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Abstract

Fire behavior predictions, as well as measuresnoéainty in those predictions, are essential in
operational and strategic fire management decisidffsle it is becoming common practice to
assess uncertainty in fire behavior predictionssimgi from variability in weather inputs,
uncertainty arising from the fire models themselgedifficult to assess. This is the case withdire
in crown fuels and the operational fire behaviordels used in the United States, where model
assumptions, such as fuel homogeneity and steatly-spread, limit the capability of those
models to provide reliable results, possibly legdio uncertainties of unknown magnitude. An
emerging body of work with dynamic physics-base@ finodels illustrates the capabilities of
those models to address potentially important factbat are not considered by operational
models, such as fuel heterogeneity and transitibealaviors. In this investigation we used a
dynamic, physics-based fire model, FIRETEC, to esgblariability in the forward spread rate of
a fire arising from spatial variability in crown dls. We generated 25 different spatial
configurations of trees with four different clumgipatterns, for a total of 100 different simulated
forest stands. Using FIRETEC we simulated fire tigioeach of these stands, holding the ignition
and weather inputs constant. Analyses assesseztediffes in spread rates between clumping
groups and arising from differences in canopy coaed total fuel, as well as differences in
variability in spread rate between clumping group#ferences in spread rates between groups
and due to canopy cover and total fuel were natifsognt, largely due to high variability within
groups; differences in variance in spread ratevéen clumping groups was statistically
significant (p-value 0.0007). Variability in sprerate increased substantially as gaps between tree
clumps got larger, with > 60% difference in overgitead rate observed between the lowest rate
of spread and the highest rate of spread. Resudtgest a certain inherent unpredictability in fire
behavior that can largely be attributed to findesdiae-fuel-atmosphere interactions which are by
their nature difficult to predict beforehand. Seéftermining physical fire models do not predict,
but rather observe outcomes; however, ensemblewithsphysical fire models can be used to
guantify variability in fire behavior arising fromources that are not considered by operational
models. Our study suggests a need for a paradigfh iahfire behavior modeling which
emphasizes identifying sources of variability astineating their magnitude over pure prediction
of spread rates.
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1. Introduction

Fire rate of spread (ROS) refers to the horizodistince that a fire moves per unit
of time, and is a primary output of operationaé fspread models and related tools in the
United States such as NEXUS(Scott and Reinhardtl)20BVS-FFE (Reinhardt and
Crookston 2003), FARSITE (Finney 2004) and BehawgP(Andrews et al 2008).
Predictions of ROS are of paramount importanceiidland fire management and form the
basis for numerous operational decisions, includirgsuppression tactics, designation of
safety zones and contingency evacuation plansdomaunities; underestimation of ROS
can result in fatalities (Chandlet al. 1983, Cheneyet al. 2001). For this reason, it is
important that ROS be predicted as accurately asilple, and that potential sources of
uncertainty in ROS be identified and quantified.

Operational fire spread models in the United Statese been shown to
underpredict ROS, both for surface fires (Van Wiadtak and Botti 1984) and for crown
fires (Cruz and Alexander 2010). Cruz and Alexan(@er0) attributed underprediction of
ROS in crown fires to several different factors hiit the larger modeling framework
common to all these models, which links Rothermefage fire and crown fire ROS
models (Rothermel 1972, Rothermel 1991) with VangWwé's crown fire initiation and
propagation models (Van Wagner 1977,Van Wagner 199 crown fire ROS calculated
by Rothermel's crown fire spread model (Rotherm@91) is made on the basis of a
correlative relationship with Rothermel’s surfage Spread model (Rothermel 1972).

The Rothermel model was developed primarily on blasis of laboratory burn
experiments in homogeneous fuels and assumes ublst &re homogeneous, continuous
and contiguous to the ground. These assumptionstaed aspects of the Rothermel model
jeopardize its applicability toward predictions @bwn fire ROS (Cohen et al 2006) and
also prevent quantification of variability in RORat could arise from factors that are not
addressed by this modeling framework. Fire managgdysg on these predictions are thus
forced to make decisions on the basis of infornmatiat may be both biased and subject to
uncertainty of unknown magnitude.

As weather and topography are largely outside outrol, the primary means by
which fire managers could modify ROS or other atpexf fire behavior is through
manipulation of the fuel bed. This is the undenyiogic behind fuel treatments such as
thinning. Variability within the fuel bed, eitheatural or anthropogenic, thus represents an
important potential source of variability in ROSev@ral studies have demonstrated the
impact of fuel particle size, shape, compositioml amrangement (Burrows 2001) and,
particularly, distance between fuel particles (F&@46, Vogel and Williams 1970, Weber
1990, Bradstock and Gill 1993) on fire spread aglddvior. It follows, then, that variability
in these characteristics could result in variapilit ROS.

In recent years, dynamic physics-based numericalliehavior models have been
developed which can provide insights regarding &mental aspects of fire propagation
(Linn 1997, Morvan and Dupuy 2001, Dupuy and Monz005, Mell et al 2007) and
which are capable of addressing spatial fuel hgtereity at the scale of individual trees
(Linn et al. 2005, Mellet al 2009). These models simulate the coupled intenasti
between the fire and fuels (such as canopy dragtsfion convective flows) and the fire
and the atmosphere (such as changes in wind direeind velocity arising from heat-
induced buoyancy). Unlike operational models whach semi-empirical in nature, these
models have self-determining spread rates; vaitigbith spread rates is an emergent
property of such models. Such models are thus lideguipped to study the effects of
spatial fuel variability on variability in ROS.



2. Objectives

Our objective was to use a three dimensional nuwakfire model, HIGRAD-
FIRETEC, to investigate and understand the efféspatial variability in crown fuels on
the forward spread rate of a fire. We generatedli#rent spatial configurations of the
same set of trees with four different clumping @ats (no clumping, small, medium and
large clumps), for a total of 100 different simelhtforest stands. Using FIRETEC we
simulated fire through each of these stands, hgldime ignition and weather inputs
constant. Analyses assessed effects of clumpingpgtotal fuel and canopy cover on ROS
and differences in variability in ROS between clumgpgroups.

3. Methods

Model description

HIGRAD/FIRETEC is a coupled atmospheric dynamicklfire model based on
conservation of mass, momentum, energy, and chémspegies (Linn 1997). Coupling
arises from a buoyancy term in the fully comprdssithree dimensional Navier-Stokes
equations comprising the governing equation seéhefatmospheric dynamics component
(HIGRAD)(Reisneret al 20002, Reisnegt al 2000b). Atmospheric conditions couple with
the fire/fuels component (FIRETEC), primarily thgbu drag forces acting on fuels,
convective heat exchange, and advection/turbulexinghof oxygen. HIGRAD/FIRETEC
has been used to model wildfire behavior over aterestve set of atmospheric and
environmental conditions including rugged terramyiable winds, and landscape scale
heterogeneous fuels (Cunningham and Linn 2007, etred 2002, Linnet al. 2007, Linn
et al 2005, Linn and Cunningham 2005, Pimemtal 2009). As the formulation of the
model has been presented in previous work we fbeus on the numerical experiment
carried out for this study.

Numerical experiment: domain and boundary conditions

To test the effect of spatial variability in croviuels on spread rates, we used the
same simulation layout, a rectangular domain 32@ kength, 160 m in width and 615 m
in height (Figure 1), for all simulations. Horizahtresolution was 2 meters; vertical
resolution stretched, increasing with height, usangigma cubic polynomial. A pre-
developed ambient wind field which realisticallycamporated effects of the forest canopy
on wind flow, generated by running HIGRAD/FIRETECithw the base case forest
(described below) and without a fire, entered ttwnain at one end, shown at the bottom of
Figure 1. This wind field had a maximum forward dispeed (zonal velocity component,
u) of 6 m & above the forest canopy or 21.6 km:hwind speed near and below the
canopy was reduced significantly by canopy dragat$t As the forest canopy extended to
around 18m, winds at 10m were strongly influencgddiag effects, but a representative
U10 open wind speed would be about 4 — 6 (1.4 — 21.6 km ht) for these simulations.
Meridional and vertical velocity components at ehohindary are set to a 0 il sonstant
vertical profile. A 10 m strip along each domairgedvas used as a ‘relaxation’ boundary
zone, where flow velocities were incrementally fwiistance) modified to ‘relax’, or
conform to the vertical profile developed by the-geveloped wind field. This process is
implemented to provide minimally reflecting, nonetig boundary conditions

Each simulation ran for 370 s of simulation timathwa time step of 0.01. All
inflow and outflow boundary conditions, initial aditions, and ignition pattern were



identical for all simulations. The ignition patteconsisted of an ignition strip, measuring
40 meters in Y, from y = -20 to y= 20, and 2m iatx = -80, within which temperatures
ramped up from ambient temperature (300 K) up @01@egrees K at a rate of 350 K. s
Ignition began at t=10s such that initial hydrodyma conditions were not influenced by
heat.

Fuels representation

Surface fuels consisted of a homogeneous grase lajth a fuel bed depth of 0.5
m, a fuel load of 0.45 kg ) and a surface area to volume ratio of 4000 similar to
Anderson’s fuel model 3 (tall grass) (Anderson )98at with a slightly lower fuel load
and fuel bed depth. Surface fuel moistures weratstein percent of dry weight.

To represent crown fuel, a base case forest wabletted consisting of 2000
individual trees, randomly located within the 542 (320 m x 160 m) spatial domain,
producing a stand density of roughly 391 stemshpeEach tree had an identical crown, 12
m in length and 5 meters in diameter, but thesesesowere translated up and down with
offsets sampled from a normal distribution (witk=f.5 m,c= 0.75) to produce variability
in the vertical distribution of crown fuel. Usinbge method described in Linn et al 2005,
trees were modeled as parametric volumes, congisfiran upper and lower paraboloid,
within which fuel is concentrated toward the outseatiges of the volume. As adjacent trees
can each contribute fuel to the same cells, a maxirfuel density for any given cepax .
was set to a value of 0.48 kg>rtLinn et al. 2005) to ensure that fuel quantitiesiained
within reasonable limits. This per cell limit re$eio the maximum fuel density within a tree
crown, not the macroscopic “whole stand” canopykhbdeénsity used in operational fire
behavior models, which is considerably lower beeauscorporates voids between trees.

The base case forest was then divided into thres.p&/ithin the first area (with
respect to where the fire and wind are coming framjending from -160 to -40 m, forest
fuels were held constant for all simulations. Thiss followed by an area in which fuels
were modified, called the Fuel Modification ZonéviE), which extended from x=-40 to x
=80, and from y = -80 to y = 80, shown as a shated in Figure 1, followed by another
area after the FMZ in which forest fuels were haddstant. The purpose of the initial area
was to minimize differences between simulationghi@ conditions under which the fire
developed prior to entering the FMZ. The area editenfrom x=80m to x = 140m was
designated as the far end pre-boundary zone. Tne nf unmodified fuel ensured that
effects of coupled hydrodynamics and vegetatioruded drag were consistent in all
simulations near the outflow boundary of the domain

Base case trees whose coordinates fell withinRM& were rearranged into 25
replications each of four different spatial configiion scenarios were rearranged into
different four different clumping scenarios: randcsmall, medium and large, according to
a Neyman-Scott process (Neyman and Scott 19%8blé 1). These clumping groups
represent a spectrum of increasing clump size disasweadistance between clumps. In the
Neyman-Scott process, a number of centroid postdrawn from a Poisson distribution;
trees are then randomly assigned to one of theswgoa#s and their coordinates were
translated to a new position randomly determinethiwithe specified radius of that
centroid. In each case the same set of simulagsddrowns was rearranged into clumps
randomly. This process produces clumped distrilpstiof points. As in the case of the base
case forest, a maximum cell density of 0.48 Kgwmas imposed to prevent excessive fuel
guantities. This resulted in a reduction in botk tbtal amount of fuel and in percent
canopy cover between clump groups. As both the émteunt of fuel and percent canopy
cover are influential variables in operational fin@dels, this provided us with a means of



statistically testing the relative influence ofabfuel quantity, percent canopy cover and
differences in spatial configuration on ROS.

The simulations were performed on the high perforeeacomputing facilities at
Los Alamos National Laboratory, using 64 procesgarsensemble member for a run time
of approximately 12 hours. The entire 100 membesemble of simulations was
completed in less than 48 hours.

Statistical analysis of forward spread rates

For each simulation, we calculated the rate ofaprer the fire to cross the fuel
modification zone. The fuel modification zone measul20 meters wide. Because the
horizontal resolution is 2 m, this calculation wdsne as the distance between the
midpoints of the cells at the boundaries of thd fuedification zone (-39 and 79, in X,
respectively), divided by the time that the fireiagd at those coordinates. The exact time
of arrival was determined (to the nearest 0.0t@snffuel consumption of the surface fuels.

To assess differences in ROS between clumping grand to determine whether
ROS could be predicted from total fuel or canopyer , we fit the data with a generalized
linear mixed effects model (McCullagh and NeldeB89P We evaluated the goodness of fit
with Akaike’s Information Criterion (AIC) (Akaiked74), a relative measure of fit used to
make comparisons between a set of statistical moaémpting to describe the same
phenomena. The model with the lowest score is densd the best fit.

We tested for significant differences in variameespread rate between clumping
groups using the rank-based Kruskal-Wallis- modifieobust Brown-Forsythe, Levene-
type test based on the MAD (Brown and Forsythe 18rdskal and Wallis 1952, Levene
1960).
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Figure 1. Simulation Layout. The spatial domain measured 320 m x 160 m x 615 m (vertical). The
shaded area representsthe Fuel M odification Zone (FM Z) within which the same set of treeswere
randomly clumped into different clumping patterns. The dark thick linein the lower middle of the
figurerepresentstheignition start location.
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Figure 2: Example spatial configurations. For each of the four clump groups, Large (a), M edium (b),
Small (c), and no clumping (d), five example spatial configurations are presented; 25 different
replicates wer e generated for each group. The same 2000 trees were used in simulations. Treeswithin
the Fuel M odification Zone wer e rearranged into clumps of different sizes.



4. Results

Twenty-five replicate spatial configurations wersoguced for each of the four
clumping groups. Representative examples of eashgihg group are presentedrigure
2. Our approach for generating fuel cases resuttedrange in the total amount of fuel, as
well as canopy cover, across simulations; diffeesnwithin a clumping group were small
relative to differences between groups. Total fusd canopy cover both decreased as the
spatial scale of clumping increased, with the ayermtal fuel in the largest clump group
being about 60% less than in the smallest clumpimgi@able 1); variability in total fuel
and canopy cover, increased with spatial scaléuofging (Table 1).

Across all groups, average fire spread rates athesBuel Modification Zone were
0.578 m &, or 34.6 m mift. With surface fuel moisture content of 10% &hg open wind
speeds of 4 — 6 m'§14.4 — 21.6 km hY) , these spread rates are comparable to crown fire
spread rates in several forest types reported by @nd Alexander (2010), but it is difficult
to make direct comparisons between these simukatad rates of spread observed for real
fires as fuel and environmental conditions, suchvemsls, in those fires are not precisely
known.

Rates of spread for the fire to cross the fuel fncation zone varied widely;
variability in ROS increased as gaps between camtpyps got largerTable 2, Figure
3). Differences in variance between groups werassizdlly significant, with the Brown-
Forsythe, Levene-type test statistic of 6.1682 @rdesponding p-value of 0.0007.

Statistical analysis with the generalized linearxedi effects model found no
significant differences in spread rates betweemplgroups (Kruskal and Wallis 1952),(p-
value 0.229). This lack of significant differendestween clump groups is clearly related to
the high within group variability (Figure 3). Canogover and total fuel were highly
correlated (Pearson’s r = 0.98) so very little &#ddal information was provided if both
variables were used; inclusion of canopy cover aialtcrown fuel did not improve
prediction of rate of spread, with a higher (andstipoorer) AIC score after inclusion of
those variables (AIC -213.9 with canopy cover, AR29.7 without canopy cover). Rates
of spread ranged, across all simulations, from 4§ (1.65 Km h*) to 0.77 m s-1 (2.77
Km hr?) (Table 2). This difference in ROS, of .31 n §1.12 Km ht") is of a magnitude
which could materially affect fire fighter safety.

Table 1 Parameters used in generating clustered groupseotrowns and associated
outputs.

Clump NRep | N Cluster | Mean Standard| Mean | Standard
Group clusters | radius | total deviation| canopy | deviation
canopy total cover | canopy
fuel canopy cover
fuel
Not 25 NA NA 3697.2 20.3 0.82 0.01
clumped
Small 25 75 5.0 3142.0 48.6 0.57 0.04
Medium 25 25 10.0 2616.5 52.2 0.40 0.03
Large 25 5 15.( 2223.3 90.5 0.28 0.07




Table2 Summary statistics describing forward spreadsrate §') by clump group. %
Difference is calculated as ((max-min)/min) X 100.

Group min max range vl o Median | MAD | % difference
Not
Clumped 0.56 0.67 0.11 0.61 0.02 0.60 0.01 18.75
Small 0.50 0.74 0.24 0.58 0.05 0.57 0.02 48.43
Medium 0.46 0.72 0.26 0.56 0.06 0.57 0.05 57.08
Large 0.47, 0.77 0.30 0.57 0.07 0.56 0.04 64.00
0.75F . -
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Figure 3: ROS by clump group

To gain some insights into the causes of varighititspread rate, we compared two
simulations with the fastest and slowest ratespoéad for the large clump group, which
had the largest range in ROS. Because our compaggamines just two individual
simulations out of the larger ensemble set, we esigh here the “big picture”, first order
differences, rather than going into great mechi@nidetail describing fire behavior
dynamics, as has been done in other work with tH&ERAD-FIRETEC model
(Cunningham and Linn 2007, Linn and Cunningham 20086n et al. 2005). Being
members of the same clumping group the two simariathad very similar total crown fuel
loads (within 3%), canopy cover (within 4%). Addially, the spatial fuel configurations
were quite similar, with scattered large clumpg,grarticularly, with a gap between fuel
clumps aligned with the forward direction of firpread and proximate to the start of the
FMZ. In both simulations, fire was carried by theface fuels, but trees in the path of the
fire had significant torching. In both cases, sgdreates varied over time during the
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simulation. Despite these similarities, forwardgression of the two simulated fires over
time differed greatly, with a pronounced accelerin the faster case between t=130 s and
t=200 s, resulting in dramatic differences in sgapattern and geometry of the flaming
fronts as the fires evolve&igure 4). The higher ROS observed in the faster casespeds
until the end of the simulation. In the faster ¢am@nal wind velocities were channeled
through the gap between the two clumps, increasimgl speeds within a small area.
Despite similar size and character, the gap infdkter case had consistently higher zonal
wind velocities than in the slower caséidure 5). This seemingly transient behavior
provided the momentum for a sustained increasedadprate which not only burned
through the fuel modification zone faster, but astered the fuels on the other side of the
fuel modification zone with greater intensity. Tlaeceleration that occurred, and its
persistence in time, is not easily attributed teirggle causal factor but rather arose from
interactions between the fire, fuel structure amadwlow both in the immediate area of the
fire and from coarser scale flow patterns at sonstadce from the fire. The lack of
acceleration in the slower case, despite the sirgdg through which such an acceleration
might be expected to take place, appears to haverred because coarser scale flow
patterns contributed to strong in-drafts througat tipap — effectively slowing its forward
progression.
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Figure 4: Comparison of fire propagation between two simulations within the same (large) clump group
for the same pointsin time. The two simulations have identical weather inputsand fuel moistures but
different spatial configurations. Differencesin total canopy fuel and canopy cover between the two
simulationswere minimal (< 3% and < 4%, respectively).



Mean zonal wind speed over channel between t = 130s and t = 200s
40 T T T T T

35

30

N
1
T

height above ground z: m
A

mean u: m/s

Figure5: Comparison of time averaged vertical profile of wind speedsthrough gaps between tree
clumpsfor two simulations. Two different fuel configuration replicates within the same (Large) clump
group are shown above. Both have gaps between tree clumpsin theimmediate path of thefire asit
entersthe Fuel M odification Zone. Despitethe similar size and character of these gaps, the wind profile
for the configuration shown in left of inset figure (circle markers), significantly accelerated as winds
wer e channelled through the gap, while the other fuel configuration (triangle markers) had a much less
mar ked effect.

5. Discussion

We conducted a replicated numerical study whichremad the effects of spatial
heterogeneity in crown fuels on the forward spresstd. We found that variability in the
spatial configuration of crown fuels resulted igrsficant variability in the forward spread
rate, and that the magnitude of this variabilitcreased with the spatial scale of
heterogeneity in the fuels. Neither canopy cover,the total amount of crown fuel, was a
reliable predictor of the forward spread rate tigtouhe fuel modification zone, largely
because high variability in spread rates withinmghing groups overwhelmed predictive
relationships of canopy cover and total fuel. Whihe spatial scale of our simulation
experiment, (a single stand) was finer scale tlsagenerally significant to management,
variability of the magnitude that we observed,xfrapolated to landscapes, could be quite
significant, particularly for firefighter safety.

The findings of this study have important implicats for the role of modeling in
fire management. Despite similarities in the maoopg spatial structure of fuels,
significant differences in ROS arose, due to suiile-scale, dynamic interactions between
the atmosphere, fuels and fire that would not Iaelirg apparent beforehand from either
aspects of the fuels (such as the total amountedfdr the canopy cover within a stand of
trees), or weather parameters (such as averagespeetl), both of which are described at a
coarser scale of detail. Rather, these interactenwved over time as the fire moved
through the fuels. This suggests a certain inlelgak of predictability in fire spread,
particularly at fine scales. In practice, estimaiefROS are made at larger integral scales,
where finer scale variability in spread rates tetodsven out. This is problematic, however,
because estimates of ROS made at coarser scaés infflude influences of different
sources of heterogeneity which are not explicitgaunted for. This can compromise the



degree to which ROS predictions are transferraiol@ fone situation to another. One could
argue that this was precisely the case with tha ds¢d to produce Rothermel’s crown fire
spread model (Rothermel 1991). Cruz and Alexar2igt@) have discussed this in detail.

From a mechanistic point of view, however, thiskla predictability is a natural
consequence of the complex nature of wildlandbdgbavior, in which numerous processes
interact simultaneously across a spectrum of dpatid temporal scales. Whether the
crown of an individual tree catches fire, for exdenps dependent not only on the quantity
and characteristics of fuel in that tree and thgmtade and geometry of the heat source
near it (local influences), but also on convectheating, buoyancy induced in-drafts,
canopy wind drag effects, turbulence and wind gostairring at some distance from the
tree in question or which have occurred previouslyme but which continue to influence
outcomes (non-local influences). The difficulty pnedicting instantaneous or local fire
spread rates increases as the heterogeneity obkutreunding environment increases
because of the influence of events and conditibngighboring locations.

When the variations in fuel structure are small pared to the scales of the flame
lengths, strong indrafts, and mean optical patlgties) their influence on the spread rates
tend to be more continuous as the fire propagatéhis is because the ensemble of
influences affecting the fire at the location oteirest is relatively constant. As the
variations in the ensemble of influences approacees the variations in spread will also
fall off. The result will be relatively continuowspread rates with high predictability for
constant wind conditions. Conversely, when theati@mns in fuel structure are large
compared to the length scales of processes aftettia fire, there will likely be a wide
variation in the ensemble of processes that affexfire at any point in time or space, and
the nature of the ensemble of influences will téadoe more sensitive to location and
configuration as well as timing and sequence ohtsze

Wildland fire decision support systems in the Udit8tates are currently in
development which incorporate variability in weatlputs with operational models to
provide more probabilistic, rather than purely deieistic, outputs. Our study
complements that development by adding consideraticources of variability that are by
their nature beyond the scope of empirical openatidire models. These developments
may mark the beginnings of a paradigm shift, inalkhgreater emphasis is placed on the
identification of the relative uncertainty assoetwvith different factors and on the range
of potential outcomes that might arise. The requiésented here illustrate that ensemble or
replicated simulations with physical fire modelsultb be used to identify the primary
sources of variability in fire spread, as well las spatial and temporal scales at which those
sources of variability tend to most affect outcom&s improved understanding of these
sources of variability and their relative impactsfoe behavior will likely be important to
the development of better operational fire models.

Finally, our effort, here, in exploring variabilityy fire behavior with replicated
numerical simulations, represents an important, dniy preliminary, step. We assessed
impacts of crown fuel spatial heterogeneity on agnate, but used a homogeneous surface
fuel to help isolate effects of crown fuel hetenogigy. It is likely that the variability in
ROS that we observed here as a consequence adlspativn fuel heterogeneity could be
less pronounced if other sources of variabilitychswas surface fuel or fuel moisture
variability, were also present. One of the advaedagf our simulation approach is that such
influences can be isolated and studied to deterthigie relative impact. This would not be
possible for real field experiments, where hetenegy arising from different sources can
greatly complicate both outcomes and inferencebwh experiments. More work is



needed to examine the nature and magnitude ofbiitiyaarising from other sources, such
as heterogeneity in surface fuel loads and fuektuom, as well as a quantification of the
impact of these sources under a range of atmospt@miditions.
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