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Abstract

Crown fire poses challenges to fire managers andecalanger fire fighters. Understanding of
how fire interacts with tree crowns is essentialformed decisions about crown fire. Current
operational crown fire predictions in the Unite@dt®s assume homogeneous crown fuels. While a
new class of research fire models, which modelligbavior with computational fluid dynamics
(CED), can be used to model fire in heterogeneowusrcfuels, the potential impacts of variability
in crown fuels have not yet been explored. In 8tigdy we introduce a new model, FUEL3D,
which incorporates allometric theory and a simple Bant architecture approach to model the
distribution of fuel within individual tree crownsNe then test the effects of crown fuel
heterogeneity on fire behavior with a CFD fire mipd&/FDS, by simulating fire under a
homogeneous tree crown and a heterogeneous trea armdeled with FUEL3D, with two
different levels of surface fire intensity; modeltput are used to estimate the probability of tree
mortality, linking fire behavior and fire effects the scale of an individual tree. Variability with

a tree crown altered the timing, magnitude and dhjos of how fire burned through the crown;
effects varied with surface fire intensity. In tloaver fire intensity case, the heterogeneous tree
crown barely ignited and would likely survive, wilhe homogeneous tree had nearly 80% fuel
consumption and an order of magnitude differenageirradiative heat flux. In the higher intensity
case, both cases burned readily. Differences tohttimogeneous tree between the two surface fire
intensity cases were minimal in nature but werengitz for the heterogeneous tree. These results
suggest that heterogeneity within the crown camsee conditional, threshold-like interactions
with fire; both crown fire initiation and propagati may be more sensitive to crown fuel

architecture than currently considered.
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1. Introduction

Crown fires, fires which burn through vegetationnaaies, pose significant
challenges to fire managers, (Albini and Stocks 6)98preading rapidly via lofted
firebrands (Wade and Ward 1973) and typically bagnwith greater intensity and faster
spread than surface fires (Rothermel 1983). Priedicif the conditions under which crown
fires initiate and propagate are thus of primargoswn in fire management; a number of
models and decision support tools have been deséldpr this purpose (Finney 2004,
Scott and Reinhardt 2001, Reinhardt and Crooks@®32Andrews et al. 2008, Alexander
et al. 2006). These tools share a common formulgian Wagner 1977), which assumes



that the crown fuel to be burned consists of alsilmgpmogeneous layer of uniform bulk
density and height above the ground, and thatmrcrioe will be initiated provided that the

base of this layer is heated to a sufficient temfuee. Similarly, models used to predict fire
induced tree mortality assume a homogeneous craMume extending from the crown

base to the top of the tree and intersect thatrwelwith a predicted scorch height (Van
Wagner, 1973, Ryan 1988, Reinhardt and Ryan 1988nR998, Reinhardt et al. 2001,
Keyser et al. 2006); the likelihood that a tred Wé killed increases with the proportion of
the crown volume burned.

The assumption of a homogeneous crown layer is ghegntral component in
current models used to predict the initiation ajven fires and tree mortality arising from
fires. Implicit in the assumption of homogeneity tlzat variability at finer scales is
unimportant to fire behavior. While it may be reaable to assume a homogeneous crown
layer in forest types characterized by dense, naatis trees of very similar size and age,
typified by the stands used in Van Wagner’'s analysfan Wagner 1964, Van Wagner
1968), such an assumption is increasingly tenudusnvapplied to stands characterized by
variability in size and numbers of trees. At prés®ian Wagner's model is used in
operational models for all forest types, regardddhie composition, structure and stocking
of the stand; it is likewise applied in stands thave been thinned or affected by disease
(Reinhardt and Crookston 2003). To date, howewerpbtential implications of crown fuel
heterogeneity for crown fire initiation and tree madity have not been explored.

2. Objectives

In this investigation we use modeling to explore #ffect of heterogeneity in bulk
density within a tree crown on fire behavior. Usmgpatially explicit fuel distribution model,
FUEL3D, we simulate distribution of biomass in adividual ponderosa pine. Then, using a
CFD fire behavior model, WFDS (Mell et al. 2009)e wonduct a numerical experiment in
which we compare fire behavior between the spgtialliable tree modeled with FUEL3D and
a homogeneous crown that has the same gross donsnand amount of fuel. We then
explicitly link fire behavior and fire effects aha scale of an individual tree by using a
statistical model to predict the probability ofefiinduced mortality for these treesle
conclude with discussion of the ecological and myan@gent implications of our simulation
study.

3. M ethods

Overview of the FUEL3D model

FUEL3D is a static, stochastic, structural planteladesigned to characterize how
biomass within a tree crown is distributed in spad€gEL3D is designed primarily to
provide a means by which typical stand inventortadauch as tree heights, diameters and
other basic measurements, can be used to develtgplede and spatially explicit
descriptions of crown fuels and their charactarssfor inputs to advanced fire behavior
models. Biomass quantities, determined with erogirequations, are distributed in space
as a collection of simple solid shapes (e.g. c@isdand frustums) using a pipe model
based approach (Shinozaki et al. 1964, Chiba 1868)a recursive branching algorithm.
Figure 1 presents a conceptual diagram of the FUEL3D mo&eanching geometry and
architecture, and variability in that architectur@re parameterized from field
measurements. FUEL3D retains variability observedihput data by drawing from field
data-driven probability distributions throughoute tlarchitectural simulation. Although



FUEL3D can be used to model a broader range oftglauch as shrubs, grasses and
deciduous trees, these developments are stillahinpnary stages. In this study we utilize
FUEL3D to model coniferous trees.
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Figure 1. Schematic diagram illustrating the process bycwiHUEL3D models fuel.

The primary output of the FUEL3D model is a spéatiaxplicit database which
stores primitive geometric structures represenbiognass components within a tree crown
(e.g. cylinders, planar polygons etc.), trackingititoordinates, surface area, volume and
mass, as well as additional attributes relatingdmbustion characteristics, such as silica
content, material density and heat of combustieterthined from the literature. Attributes
which may be more dynamic in nature, such as fumbtuare content, are assigned. Other



descriptors link each object in the database t@rsthwith which it shares a common
identity (e.g., all pieces of the same branchpaltts of the same tree). These descriptors
provide the capability of extracting subsets ofeg ton the basis of a simple query (e.g. a
particular branch identity) and also facilitate lgses and post-processing of model outputs
for visualization and summarization.

To provide inputs for CFD fire behavior models,ather 3D models, the spatially
explicit database is summarized to volumetric cgllexels). In this way the model
represents vegetation both as explicit objectgpace and as summarized quantities within
specified volumes. An important aspect of this apph is that the same set of detailed 3D
objects, with explicit coordinates and dimensiares) be summarized to voxels at different
resolutions, effectively transcending a range attigip scales.

Table 1. List of symbols and their meanings for the FUEL3Ddel.

Symbol Individual Tree M easurementsfrom | nventory
HT Tree height, m
R Crown ratio, proportion of total tree height oc@&gbby continuous live crown
DBH Diameter at breast height, cm
SPP Species code; used to link species specifingiep parameters

Symbolsused in FUEL 3D model

Apreast height Cross sectional area at breast height
Acrown base Cross sectional area at base of live crown

Aon Cross sectional area available for branching ahthevhorl
Agp cross sectional area of a parent segment
Agi cross sectional area of a particular child segraeatbranching node
Ag Cross sectional area for stem at whorl i
Agi Cross sectional area for branch wood at whorl i
C, Starter segment length / estimated branch totgtten
C, proportion of biomass allocated to dominant child adranching node
r, Stem radius at height z
Lt predicted total branch length
lo initial segment length
| a segment length
y ratio of child segment length to parent segmergtten
m number of child branches at a branching node
Mt Total woody biomass, kg.
Mg Branch woody biomass in crown, kg
Ms Stem woody biomass, kg
Mg Foliar biomass
Mpgi branch biomass assigned to a particular whorl
Mg foliar biomass assigned to a particular whorl
Maij Branch woody biomass assigned to branch j on whorl i
Meij Foliar biomass assigned to branch j on worl
n Number of whorls on the main stem
p Wood density, assumed constant throughout tree.
Dt Average foliar material density
Vi Total woody volume, M
Vg Volume of branch wood, ™
Vs Stem wood volume,
ro Stem radius at tree base
ry Stem radius at breast height
ry stem radius at crown base
rs minimum radius, measured at ends of branches

X x coordinate
y y coordinate
z z coordinate




FUEL3D begins with modeling the tree bole. Theetitaole is modeled as a
guadratic polynomial tapering column (Goulding ahdrray 1975) of the form 2 E
p1Z° + Pz + s (Egn 1), where § is the radius of the tree bole at height z angp and p
are coefficients of the second order polynomial.e Tholynomial coefficients are
determined by fitting the polynomial to four pointg (radius at tree base, calculated from
dbh and species specific bole taper equations (&égmand Honer 1977)),r(radius at
breast height (measured)), radius at base of live crown), calculated from tess
sectional area at the base of the crowngowh nase Which is calculated as
Acrownbase = RApreastheight (Eqn 2) Where Ayeast neightiS the cross sectional area at breast
height, and R is the crown ratio (proportion ofatdteight occupied by contiguous crown)
(Valentine et al. 1994). The fourth poing, is radius at the tip of a branch, from field data
and assumed to be radius at the top of the treéttimg the polynomial to predict bole
radius as a function of height, the coordinatenattop of the tree is weighted to constrain
the polynomial to positive bole radius values.

Following the pipe model theory, biomass is projpodl! to the cross sectional area
at the base of the live crown,.i&wn base NON-conducting heartwood is assumed to be
present in the bole below the crown base, resuitiregtapered form and is accounted for in
the quadratic tapering.

FUEL3D distributes biomass above the base of tleediown by first constructing a
series of whorls, or branching nodes, along the,lmtd then building the branches one at a
time. Foliar biomass and branchwood biomass quesitdre allocated to each branch on
the basis of cross sectional area. Inter-whori@edengths are obtained from a distribution
parameterized from field data. At each whorl, atiparof the cross sectional area (and
corresponding biomass) is diverted laterally tonblees, while the remainder continues
farther up in the main stem of the tree.

Both whorls along the bole, and branching nodeshiwitthe branches, are
stochastically generated by sampling from probgbtiistributions parameterized from
field measurements; different probability distrioats govern different aspects. The
number of child segments is a discrete variablepsaanfrom histograms binned from field
data, while the proportion of cross sectional aezal angles that child segments start at
relative to their parent segment are continuousabbes drawn from a Beta probability
distribution (Evans et al. 1993). Incorporating sgorobability distributions within the
FUEL3D model ensures that variability observed imitfield data is preserved in model
output.

Each branch is modeled with a recursive (self-eafeing) algorithm, similar to
fractal tree and root structure models (Niklas 198@rezovskava et al. 1997, van
Noordwijk and Mulia 2002). The algorithm extendself, splits into smaller branches,
which themselves split into smaller branches, aodos until the biomass quantities
allocated to the branch are exhausted. After agodat branching node is generated, its
dimensions are scaled such that biomass is acabéoreand it is rotated and translated in
space, following standard rotation matrices, sunat its orientation is consistent with the
parent segment and that it extends from the detal of the parent segment. Foliar
biomass is expended and modeled as part of thectbrafier a diameter threshold is
reached. As in the branching nodes on the stensscectional area is preserved, and is
used to allocate biomass; each branching nodeoshastically generated, producing
branching structures that mimic the variability ebv&d in real trees.



Parameterization for Ponderosa pine

Branching architecture characteristics, (numbeshiid branches, angles, diameters
and lengths) were parameterized from field datéectdd at Ninemile on the Lolo National
Forest near Missoula, Montana in July 2007. A lamdga set collected from destructive
sampling of whole trees between 2000 and 2003, knaw the Crown Fuels Study
(CROWNFUELS) (Keane et al. 2005, Reinhardt et @07) provided additional data that
was helpful in the development of a prototype \@rsof the FUEL3D model (Parsons
2006). In the 2007 field data collection, ten Remoda pine trees were selected from the
same stand and were felled using a restraining@sysb crowns would not be damaged by
felling. For each tree, total height, diametebr@ast height, and height to, and diameter of,
the base of the live crown were measured. Whorlsoreanents included height above the
ground, stem diameter above and below the whorlramaber of first order branches. For
each first order branch, basal diameters, anglesive to the main stem, and lengths to
next branching node were measured. Branch diametere taken with metric digital
calipers and angles were measured with transpgpéadtic angle gauges. These
measurements described branching nodes along kae $onilar measurements were made
within branches to capture geometry at higher brengcorders, based on a subsample of
every third branch. All measurements were recoxdigd branch order to facilitate analysis
of changes in architecture with branch order. Geaoyed foliage clumps was characterized
with additional sub sampling. Finally, digital imeg) were taken of each subsampled
branch, with and without foliage, with a metriceufor scale, to capture other aspects of
branch geometry; additional measurements were mpde these images post field using
image processing software. Altogether 388 firsteordranching nodes and 687 higher
order branching nodes were described. Field sangaeineters are presentediable 2.

Table 2. Parameters used in FUEL3D model determined fadBmsa pine from field
data. Source 1 is data collected at Ninemile, Maaia 2007, Source 2 is data collected as
part of CROWNFUELS study at Ninemile, MT 2000-2002.

Parameter ~ Source Description
Empirical constants and relationships
ra 1 Minimum branch radius (mm) 2.1
Lt 2 predicted total branch length;40.63694%°, R*=0.968
Continuous variables modeled with beta distribution min__ _max v w
L 1 Inter-whorl length, along main stem, for a whorl, 5 95 4.8
C 1 Starter segment length proportion of total length 0.1 0.3 27.4
C, 1 Proportion of biomass allocated to dominant catldode 0.4 0.9 5.1
Angle 1 1 Angle between axes of parent segment and chgichent 42 91 14.9
Angle 2 1 Angular variability, perpendicular #ngle_1 1 17 13.8
Discrete variables, sampled from empirical histograms
Mirst order 1 Number of observations, by bin, (388 total) 198 261 54 5 4
Number of branches at a whorl, incl. continuirgent 2 3 4 5 6
Mhigher order 1 Number of observations, by bin, (687 total) 281092 121 50 21
Number of branches at a whorl, incl. continuirgent 2 3 4 6

Simulation of a spatially variable tree crown
Using the field data parameters and modeling psockescribed above, we used
FUEL3D to simulate the distribution of biomass withthe crown of an individual
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ponderosa pineP{nus ponderosa) tree, with a stem diameter at breast height of 2, an
overall height of 10.0 m, height to live crown badd.5 m and an average crown radius of
2.5m. These basic tree measurements are used dolatal biomass quantities to be
distributed in space. Crown biomass was estimasgwjithe equation provided by Brown
(1978), which calculates total crown biomass (whisitludes both foliage and
branchwood) agtc = e 22812in (d)+ L5098 1R-3.0557] gEqn 3); foliage is then calculated as a
proportion of that total aspr = 0.5586%4°7°%N (£qn 4), where Mc is the biomass within
the crown (excluding stem), R is the crown ratibh ds tree diameter at breast height in
inches, and output biomass is measured in pouddsig the values for our test tree above,
this yielded a total crown biomass of 99.233 Kduefl of which foliar biomass was 34.435
Kg.

The output was a spatially explicit database ofréi® fuel elements recording the
positions and attributes of all woody components fmhiage. A visualization of this tree is
presented irfrigure 2. From this database we extracted only those elenvemch < 6 mm
in diameter as these smaller diameter, thermailyrtraterial dominate fire behavior due to
their high surface area to volume ratio, and raptdraction with incident heat fluxes.
Woody material within the simulated crown withinstlliameter range summed to 10.471
Kg, which with the foliage, produced a total of 960 Kg of thermally thin fuel within the
simulated crown.

a

Figure 2. Example visualizations of a tree simulated with FUEL3D model. The figure at left (a) shows a
conifer tree with explicit spatial detail to thevéd of individual needles. For most purposes, this
representation is unwieldy; for this reason, groafpdetailed smaller structures can be represenitbdarger
simple bounding volumes, such as cylinders, as shatwight (b).

The set of thermally thin fuel elements within tdegabase was then summarized to
cells 0.25m on a side for input into the WFDS mog€ilgure 3). To simplify the
experiment, all fuel cells had the same fundamecdahbustion properties, with heat of
combustion, defined as the heat released per kgsdous fuel, set at 17700%kSusott,
1982), surface area to volume ratio constant @046" and the drag coefficient was set at
0.375. A maximum burning rate was set as 0.4 asthvasmaximum dehydration rate,
based on experiments of burning Douglas fir trééall(et al., 2009). Char fraction was set
to 0.25 (Mell et al., 2009). Fuel moisture conteras constant at 90% on a dry weight



basis. The only form of variability considered imronumerical experiment was thus
variability in bulk density. Following the procest summarization to grid cells, each grid
cell had a different quantity of fuel; this howewetceeded the current capabilities of the
WFDS model in terms of the number of fuel descoipsi that could be handled. Fuels were
therefore converted to categorical values with Hifferent classes using a histogram
approach.

Bulk density at 2=2 625 (kg/m®)

Bulk density at x==0.125 (kg/m®) Bulk density at x=0.125 (kg/m")

Figure 3. Distribution of fuel bulk density of thermallyithmaterial (<= 6mm in diameter) within
the spatially variable tree modeled in this stusiynmarized to 0.25m cells. Figure shows two hotidon

slices (left) and two vertical slices (right

Homogeneous tree crown

The homogeneous case tree was modeled as a mgharfr (truncated cone), with
the same gross dimensions as the spatially varieddecrown described above; diameter at
the base of the frustum was 5 m and diameter abghevas 1 m. The frustrum was located
the same height above the ground (1.5m) and extietodtae same height (10 m) as the tree
modeled above. This volume was filled with the saotal amount of fuel, 44.9060 kg, and
the same combustion properties as used in thealpatariable tree crown. The principal
difference between the homogeneous crown and thigaBp variable crown was that the
entire volume of the homogeneous crown had the damedensity (0.626 kg/f while
the spatially variable crown had a range of bulksikees.



WFDS Model

The Wildland-Urban Interface Fire Dynamics Simutg¥FDS) model (Mell et al.,
2009) is a recent extension of the Fire Dynamiecsufator (FDS version 5.2), a CFD fire
model designed for structural fire applications.DSF was extended to accommodate
vegetative fuels, such as foliage, as well as cempérrain and ambient wind flows.
WEFDS is a physical numerical fire behavior modelwhich CFD methods are used to
solve the three-dimensional, time-dependent eguagoverning fluid motion, combustion,
and heat transfer. A low-Mach number approximatiehm and Baum 1978) of the
governing equations for mass, momentum, and energised; a large-eddy simulation
(LES) approach for turbulence modeling (Smagorin$8¢3) provides a time-dependent,
coarse-grained numerical solution to those equstién direct solver for the pressure
Poisson equation significantly speeds up calculaticompared to iterative methods.
WFDS has been used in domains of 1500 m x 1500 rnth#® simulation of Australian
grassland fires (Mell et al. 2007).

Numerical Experiment

We tested the effect of spatial distribution of rhasss within the crown of an
individual tree on fire behavior with the WFDS mbdeell et al. 2009). Our simulation
experiment compared two different tree crowns:hoanogeneous crown, (H), with a
constant bulk density of thermally thin fuel, andgatially variable crown (V), with the
same total fuel quantity and gross dimensions asittmogeneous case above, but modeled
with FUEL3D. We simulated fires under these twe tcases with two levels of surface fire
intensity: low (L), and high (L), for a total of do simulations: (HL, VL, HH, VH). Our
numerical experiment is described in more detddwe

The spatial domain used in these simulations meds24 meters by 24 meters by
20 meters. Resolution was 0.25 m in all directidas,a numerical grid of 96 cells by 96
cells by 80 cells. This domain was partitioned iitequally sized sub-domains measuring
32 x 32 by 80 cells and run on 9, 64 bit processbosal simulation time was 180 seconds;
with the nine processors, real time duration ofhesimulation averaged 2 hours and 20
minutes.

The surface fire was simulated as user- prescribddancing flaming front with a
constant forward spread rate (0.1 m/s) and resedgénme (20 s). The intensity (heat release
rate) was set at 300 KW for the low intensity ca@#is and VL) and 400 KW for the high
intensity cases (HH and VH). This approach is muirely realistic for real surface fuels
because it eliminated some potential feedbackantems, such as impacts to the velocity
field, between fire in the crown and the surfage.fiThe intent of this approach was to
facilitate comparison between simulations by emguthat the timing and geometry of the
surface fire front was consistent across all sitig. For each simulation we tracked the
solid fuel mass loss (dry mass and moisture masb}atal net radiative heat transfer over
time to facilitate comparison of fuel consumptiamdaenergy release. Simulation outputs
were summarized in graphs and tables. Total witree heat transfer was calculated as

Z J‘ Vqpqadl]

Ean 5

Where the sum is over gllcells comprising the tree crown, a¥ds the volume of
cellj.

Linking fire behavior and fire effects



For both trees we assessed the probability thatréeewould be killed by the fire,
using the equation:

.P,,, . — ¢ ] . -
mert (e [—1ma1+(6315(1—s ") |-{0.000535 %) _:)
Eqgn 6

Where R is the probability of mortality, s is the percendwn volume scorched,
and w is the bark thickness in inches (ReinhardtRyan 1988). Bark thickness was set at
0.63 inches (16 mm) based on observed bark thiskretationships (Reinhardt and Keane
1998).

4, Results

Differences in the spatial configuration of fuelghin the tree crown resulted in
substantial differences in fire behavidrable 3, Figure 4); the nature and magnitude of
these differences, however, varied with the intgnef the surface fire below the tree
crowns Figureb5). In the lower surface fire intensity simulatsomearly 80% of the solid
fuel was consumed in the homogeneous tree crowi), (Mhile only 0.4% of the solid fuel
was consumed in the spatially variable crown, ctuisig a difference of nearly two
orders in magnitude F{gure 5). Similarly, total net radiative heat transfeacbed a
maximum of 2677.9 KW for the HL simulation but ombyse to 229.4 KW for the spatially
variable, low intensity simulation (VL) — a diffaree of more than an order of magnitude
(Table 3, Figure 5). Differences were less pronounced in the higknsity simulations,
(HH and VH); both tree crowns ignited, with neal$0% fuel consumption in the
homogeneous case and nearly 85% consumed in thellgpaariable case. Spatial
variability in fuels within the crown also result@d changes in the timing, magnitude and
dynamics of total net radiative heat transfer. Hpatially variable tree crown started
burning later, reached a higher peak flux (3015 ¥éksus 2520 KW), burned over a longer
time period, and had more complex burn historyhwito different peak fluxes separated
by about 15 s. Predicted tree mortality was coesiswith observed trends in fuel
consumption, where the only tree predicted to serwas the VL case, with a 27%
probability of mortality; all other cases had 09886 probability of mortalityTable 3).

Table3. Summary of Fire Behavior Simulation Outputs.
Solid fuel, Kg Total Net Radiative heat P(mort)
Transfer, KW

Label Fuel consumed% loss duration Peak Mean  Stdv

HL 449060 35.7987 56.49 2677.90 343.63 651.69 0.9160
VL 44.9060 0.4184 o1 54.80 229.35 7451 77.34 0.2668
HH 449060 44.7963 0053 52.70 2520.60 361.77 669.36 0.9868
VH 449060 38.0156 o970 63.49 3015.62 462.87 801.82 0.9439

84.66
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Figure4. Comparison of four different numerical fire behavsamulations with the WFDS model, at the
same point in time( t=72 s): A) homogeneous treeel surface fire intensity (case HL), B) Homogareo
tree crown, higher surface fire intensity (HH),\@jriable tree crown, low intensity (VL), and D) Valole
tree crown and high intensity (VH). The total ambohfuel was identical for all four simulations.
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Figure5. Comparison of outputs from four different numerified behavior simulations with the WFDS
model. Red solid lines show outputs for the homeges tree crown while blue dash lines show outfouts
the spatial variable tree crown produced with tb&EE3D model. Top two figures compare solid fuel
consumption between the low surface fire case tlamdhigher intensity surface fire case. Bottom figares
compare net radiative heat flux between the lovieserfire case and the higher intensity surfaeedase.
The total amount of fuel was identical for all faimulations.



5. Discussion

FUEL3D represents a compromise between more elebanadeling approaches,
with more advanced theory, and simpler approaclhmshvware better suited to practical use.
FUEL3D uses a pipe model based recursive branchliggrithm that is similar to many
theoretical models; by building the tree stem fastl using this algorithm at each branch,
rather than building the whole tree with that aitdon, FUEL3D retains the flexibility to
represent individual measured trees. This impratsespplication with existing forestry
inventory data and associated models.

Models have been developed which represent wildfaal$ for different purposes,
including fire behavior fuel models (Anderson 19&tott and Burgan 2005), which
provide inputs to current operational fire behaviardels, fuel loading models (Sikkink et
al. 2009), which estimate fuel quantities for ffects calculations, and fuel classifications
(Ottmar et al. 2007, Riccardi et al. 2007). Thm@pal difference between FUEL3D and
these fuel descriptions is that it is spatially letty capable of quantifying variability in
different wildland fuel characteristics across @&ctpum of spatial scales. This capability
will facilitate improvements in our understandingfundamental fuels science. By building
fuel beds from fine scale components of individueés and other fuel components, loss of
relevant detail, and potential scale-dependenalfstiassociated with fuel classifications
(e.g. Sandberg et al. 2001) can be avoided. Ateptethere is no way that fundamental
wildland fuel properties, such as the size classrilution of particles or distribution of
fuel density within a tree crown can be easily gited. FUEL3D provides a means of
estimating some of these properties from the sitedlatructure. More work is needed to
extend the model to a broader range of species.

In our numerical experiment, we compared fire bérabetween a homogeneous
tree crown and a spatially variable tree crown poed with the FUEL3D model, for two
different levels of surface fire intensity. We falthat, despite the two trees having the
same total quantity of fuel, variability within theee crown resulted in very different fire
behavior. At low surface fire intensity, the spiyiaariable tree crown did not burn while
the homogeneous crown had nearly 80% fuel consomp#it higher surface fire intensity,
the spatially variable tree crown was slower tatggnbut once burning, reached a higher
peak net radiative heat flux, and exhibited momaglex behavior. Thus, within a relatively
narrow range of surface fire intensity, the homagers tree showed only incremental
changes in fire behavior while the variable trehileited a much more dramatic response.
This suggests a much more non-linear, threshofdrisponse for the spatially variable tree
than for the homogeneous tree.

Our numerical experiment has implications for fibehavior modeling, and
particularly, for modeling crown fire behavior. Themogeneous tree crown burned faster
and more consistently than the spatially variabileva. Operational fire models in the
United States have significant issues with modetirayvn fire (Cohen et al. 2006) and tend
to underestimate crown fire spread rates (Cruz Alecander 2010). But, even if the
underlying physical processes were modeled moreuraty, an assumption of
homogeneous fuels might still result in inaccuatavn fire spread rates. Although we did
not analyze this in this paper, we hypothesize thaiability within the tree crown
structure, and particularly the gaps within themstpchange the manner in which wind, as
well as convective heat transfers, pass throughc#mopy. The slower burn time, and
steeper threshold of response to an increase fiacgufire intensity that we observed in the



spatially variable tree crown suggests that vditgbiends to narrow the region of
conditions in which propagation of fire can occlirfire propagation through an individual
crown is highly conditional, the predictability dfre spread may be limited. This
conditional nature of fire spread has been notedipusly (Cohen et al. 2006) and poses
challenges for modeling crown fire behavior. Fomsoaspects of crown fire behavior, it
may be necessary to adopt a probabilistic appraactvhich key factors serve to shape
probability distribution functions which describén@ther individual trees catch fire, and by
extension, whether crown fires propagate througlolevistands of trees. More work is
needed to examine the conditional nature of fireeap through tree crowns that is
suggested by these results.

Fuel modeling is a rapidly evolving field. Rapidvadces in computer science and
in plant architecture modeling are advancing ogabdities to address the mechanisms by
which wildland fuels influence and interact withefi Using a plant architecture approach,
researchers have applied plant architecture maglétindescription of wildland fuels and
have used simulated plants as inputs to HIGRAD-HIRE, a CFD fire behavior model
(Caraglio et al. 2007; Krivtsov et al. 2009). Ouudy complements these efforts by
modeling fire and fuel interactions at a finer scf.25m cells as opposed to 2m cell
resolution). Altogether, these developments poseymadvantages. First, detailed plant
modeling provides a quantitative description ofl§uthat can actively inform, and refine,
fire behavior models. For example, Pimont and athkave demonstrated that the
heterogeneity within wildland fuel structure sigcéintly affects radiative heat transfer
through the canopy (Pimont et al. 2006, Pimont.€2@)9). Second, this approach provides
a quantitative means of linking fire behavior airg £ffects. In this study we linked fire
behavior and fire effects, at the scale of an iwidial tree, by using outputs of a CFD fire
behavior model in conjunction with an empirical tstitcal model of tree mortality,
primarily on the basis of crown fuel consumptionhi® other researchers have used two-
dimensional heat transfer modeling to predict daimbstem damage (Dickinson and
Johnson, 2004), this is the first time that a thideeensional detailed CFD model has been
used to evaluate mortality on an individual tre¢hwhis level of detail in simulation of fire
through the tree crown. Our work here constitutesarly, but important step in improving
linkages between disturbance processes and ecosystsponse, strengthening our
understanding of fire ecology.

Finally, linking detailed fuel models with detailéice behavior models will provide
us with quantitative guidance for fire and fuel mgement decision support. Current fire
management strategies and policy emphasize maibiicaof the fuels, through fuel
treatments such as thinning and prescribed buringore detailed modeling approach
will improve our capability to evaluate differeméatment alternatives.
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