component in many socionatural savanna systems
of Africa. Fire has been a component of savarystesns in Africa for far longer than humans have been
present, and savanna species are adapted to the reality of fire. Manprige systems rely on fire for
their propagation (Bond & van Wilgen, 1996). Today, however, humans are believed to plafiastgni
role in the fire regimes in African ecosystems where humans are present (Archibald, Nickless, Govender,
Scholes, & Lehsten, 2010), limiting the influence of other variables such as climate. Laris (2011) points to
an emerging understanding of commabuarning regimes in West African savannas based upon fire use
patterns for management of rangeland and fallow fields. In this system, two peaks in fire frequency
occur corresponding to the use of fire at distinct timesangeland and fallowsSimilarly, patial
patterns of heterogeneity in savanna ecosystems indicate the role of humans in selecting where burning
occurs, and where it does not (Eriksen, 2007). Human livelihood interests influence the spatial and
temporal patterns of fire ilandscapsthat depend upon fire. In this view, human and ecological

processes become intimately intertwined.

The simplistic antfire received wisdom fueled by the African burn center narrative is likely to be
inappropriate for socionatural systesnin similar regions wié5 FA NB & dzLILINB & &aA 2y & SE L
been more successfully implemented, the result has been an increase in particularly intense fires
resulting in damage to ecosystems and human interests (Bond & van Wilgen, 1996). Furthermore,
efforts to impose enviromental orthodoxies formulated in distant regions have a long track record of
failure (Fairhead & Leach, 1995). Explicit treatment of socioecological variations in fire across space and

time is needed to strengthen existing treatments of West Afrisarama fires inthe dimate change
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and land use literature. The constructivist critique suggests that perhaps the most urgently needed
improvement to the understanding of fire in African savannas is local ibpotl people have already
applied a nuanced firmanagement system to savannassocionatural perspective could lead to a
more appropriate set of recommendations and policies for West Affioaexample, Wat are the
implications of the burn center narrative for people living in the-firene landscpes of West Africa?
The following section interrogates the impact of the burn center nareatin policy and livelihoods in
/'S RQL@2ANB®

2.39 Implications of théburn center narrativefor policy and livelihoods

¢KS GAyadadidziA 2yt d drthobokids adakessigidegiagadoh DR iyipoSayiti
material impacts, including the direction of research and aid md¢Begterbury, Forsyth, and Thomson,
1997)and the setting of restrictive environmental policy (Fairhead & Leach, 1995; Kull, 2004).
Recommendations tsed on climate change research have resulted in the implementation ofiamti
policies in grasslands in Australia, with implications for livelihoods there (R8st et al., 2013). The
following discussions reveal the actual and poteritifluencesof the burn center narrative on policy

YR fABStAK22Ra Ay ! FNAOF 3ASySNIrftfteée FyR /80S RQLOD

/ 08 RQLOU2ANB LINRODARSA |y SEFYLES 2F GKS | NIAO
policy. The formation in 1984 of the Comité NatiodalDéfense des Foréts et tatte contre les Feux
de Broussé€National Committee for Defense of Forests and the Fight against Bushdhieegjthened
the position ofanti-fire received wisdonni KS Sy @ANBYYSy it LRtA0& 2F /[ &{¢
of this perspective continues today through official representations of fire as a primarily negative force
in the landscape. The laundfithe Gimpagne nationale deutte contre les feux de brousse 202913
(the 20122013National Campaigto Fight agaist Bushfirs) provides a prime example of the ongoing

production of antifire perspectives propelled by global environmental narratives. The theme of this
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sentimentin the country. At the launch of this initiative, the Minister of Water and Forests called for

the end of bushfires because they are destructive and, tellingly, contribute to climate change, making
explicit reference to the United Nations #ee source of this informatiofDarret, 2012) Global

narratives linking fire and climate change are used as justificatiaéaanti-fire policy.

0 dz

This argument does not intend to lay blame for the dimé LISNR LISOG A @S G6AGKAY [ &

solely at the feet of the burn center narrative and the associated concerns regarding climate change.
Ivoirian actors have differentiated interests in fire management, particularly with respect to the

protection of capitahssets and territorial control. Indeed, Laris (2011) observed that it is common for
NHzNJ € GAffF3ISNR Ay alfAX gK2 (GKSyasSt@gSa tABS oA
Residents of firgorone landscapes do not hawmified understanding of fire or fire regime preferences
(Eriksen, 2007). However, insofar as the burn center narrative provides legitimacy for particular
perspectives within local contestations of natural resource control, it is relevant to consider the validity

of this narative and its potential impact on policy outcomes.

¢KS SEFYLIS 2F /t3S RQLQOG2ANB AffdzAaNI iSa GKS
center narrative. This narrative privileges particular viewpoints by granting authority to national decision
makers to enact particular policies by reference to global expertise. But who wins and who loses
becauseof this policy?An examination of the importance of fire in livelihoods can indicate peaple

Ay 1 8GS RQL@G2ANB dzaS FTANB

In the absence of fire, savamm#hemselves might cease to exist (Bond & van Wilgen, 1996). The
welfare of people living in savanna systems is closely tied to the presence and nature of fire as well.
Lavoel, Flannigan, Lambin, and Scholes (2@p6Yyide an extensive list of the ecosystem services upon

GKAOK FANB YlIe KIFI@S | aGdNRy3 AYLI Ol AyOf dzRAY 3
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is also used for agricultural purposéswvorel, Flannigan, Lambin, and Scholes (280g§jest tlat shifts

in fire regimes may have important feedbacks on the adaptability of people living-jporfire systems.

They argue that a clear understanding of the motisied practices ofire ignition is needed before

policies prescriptions are made to ensuhat the interests of local people are represented.

Interestingly, the primary purpose of burning in some landscapes may be fire prevention (Laris,
2013). By this logic, the setting of early, controlled fires ensurestiaat intense fires do not damage
local assetfater in the dry season. Areas where fire suppression has been aggressively implemented,
the result had often been increasingly large and intense fires (Bond & van Wilgen, 1996). Ironically, anti
fire policies may therefore fail to preveritds while simultaneously making people more vulnerable to

fire damage to assets and a loss of the other goods provided by fire.

Political ecological research suggests that the burn center narrative and the policies it inspires
will produce both winnersrad losergRobbins, 2012More detailed study of the ways in which fire acts
as a component of socionatural savensystems in Africa is needed to determine the impact of the burn
center narrative on livelihoods in West Africa. The number of identified uses of fire, however, suggests
that the burn center narrative could increase the vulnerability of people livifigesprone landscapes
through the promotion of antfire policies. Conversely, there may be some opportunities for indigenous
communities to benefit from changes in fire practices if they are able to tap into global carbon offset

markets(RusselSmith et al., 2013)
2.310Thefuture of Arican fire in a warming arld

This review is not intendetb portray an understanding of African fire as entirely beyond the

purview of those who seek to understanding the roll of laisg on climate change. Rathésuggest
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that past effortshavesuffered from large uncertaintidsecause they do not reflect an appropriate
understanding of fire in the savannas of West Africa. An improved understanding that better accounts
for the human and evenspecific dimension of fire will be important fary S a G A 31 GA 2y TFTANB QA

the Earthsystem.

hLILR2 Nl dzy AGASa G2 NBRdAzOS GKS dzy OSNIFAyide OdzZNNBy
work makes a significant step in this direction. However, constructivist critique of the burn center
narrative suggests that what is needed most for determining the future of fire in the African savanna is
the empowerment of the people who live there to determine the fire regime utilized in these systems.
The view that savanna systems are complex socionatusgsyg, in which nuanced fire management
already occurs, reinforces the need for local infdute following section assesses previous work to study

fire regimes and the roles of people in them.

2.4 Analysis of FirRegimes

The season in which a fire occimfuences a number of important variables, including the
efficiency of the burn, the ratio dfamingto smoldering(Korontzi, 2005)and the longlerm impacts of
fire on vegetation. The differences in impact of fire depending on the season is known to and used by
people in West Africa, where distinct signals for early season fitatedeto pastoralism and late season
fires related to crop field @paration can be distinguishdtaris, 2011)Understading the season in
which fires occur is relevant for a number of areas of study related to land management and climate

change.

The simplest approach to measuring the season in which fire occurs is to divide the burn season
year into segments related tdé ecological patterns or effects of fires in those segmé@smona
Moreno et al., 2005)In/ & (i S Rtbelfi@ Rehddidbhas been divided into early (@), mid (Jan

Feb), and late (M&h-Apr) dry season@<oné, 2012)Konéshowed that, in the Sudanissavannazone,
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the season oburning has significant impact on emisssast greenhouse gassé8y enumerating the

number or extent of burns in each season, a general summary of fire seasonality may be obtained.

In addition, it is often desirable to create statistics that summarisedaracteristics of a
particdar burn regime. fie time of peak burn, the beginning and end of the burn season, and the
duration of the burn season are often computed. Several methods for a measure of central tendency of
fire have been implementedsiglio, Csiszar, and Justice (20d&)ne the peak burn month as the
month with the greatest number of fires recordeBwyer, Pinnock, Gregoire, and Pereira (2af¥fne
the burn peak as the time point at which 50% of all fires in a burn season have been obZbsegl.
Kondragunta, and Roy (20li)plement a 6@day moving window measure fife activityand define
the point of peak burning as the center of the moving window with the gredtisshassconsumption.
Finally,Le Page and colleagues (206§ TIMESAT software to fit a smoothedve to thdr burndata
and define the peak as the midpoint between the two points of the curve at which 8@8&@3admum

amplitude is reached. No direct comparison of these approaches hasupekemntaken

The beginning and end of the burn season has ademlimeasured in several way® Page and
colleagues (2010Jefine these points as the points at which the TIMESAT fitted function reaches 10% of
amplitude.Zhang, Kondragunta, and Roy (20fi4d sigmoid curve to the cumulative fuel consumption
data and define the beginning and end of the burn season as the points wherentd99% of fuel has
been confirmedGiglio, Csiszar, and Justice (20d&jne the length of the burn season as the number of

months in which at least 10% of annual fires are observed.

The regularity with which fire returns to an area, or the fire regularity, is also of interest to
studies of fire regimefL_aris, Caillault, Dadashi, and Jo, 200M®8asurements of this propergcross
landscapesre limited in the literature, although it has been assessed usiad.2month

autocorrelation of burned area times in one stu@iglio et al., 2006)
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A major debate in the literature regardirige regimes in Africa addresses the extent to which
they areunder human or climatic contr¢Andela and van der Werf, 2014; Archibald, Nickless,
Govender, Scholes, and Lehsten, 2010; Archilsag, van Wilgen, and Scholes, 2009; Grégoire and
Simonetti, 2010; Laris et al., 2013he tension lies between broad patterns in fire prevalence that
appearto reflect climaticgradientsand the knowledge that people use fire deliberately and variadly t
achieve certain ends. To disentangle these effects, researchers have utilized field studies, historical
NEO2NRaz | yR NBY20Stfte &aSyaSR RIGlF G2 SEFYAYyS GKS
characteristics.

An analysis of fire regimes inwthern Africa using field and remote sensing data showed that
the relationship between fire and climate is significant in protected areas where human impact is limited
(Archibald, Nickless, et al., 2018)owever, outside of protected areas, this relationship was
substantially diminished, an effect the authors attribute to the role played by humdiire in
management Similarly, Andela et. al (2014) use MODI&ned areadatain a linear regression model to
show that fire has diminished across Africassociation witlof intensifying crop cultivation. Similar
findings are also reported at smaller scalBgvineau, Fournier, and Nignan, 201Despite these

findings, climate remains one of the best modetdgictors of fire activityArchikald et al., 2009)

Interpretation of these results is complicated by the fact that the studies examine fire regimes
using different metricsife. burned area vs. active fire) and examine the impacts on varying measures of
seasonality. Discrepancies baten studies may be due to these factors. Thus, an examination of the
relationship of human and climatic variables to several aspects of the fire regime can help to clarify
these effects. In addition, this approach can lend insight into the specific meohsuly which humans
influence fire regimesThe following chapter presents the methods | use to investigate these

relationships.
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2.5Tables

Table 1. Defining a fire regime.

Fire characteristic

Definition

Intensity The amount of energy released by a giwvait of fire.

Severity The level of impact of the fire on the ecosystem (i.e. rate of tree death or
percent aboveground biomass consumed).

Frequency The frequency, usually in years, with which fire affects a given area of lar
the time required to lorn a specified area.

Seasonality The annual cycle of fire prevalence on a landscape. The seasonality of fi

be described by the time of peak fire activity, the length of the fire seasor
the start and end time of fire activity within the year.

Fuel consumption
and fire spread

The amount and type of fuel consumed over a given area. Based upon it
vertical location, fire spread can be divided into crown fires, surface fires,
ground fires.
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Chapter 3Methods

3.1 Overview

To address the imget of humans and climate ontieA NB NB I A YS @QuantifiedfieS RQL O
regimes using historical remote sensing data and combined these with available gridded data on climate

and anthropogenic factors in a randomForest modelling framework.
3.2 Study Aea

/I $4S RQL@2ANB 200dzLIASa pwmp 1Y 2F O2lailitAyS 2y
approximately 320,000kta G KS Of AYI GS 2F /& (S -R@rdnfahgkBienh & R2 YA
controlled by the displacement of the Intertropidabnvergence Zone (ITGBgImas et al., 1999; Koffi,

Grgoire, and Mah, 1995Along the southern coast, the climate is tropical, while the far north of the
country is SudaniarClimate reanalysis data showmat annualrainfallfor individual yearst locations
acrossCoteR Q L dasang®dfrom under 250 to over 2000mipetween 19842014 (Fig. 1)and mean
temperaturehasranged from 23°C to 28 (Fig2). The bng-term mean rainfall varies the northern
savannagrom approximately 1000mm to ovedDOmm(Bassett and Turner, 20Q@nhter-annual
variation in these climate patterns has been attributed to the El NifidH&on Oscillation and Atlantic
seasurface temperatures in the Sahel of West Af(ipai, Trenberth, and Qian, 2004; Dai, 2011)

although interdecadal patterns are known toe affected by an array of factoRodrigueZonseca et

al., 2011)
+S3SGFGA2Y O20SNIAY /803S RQLG2ANBE 3ISYySNrftfte YA
tropical forests covering much of the soutinehalf of the country and savannas dominating the north.

The northern savannas are differentiated into the Guinean and Sudanian sa\&uzdioux et al.,

2006) and some identify a third suBudanian savanna in the far north of the courikpné, 2012)
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Although the proportion of treeto grassesand the dominant tree specieefinesthe differerce
between these zones, satellite descriptions of wpedgetation cover show heterogeneous patterns of

tree and shrubprevalence within anémong these ecotype$ig.3).

3.3 Definitions

| defined the following termsused to describe fire activityhefire yearis the180" day of the
calendar year through the 173lay of the following yeaiThis definition waselected because the
number of firesin & 0 S  Rsyen@rallk ridmal during the period June to approximately October,
and the fire peak tend® occur between December and January. Definimgftre year in this way
ensuredthat the fires occurring within one seasonal cycle from minimal fire to maximum fire and back
to minimal fire are assessexs a unit Thefire densityis the mean number dfres occurring per
observation(Giglio et al., 2006; Grégoire and Simonetti, 20L8¢final the fire peakasthe day of the
fire year on which 50% of all fires detected in that year have occuFiedlly, across broader time
sales, | identified fire regularityasthe tendency of fire to occur every year and at the same time each
year at a given location.
3.4 Geospatiabatasets

In this study, | ustta historical archive of multispectral remote sensing imagedetect the
presenceof actively burning fire acrogs$ (i S Rwhlci@vere th@&h summarized into fire density, fire
peak, and fire regularityFire statistics were computed for each cell in a 20x20km grid created to cover
0§KS I NBI 2 Fhid ghdic8l sirkeQssieeted balance the ability to resolve spatial
heterogeneity with the presence of a reasonable number of active fire counts per obsen/ation.
predictor variables for random forest regression models, | used existing datasets representing climate,
landuse, population density, and livestock density (Téd)leAll datasets were resampled using bilinear
interpolation to fit the data to the same 20x20km grid used to aggregate active fire counts. Data for fire

characteristics and environmental variables eenerged based on grid cell, as well as date for the fire
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count and fire peak analyseSorrelation coefficients were calculated between each ofgheictor
variables (Table)3

3.4.1Remote sensing imagery

Forthis study, usedsatelliteimagery from the Lasisat 4Thematic Mappe(TM), Landsat 5 TM,

and Landsat Enhanced Thematic Mapper PIETM+ sensorsThese instruments represent three

iterations of the Landsatontinuity mission, providingonsistentspectralinformationfrom 1982 to

presentat 30m graind sample distance (GSEach instrument has a repeat cycle of 16 days, with-an 8

day interval between Landsat 5 and 7 during their concurrent operatifime instrumentgollect blue

green, rednearinfrared, andiwo shortwave infrareands In additon, the sensors detect thermal

infrared radiation at either 12@neter spatialresolution in TM imagery or 60m resolution in ETM+

imagery9  OK AYlF3aS O20SNE |y FINBIF 2F (GKS 9F NIKQ& a&dzNJFI
For this study, twentypne regions, each correspding to a Landsat Worldwide Reference

{2adSYy o2w{0 tliKkw2g O20SNIIST gSNE aBNABO0GSR (2

LandsafTM/ETM-+mages available for the 21 study regions from th& Geological Survey (USGS) and

the European Sice Agency (ESA) were obtained for the period 188%W (Fig5). In all, 5157 images

were obtained Generally, fewer imagesere available during the middle of the calendar year, a

characteristic of Landsat acquisitions over Africa that has been notedbpsdy(Roy,Ju, Mbow, Frost,

and Loveland, 2010The number of available images per WRS Path/Row ranged from 176 to 275.

| obtained4468 image$rom the USGS Earth Resources Observation and S¢ieRESTenter
| acquired the images ithe Landsat Surface Reflacce Climate Data Record (CB&Yface reflectance
processing levelCDRmages aralerived from Landsat scenes that have undergmagiometric and
geometric correctiorat the 1G, 1Gt, or 1[Evel.Images are thentenospherically corrected and

converted tosurface reflectance values using the Landsat Ecosystem Disturbance Adaptive Processing
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System (LEDAP®)asek et al., 2006) EDAPS makes use of Second Simulation of a Satellite Signal in the
Solar Spectrum (6S) radiative transfer rabtb adjust pixel values to correct for the effects of water

vapor, ozone, geopotential height, aerosol optical thickness, and elevation. In addition, the CDR surface
reflectance product includes cloud, cloud shadow, water, and snow identifications detmry the

CFmask algorithrfzhu and Woodcock, 2012)

The availability of Landsat imagery cowgriAfrica in the USGS archive welatively limited,
with a majority of path/ows showing a complete absence between 1989 and 1B@§ et al., 2010)To
fill these gaps where possiblaxdiundred eightynine radiance images were obtained in terrain
corrected L1G or L1T format from the BS#th Online portalThese images were processed using the
same procedures applied to USGS Landsat CDR images. First, im@gasnespherically corrected
and converted to surface reflectance using the LEDAPS processing algorithm, version 1.3.1, and ancillary
data available as of 9/15/2014. Cloud, cloud shadow, water, and snow pixels were identified using the
CFmask algorithrfzhu and Woodcock, 201&inally, images visually identified as being affected by
substantial data loss due to Hiip errors were removed from the datasethe distribution ofll

Landsat images used time is shown ifigure 5

To facilitate further processingusednearestneighborinterpolationto align andcrop all

imagesfrom the ESA and US@SIing a single reference imafp each of the 21 study regions

3.4.2 Activefire detectionand fire summaries

| adapted an active fire detection algorithm described in Schroeder et al. (2008). This approach
uses emissions caused by small fires in the shortwave infrared (as opposed to thermal IR), and has been
found to be useful in decting fires burning at between 700°C to over 1200°C (Rothery et al., 1988).
This approach has been used in a varietgative fireapplications, including validation of the widely

used MOD14 MODIS fire product (Schroeder et al., 2008).
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The algorithmeell 62 G KNBaK2ft Ra ol aSR 2y RAFFSNBYyOS

infrared (band 7) and near infrared (band 4):

where Ra4is a the ratio of the reflectance of Landsat band 7 to band 4 ant Ehe difference between
Landsat band 7 and bandAny pixel in which t& given threshold is exceeded widsntified asa fire
pixel.Unlike Shroeder et al. (2008)did not include an additional contextual detection step.

All raster calculations were performed usitige rasterEngine function from thepatial.tools

package in RGreenberg, 2014)

Fire detection pixelffom each analyzed imageere converted to polygonand merged to a
SpatialLite databas®©ver2.7 million raw fire detection polygons were obtained.plygonscovering
less tharfour Landsaipixels (2700 rf) were removed from the dataset to eliminate spurious detections
due to cloudandwater masking errors or data corruptioAdditionally, # polygons from images that
indicatedsubstantiaffire detedions overlarge water bodies due to cloud masking erraesre
eliminated from the datasetSince active fires from a single ignition source can diverge spaitially,

merged any fire polygons found within 500m of each other into a single fire event.

To vaidate the detection algorithml, randomly selecteén N=400 member subsample dhe
resultingfire polygons for visual validation. Each detected fire was displayed in spatial and temporal
context using Landsat bands 5, 4 and 3 RGB false color image®tétied fires were determined to
be true active fires or in errdsased on the spatial patterns of fire, the presence of smoke, apparent
burned areasn subsequent images, and presencentlevated band 5 reflectanc&he rate of

commission error was aallated for the fire detections.
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3.5 Fire statistics

3.5.1Fire counts

| calculated the number of fire polygons per tinmeerval for each 20km by 20koell. |
corrected the counts for grid cells in which part of the cell was missing data due to cloud cover, cloud
shadows, water, or other missing data errors follow@iglio et al. (2006and Venkataraman et al.

(2006)

25

(@]
o=

0 R
where G,jis the adjusted fire count in cell i at time ja4z;is the original fire count , NIFis the total
number of pixels in each 20km x 20km grid square (444,444 pixels), ang; N’the number of clear,
unmasked pixeldrire counts obtained from an image in which less than 5% of a grid cell was visible

were removed for that grid cell.

3.5.2Fire pealday

| calculated the annual fire peak day for each 20km x 20km grid cell from the fire count data,
defined as the day of thire year on which 50% of all fires observed for a grid cell in a year have
occurred. Each year was divided intoddy bins, and the mean number of fires detected for each 20km
grid cell, year, and bin was calculated. This corrected for situationsi@mwiore than one sensor had
data available during a iday window, most commonly during the period during which both Landsat 5
TM and Landsat 7 ETM+ were both collecting data. For grid cells with missing data for a-giagn 16
bin, | performed a lineainterpolation of the fire count data from the bracketing time periods. If a grid
OSftft KIFIR I O2yGAydz2dza LISNA2R 2F YAaaiAy3da REOGF €1 ad

for that year was removed from the analysis.
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3.5.3Fire regularity

Periodic components of the data were assessed with a L-&tédrgle periodogram for each grid
cell across all uninterpolated fire cour(Scargle, 1982; Thieler, Backes, Fried, and Rhode,. Z0is3)
technique has been used elsewhere to examine the periodicity of@iglio, Randerson, and Van Der
Werf, 2013) Importantly, the LomkScargle approach is robustitbegularly sampled data, including
periodically sampled data, allowing me to make use of all available fire count data, including from those
years for which missing data prevents the calculation of an accurate fire peak. | utiliZzediRer
package irR(Thieler, Rathjens, & Fried, 2015)conductthe analysis for all grid cells with 10 or more

time periods in which fire was observed.

To investigate the spatial distribution of the strength of annual periodicity, | extracted the
strength of the periodicity at 12 months for each grid cell. Thisevedpresents the Rvalue of a least
squares regression of the data to sine and cosine funstiéth frequency equivalent to annual

periodicity(Thieler et al., 2013)

3.6 Predictor Variables

3.6.1Temperature and Precipitation

Airtemperature at 2 meters angrecipitationgridswere obtaned from the ModerrEra
Retrospective Analysis for Research and Applications (MERRA) reanalysis (ftmohattker et al.,
2011) The data are generated using Version®&.the Goddard Earth Observing System Model,
Version 5 (GEGS Data Assimilation System and are provided at 1/2 x 2/3 degree resolution. This
reanalysis was selected due to enhancements in precipitation modeling over other reanalyses such ERA
Interim ard the Climate Forecasting System Reanalysis (CH&Remperature at the time of the

Landsat acquisition was extracted, approximately 10am local time.
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For each location and timecélculatedthe monthly total precipitation, as well as the mean annual
precipitation for overthe past two calendar yearsrdfer to the later value as the twgear antecedent
precipitation.For temperature datal calculated the mean temperature for each year. Qidya for days
on which Landsat overga occurred were inctled in thetemperature means Finally,l calculated the
annual mean temperature and precipitation for each grid cell afieyears These values were used is

the randomForest models as described below depending on the-sitate of each model.

3.6.2Palmer Droght Severity Index

Monthly Palmer Drought Severity Index data were obtained from the National Center for
Atmospheric Research (NCAR) Climate Analysis Section for global land areas for the perifd 228+
a 2.5° gridDai et al., 2004; Dai, 2011he Palmer Drought Severity Index (PDSI) represents the
deviation from climatic norms in moisture supply by mofiiey, 1984and is derived from

precipitation, temperature, streamflow, soil moisture, and soil watetding capacity datasets.

3.6.3Crop, pasture, and treeoger

Africa subsets of the Global Agricultural Lands in 2000 cropl@atsankutty, Evan, Monfreda,
and Foley, 2010a@nd pastues(Ramankutty, Evan, Monfreda, and Foley, @@)datasets from the
Center for International Earth Science Information Network (CIESIN) were obtained ahihate
resolution via the NASA Socioeconomic Data and Applications GBatmankutty, Evan, Monfreda, and
Foley, 2008)Theg datasets are derived using multiple linear regression to predict percent cropland and
pasture from satellite land cover classifications{BODIS and GLC 2000). An agricultural inventory
datasetis used to estimate model parameters, and predictions afpisted to match FAOSTAT
administrative unit level statistics for croplands and pastures. From the percent cropland and pasture
data, | calculated the proportion of agricultural land in pasture as the percent of agricultural land divided

by the sum of pastre and cropland percent covers.
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Percent woody cover was estimated using the MODIS Vegetation Continuous Fields (MOD44B)
collection 5 woody vegetation layer at 250 m resolution for the year 2000 from the Global Land Cover
Facility(DiMiceli et al., 2011)The data relies on a MODIS woody vegetation cover classification machine
learning algorithm traied using manually classified Landsat images verified with Ikonos, Quickbird, and
other highresolution imagen(Carroll et al., 2011)

3.6.4Population Density

The Rural Population Density 2000 dataset wasiabthfrom FAO at 5 aminute resolution
(Salvatore, Pozzi, Ataman, Hudddtes and Bloise, 2005Yhe dataset was created using recorded
populations for administrative units distributed over a grid based upon transportation networks, urban

centers, elevation, and land cover.
3.6.5Cattle Density

To estimate the effect of grazing dire regimes, | obtained the Gridded Livestock of the World
v. 1 datase{(T. PRobinson et al., 2014This dataset is prepared using bootstrapped regression on
environmental variables including vegetation, climate, topography, and demography. The results of the
regression are adjusted to match FAO livestock density records whierd dvl 6 f S® C2NJ / £ 4 S RC
RFEGlIasSaid NBFESOha OFGdtS RSyaAade RIFEGIE NBO2NRSR o¢@
I YAYLFESas 5ANBOGAZY RS fF tNRINIYYFGAZYS /68038 RQL

3.7 Analysis

| expected ke fire regime is to have ndimear relationships with some predictor variables
(Archibald et al., 2009) as well as interactions between predictors. Therefore, | selected randomForest
(Breiman, 2001&as my regression model that explored the relationships betweerregime and natural

and anthropogenic predictors, while accounting for the complexities of the dataset.
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I ran three random forests regression models on the active fire data to assess the relationship
between human and environmental factors and the fivity statisticsThe models were run using
therandomForest package in RLiaw and Wiener, 2002)Vithin eachrandomforestmodel, 500
regressiortrees were rurfor each forest. The importand®reiman, 2001and partal effect(Friedman,
2001)of each predictor variable on the fire response variable eadsulated and assessdebr each
model, theimportance was calculated as theerage percenincrease in the mean square errof each
tree whenthe variable is randomly permutedihe results of each model were assessed based on total

variance explained, the variable importance and the patterrthénpartial effect plots.

Toidentify the primary determinants of fire density within the year and across space and time, |
first ran a model relating 55,882 1€&day binnedire countsto available predictor variables. Predictor
variables included monthlsainfall, daily temperature, monthly PDSly@ar antecedent precipitation,
population density, percent woody vegetation, percent cropland, percent pasture, cattle density, year,
and day of yeaof observation Thismodel was run otthe fire countdata upto 2012 only due to missing

PDSI datafter 2012

Next, | constructed a random forest regression maseminingthe relationship between fire
peak and available dathused 3981 fire peaks calculated each year for each grid cell where sufficient
obsenations were availableThis model, which also covered data through but not a#@t2 included
2-year antecedent precipitation, annual mean Palmer Drought Severity Index, annual mean
temperature, population density, cattle density, percent pasture, pet@eopland, percent woody

vegetation, proportion of agricultural land as pasture, and year

Third, a modetelatedthe strength ofthe annual periodicity for the 50dgrid cels with sufficient

fire datato predictor variablesising data over the period9B4 to 2014 Predictor variables used in this
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model included mean annual rainfall, mean annual temperature, population density, percent woody

vegetation, percent cropland, percent pasture, and cattle density.

The results of each model were assesbadedon thevariable importance and partial effect
plotsobtained The relative importance of each predictor in each model was considered. In addition, the
trends apparent between each predictor variabledathe fire activity response wassessed using the
partial effect plos. Together, these indicated the roll played by important predictor variables in the

various aspects of fire activityins 1S RQL @2 A NB ®
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3.8 Figures and Tables
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Comoé National Park

Sudanian savanna

D Guinean savanna

: Semi-deciduous forest and rainforest

Percent Woody Vegetation Cover
Value

- High : 100%

- Low : 0%

Figure3. Percentw@ Ré¢ @S3aASGl GA2y O20SNI Ay (GKS atr@gryyl | yR
vegetation data obtained from MODIS Vegetation Continuous Fields (MOEbtB)peboundaries are
approximated fromVuattoux et al. (2006)
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Table2. Predictor datasets.

cover (%)

(MOD44B)

Variable Source Spatial Temporal Citation
Resolution Resolution

Air Modern-Era Retrospective = 1/2° x 2/3°  Dally Rienecker et al.,
temperature  Analysis for Research and 2011
at 2 meters Applications (MERRA)
(°C) reanalysis product

tavgl_2d_slv_Nx datas
Total Modern-Era Retrospective | 1/2° x 2/3° Monthly Rienecker et al.,
precipitation | Analysis for Research and 2011
(mm) Applications (MERRA)

reanalysis product

tavgM_2d_mld_Nx dataset
Palmer National Center for 2.5° Monthly Dai et al., 2004;
Drought Atmospheric Research Dai, 2011
Sewerity Index (NCAR) Climate Analysis
(PDSI) Section
Pasture cover Global Agiultural Lands in | 5 areminute | Year 2000 data Ramankutty, Evan,
(%) 2000 resolution only Monfreda, & Foley,

2010b
Cropland Global Agricultural Lands in 5 areminute @ Year 2000 data Ramankutty, Evan,
cover (%) 2000 resolution only Monfreda, & Foley,
2010a

Population FAO Rural Population 5 areminute | Year 2000 data Salvatore, Pozzi,
density Density 2000 resolution only Ataman,
(persons per Huddleston, &
km?) Bloise, 2005
Catle density Gridded Livestock of the 3 areminute | Year 2005 data Robinson et al.,
(head per World v. 1 resolution only 2014
km?)
Woody MODIS Vegetation 250 m Year 2000 data DiMiceli et al.,
vegetation Continuous Fields resolution only 2011
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Table 3 Corréation between the independent variables used in this analysis. Variables with multiple

@ tdzSa Ay GAYS IINB | dSNFr3ISR 20SNJ GKS
representation of climate anomalies. Correlations greatentfeb arenotedin bold.

aidzRé LISNA2ZR

Percent Woody
Vegetation
Population
0.12 Density
Percent

-0.19 -0.10 Crop

Percent
-0.41 -0.42 0.32 Pasture

Cattle
-0.32 -0.06 -0.10 0.33  Density
Pasture:

-0.45 -0.42 0.05 0.84 0.48 Crop
0.05 0.12 -0.17 -0.39 -0.14 -0.46  Precipitation
-0.55 -0.23 -0.03 0.44 0.51 0.51 0.34

Temperature
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Chapter 4Results

4.1. Active fire validation

| detected 51,364ndividuall OG A @S FANBA | ONRaa /0SS RQLO2ANB
commssion rate for the active fire detections was 6.25% (Tdplénterpolation and bias removal
resultedin 100,550 binned fire countsncluding zero countsut of 604,643 possible data bins.

4.2.Fire densityesults

AcrossCoteR Q L ¢ige Hidddityshows an increase in the number difes per observatiorfrom
south to north (Fig6). A substantial degree of heterogeneiyong this gradient andithin each
ecaypeis apparenthowever.Areas of highest fire activity are interspersed among areas of lower
occurrence in the north. An area of especially high fire density is concentrated in the northeastern
portion of the country, which includes the large Comoé National Béidk 3) There is also an area of
notably high fire activity in the southwest coastdlB | 2 F / & (oBer tRa@ averagk andsuf |

fire is seen in the area surrounding the large city of Korhogo in the center north of the country

The distribution of fire density within the year provides an indication of the seasonality of fire. A
sunmary of gridded fire counts across the fire year exhibits a strong peak in activity between January
and February in both Guinean and Sudanian savanna&(Fig contrast, little seasonality in fire density

can be observed in the southern forests (Fig.

The amount of variability explained by the fire densityhusnan and climate factor modelas
20.5%. The top five variables, ranked by importance, were all climate or clpr@tg variables:
temperature, day of year,-fnonth precipitation, year, athPDS(Fig.8). Cattle density is the sixth most
important variable. The partial dependence model for temperature showed that fire density generally
declined with increasing temperaturéBig.9). Fire density peaked during the middle of the fire season

Minor peaks in fire activity are also seen in May and early Noveribends in fire density over the
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years included in the study also show variation, though a clear direction in fire activity is not
apparent. 2-year antecedent precipitation showed hidire density at high and low values relative to
intermediate rainfall values. A similar pattern appears for PDSI values. In contrashtt antecedent

precipitation primarily shows a negative correlation with fire density.

The model shows that increasgj cattle density is associated with higher fire densiigsend
that is apparent with increasing pasture cover as well. Intermediate values of population density and

percent cropland are associated with the lowest levels of burning.

4.3.Fire peakesults

A total of 5482 peaks were calculated across all grid cells in all years, representing
approximately 6 years of fire observation per grid cell per year. The number of observations per grid cell
ranged from one to 14. The distribution of fire peaker time is shown in figur&0. Two hundred
fifteen grid squares, primarily located in the southern half of the country, had no fire peaks recorded in
any year.The timing of peak fire varied between years across the fire peak dataset@Figlthough
the datado not indicate a linear trend in the timing of peak burn otrer years of this studyHowever,

patterns in interannual variability of the fire peak appear.

The average fire peak within the northern savanna lies mostly between late December and early
February, with spatial patterng timing of peak burn apparent (Fifyl). Notably, a band of late fire
seasonality cuts from north to south through the central northern area around Korhogo. Where fire
occurs in the south, the fire peak tends to occur refglly later in the fire year compared to fires in the

north.

The peak fire day of year model had the lowest predictive power of the three models, with
15.2% of the variance explained in the moffah. 8) However, a number of variables show important
trends. Climate plays the largest role, with peak burn occurring later in the year with increasing
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temperature, precipitation, and high levels of drought (F&). Woody vegetation is associated with
later fire activity, while areas with high cattle densityd percent pasture cover show earlier fires. The

model shows more complex patterns associated with population and percent cropland.
4.4 Fireregularity

Overall, annual periodicity dominates the fire periodogram for the country as a whole, with
characteristt harmonic peaks at higher frequenci{@schibald et al., 2009Jig.13). Plotting the
AGNBY3IGK 2F GKS Fyydz tf araayrt 2F FANB G | OF At of
regularity of fire is concentrated in the north and west of the courfiig.14). In contrast, areas in the
southeastern portion of the savanna zones showed relatively low fire regularity. Few southern areas

had a sufficient number of fire observations to calculate a meaningful level of annual regularity.

The fire regularity randomForest mod#iowed highest explanatory power of the three models,
with 52.1% of the variance explained. Mean temperature was the best predictor of fire regularity, with
increasing regularity in locations with higher temperatures (F5y. Mlean precipitation had the
opposite effect, with increasing rainfall leading to greater irregularity in the fire regime. Several
indicators of land use showed clear relationships with fire regularity as well. Increasing population is
associated with lower fire regularity, while higihfire regularity is found where there is a greater density

of cattle and a higher proportion of pasture cover.

A comparison of the patterns of fire density, peak, and regularity exposes the interrelationship,
or lack thereof, of these fire characterissi In the east, areas of high fire density show relatively low
regularity. Yet areas of high density in the northwest show high regularity as well. Similarly, a strong
contrast between December and January fire peaks is apparent in the central nortipthudreas
show high regularity of fire. Finally, fire peak and density appear to be nearly independent in the

savanna region.
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4.5.Figures and Tables

Mean Fire Count per Observation
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Figure6. Spatial distribution of mean fire density per observation calculated by averaging available
dataover all years in each grid cell.
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Figure 7. Mean density of fire across eachtggeA y / 4 1S RQL g¥uatddixelad RSFAY SR ¢
(2006.Data for all years and all locations are averaged ovetalGintervals. Each interval is
represented as a horizontal bar spanning the interval represented.

55

























































