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a  b  s  t  r  a  c  t

This  study  was  conducted  to increase  understanding  of  possible  roles  and  importance  of  local  three-
dimensionality  in  the  forward  spread  of  wildfire  models.  A suite  of simulations  was  performed  using  a
coupled  atmosphere–fire  model,  HIGRAD/FIRETEC,  consisting  of  different  scenarios  that  varied  in domain
width and  boundary  condition  implementation.  A subset  of  the  simulations  was  strictly  two-dimensional
in  the  streamwise  and  vertical  directions,  while  another  subset  of  simulations  involved  igniting  a finite-
length  fireline.  The  remaining  simulations  were  all three-dimensional  and  employed  periodic  boundary
conditions  in  the  cross-stream  direction  and  a fireline  spanning  the  entire  cross-stream  extent  of the
domain.

The three-dimensional  periodic  simulations  were  compared  with  the  two-dimensional  simulations,
and  then  briefly  with  the  finite-length  fireline  simulations.  The  two-dimensional  scenarios  were  con-
strained  in  their  ability  to  represent  inherently  three-dimensional  physical  phenomena  such  as  horizontal
flow penetrating  through  the fireline  between  plumes  of  rising  hot  gas,  and  cross-stream  heterogeneity
in  the  windfield.  Elimination  of these  three-dimensional  flow  patterns  in  two-dimensional  simulations

resulted  in  over  prediction  of  spread  rates  in  low  velocity  situations  and  under  predicted  spread  rates
in high  wind  speed  scenarios.  In the  three-dimensional  simulations,  local  cross-stream  heterogeneities
in  temperature  and  velocities  lead  to  penetration  of hot  gases  through  the  fireline  and  onto  unburned
fuel.  Three-dimensional  fires  presented  a positive  correlation  between  increasing  ambient  wind  speed
and rate  of  spread.  Further  investigation  of  finite  length  fires  is required  in  order  to  understand  the
ramifications  of  fireline  curvature.
. Introduction

Frequent low-intensity fires have historically been beneficial
henomena in wildland environments, clearing away excessive
rowth and regulating the competition for finite resources. How-
ver, a century of fire suppression has left our forests choked with
uel that has been dried to tinder by years of drought, and now
hen natural fires occur they are often catastrophic (Brown and
rno, 1991). It is widely appreciated that the more we understand
bout wildfire behavior, the more we can anticipate dangerous

ituations or environmental impacts, and the more we enable intel-
igent decisions regarding fuels and fire management as well as risk
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mitigation. For this reason there is an increasing need to understand
wildfire behavior and its response to environmental conditions.

1.1. Objective

The objective of this paper is to use a three-dimensional coupled
atmosphere–fire model to examine the ramifications of ignoring
the influence of the local cross-stream heterogeneities when mod-
eling fire behavior. Idealized scenarios are combined with a creative
use of boundary condition techniques to isolate the local impacts
of the three-dimensional physics present in and around the fire-
line. Three-dimensional fires are simulated with fuel, ignition, and
incoming winds that are completely homogeneous in the cross-
stream direction. Cyclic boundaries are used to remove any effects
of fireline curvature or end effects. This boundary condition treat-

ment has been shown to be useful to simplify the study of fuel
treatment effects by removing influences of end effects (Pimont
et al., in press; Cassagne et al., 2011). One of the most important
realizations about the differences between the simulations with
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yclic boundary conditions and those with finite-length or broken
relines is that in the former the wind is unable to move around the
reline, and there are no flanking portions of the fire. The results
f these simulations are compared to two-dimensional fires (ver-
ical plane) under the same environmental conditions, in order to
uggest the significance of this effect on spread rate.

The plan of the present paper is as follows. Section 1 summa-
izes some of the approaches that have been used by the wildfire
ommunity to study fires. In Section 2, we provide a brief summary
f the coupled atmosphere–fire model, along with a description
f the suite of numerical simulations that will be used to explore
he impacts of three-dimensionality of atmosphere–fire coupling.
n Section 3, the results of these simulations and their interpreta-
ions are described. In Section 4, the implications of the results are
resented along with an outline of more in-depth studies arising
rom the present paper.

.2. Wildfire research tools

The wildfire research community uses wildfire behavior models
o augment expert opinions, experiments, and field observations
n the hope of identifying some of the relationships between var-
ous environmental conditions, such as winds or local vegetation
tructure, wildfire processes and fire behavior. Modeling wildfires
s difficult because wildfire behavior is determined by an extremely
omplex set of coupled processes that occur over a very wide range
f length and time scales. There are a variety of types of models that
re being developed within the community, along with an equally
ide variety of assumptions, simplifications, and approximations,

hat are used in order to close these models and to achieve the
arious levels of desired detail and speed in calculations. Amongst
he models that are currently being advanced for wildfire research,
here are several, including WFDS (Mell et al., 2007), FIRESTAR
Larini et al., 1998; Morvan and Dupuy, 2001), FIRETEC (Linn, 1997;
inn and Cunningham, 2005), and the models proposed by Zhou
t al. (2005) and Grishin (1997),  that attempt to represent impor-
ant physical processes including fluid flow and heat transfer, with
he goal of capturing the essence of the driving forces and simulat-
ng the resulting wildfire behavior.

One of the most prominent features of wildfire behavior is the
peed at which it moves in various directions. The speed of advance-
ent of a fire in the direction of the wind, referred to as the

eading-fire spread rate and in this text as simply spread rate, is
 result of the interaction between a variety of processes includ-
ng heat transfer, moisture evaporation, and combustion rates. In
his regard, arguably the best known dependence of fire on its
nvironment is the relationship between the heading-fire spread
ate and the wind speed in that direction, which has been demon-
trated both by laboratory experiments (e.g., Carrier et al., 1991;

olff et al., 1991; Weise, 1993; Catchpole et al., 1998) and by field
xperiments (e.g., Cheney et al., 1993, 1998; Cheney and Gould,
995). The basic concept that the wind in the direction of the fire
pread controls the spread in that direction has led many mod-
lers to attempt to model fire spread in terms of the wind speed
n the direction of spread. In some cases, one-dimensional theo-
etical models have been developed based on perceived governing
hysical relationships (Koo et al., 1997). In other cases, researchers
ave combined empiricism and physical relationships to model
re behavior in this one-dimensional context connecting wind and
opographic slope to spread in the same direction (Cheney et al.,
998; Dupuy and Larini, 1999; Rothermel, 1972). Indeed, wind
peed has a leading-order impact on wildfire behavior. Neverthe-

ess, the dynamics associated with the dependence of wildfires on
he ambient wind speed, the influence of fire-induced flow pat-
erns, and the complex balances between physical processes in the
re that change with the local wind, are still not well understood
t Meteorology 157 (2012) 60– 76 61

(e.g., Baines, 1990; Beer, 1991, 1993; Linn and Cunningham, 2005;
Cunningham and Linn, 2007).

It is impossible to model all of the physical processes in
the context of just one dimension; however, these simplified
models have provided impressive results in some wildfire con-
texts (e.g., Rothermel, 1972). Some of these models were later
extended to two-dimensional horizontal planar models such as
FARSITE (Finney, 1998). Others were explored by Margerit and
Séro-Guillaume (2002).  These horizontal plane models provided
estimates of fire front movement in all horizontal directions across
a landscape, but the spread vectors are still local functions of mean
wind speed and topographic slope in the direction of spread.

Researchers have tried to use computational fluid dynamics
techniques to explore the relationship between forward wildfire
spread and ambient winds. Early investigations in this regard were
constrained by computational costs, leading scientists to attempt
to simulate atmosphere–fire interactions using a two-dimensional
x–z plane, where x is the direction of the wind and spread and z
is the vertical direction, based on an assumption that the fire is
very long and straight (homogeneous) in the third dimension (Linn,
1997; Morvan and Dupuy, 2001). In these models, the dependence
of spread rate on wind speed is not predetermined, but is instead
a self-determining result of the interaction between the modeled
physical processes. The results of these models indicate spread
rates that increase with wind speed for moderate winds; however,
the spread rate is not steady, even in constant winds, and seems to
behave counter-intuitively for high wind speeds, even decreasing
with wind speeds at high winds (Morvan and Dupuy, 1997). For
interpretation of the results provided by these models, it is impor-
tant to consider the two  rather different contexts under which a
fire can be represented in a two-dimensional framework. The first
context is a scenario where the fireline is very long (assumed to be
infinitely long, or that any end effects can be ignored) and nominally
straight. In this context, much like two-dimensional turbulence
approximations, the general assumption is that the impact of mean
cross-stream components of wind velocities and heat fluxes for
any (x, z) location can be represented in terms of quantities that
are averaged over the length of the fireline. This assumption does
not preclude local fluctuations from these mean values, including
local gusts in the cross-stream direction, vorticity in the x- or z-
directions, or hot and cool spots along the fireline with associated
local variations in cross-stream heat fluxes, as long as the mean val-
ues are zero and the local details of such cross-stream details may
be ignored. This assumption in the two-dimensional model con-
figuration does prevent the explicit representation of such details.
The challenge of describing the fire behavior in this context is to
account for unresolved impacts of local variability on the overall fire
behavior without resolving them. This situation is directly analogs
to the impact of turbulence over a very long obstacle in a cross flow:
the mean flow parallel to the length of the obstacle might be zero,
but this does not mean that at sufficiently high Reynolds numbers
the flow does not exhibit fully three-dimensional turbulent struc-
tures or flow fields that affect the development and sustainability of
the wake behind the obstacle. The mean flow will have only two-
dimensional aspects, but the turbulent statistics would show the
presence of significant energy being redirected into local fluctu-
ations and heterogeneities in the third dimension. These localized
fluxes in the cross-stream direction have an impact on the recovery
of the velocities in the wake region, and it is important to account
for their impact on the overall flow even though the mean value
of the local fluctuations is zero when averaged over the length
of the obstacle. The second context that can be considered two-

dimensional is one in which the fireline is infinitely short and there
is no cross-stream distance for variations or fluxes in the third direc-
tion. The thought model for this scenario might be a fire that is
pinched between two pieces of frictionless glass with just enough
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oom for air to pass between them in the streamwise and vertical
irections. In this case, not only is the average velocity in the cross-
tream direction zero, but there are no fluctuations in this direction
ither. This notion of fire would result in a flat, unbroken sheet of
ame spanning the length of the fireline (conceptually, the distance
etween the plates). Unfortunately, by default fire models that are

mplemented in just two dimensions, such as that described in Linn
1997), are more representative of this second scenario than of the
nfinitely long case, since they did not account for the kinetic energy
r net impacts of the local cross-stream fluxes and heterogeneities
although Linn (1997) did account for some of the unresolved fine
cale hydrodynamic fluctuations through the turbulence closure
cheme). Simple observations of wildland fires demonstrate that,
egardless of the nature of the winds or the straightness of the fire-
ine, there are always variations in the instantaneous flame shape
long the length of the fireline (Beer, 1991). In other words, the
re does not look like a perfect sheet of flame standing up from
he burning fuel, but instead looks like a multitude of intermit-
ent jets that are out of phase with each other. Computational fluid
ynamics techniques have also been used to explore the interaction
etween buoyancy sources and ambient winds. In these numer-

cal experiments, the interaction between buoyant heat sources
nd ambient winds is inherently three dimensional, even in cases
here attempts are made to create situations that are idealized and
nrealistically two-dimensional in terms of upwind velocities, sur-
ace roughness, and heat sources (e.g., Cunningham et al., 2005). In
ight of the fact that there are computational advantages to sim-
lating fires using one-dimensional or two-dimensional (vertical
lane) models, it is important to understand the significance of the
dditional degrees of freedom obtained from the third dimension
cross-stream direction). Similarly, it is equally important to under-
tand the constraints imposed by omitting the third dimension.

Recent papers (i.e., Linn and Cunningham, 2005; Mell et al.,
007; Cunningham and Linn, 2007) have simulated grass fires using
hree-dimensional coupled atmosphere–fire models. In most of
hese studies, the grass fuel beds were at least locally homoge-
eous (although Mell et al. (2007) included fuel breaks on the
dge of simulated experimental plots) on scales many times the
hickness of the simulated firelines. Given the homogeneity of the
uels, the perpendicular nature of the wind to the ignited fireline,
nd the uniformity of winds in these simulations, there might be
n expectation that fires would propagate nearly uniformly, or at
east in a nominally one-dimensional mode (at least in the middle
f the firelines); however, a variety of three-dimensional features
ere observed in the simulated firelines and winds. These features

ncluded local variations in fireline geometry and intensity as well
s fire-scale curvature of the fireline. In this regard, it is important
o note that the fire-scale curvatures in Mell et al. (2007) were in
ome cases influenced by the fact that the authors had paid special
ttention to igniting the simulated fires as they had been ignited
n the Australian grass fire experiments they were attempting to
eproduce, and in doing so had given the center of the fire a head
tart on the outside edges of the fire.

In Linn and Cunningham (2005) and Cunningham and
inn (2007),  a coupled atmosphere–fire model, referred to as
IGRAD/FIRETEC or more briefly FIRETEC (Linn, 1997; Linn and
arlow, 1998; Reisner et al., 2000), was used to investigate basic
re behavior in homogeneous grasslands. Some of the simulated
res were ignited from 16 m long firelines, and others from 100 m

ong firelines, using an idealized ignition technique that started
re along the entire length of the line simultaneously. These sim-
lated fires also showed local heterogeneity and overall fire-scale

urvature even though the ignition had been performed in a more
dealized and less-realistic manner (compared to Mell et al. (2007)).
he simulations described by Linn and Cunningham (2005) illus-
rated how a set of physical processes might collectively result
t Meteorology 157 (2012) 60– 76

in the dependence of forward spread rate on wind speed, as did
Mell et al. (2007).  The spread rates of the simulated fires in these
papers corresponded closely to those found in the field experiments
described by Cheney et al. (1993) and Cheney and Gould (1995).
These simulations also suggested that the overall size and shape of
simulated fires in weak wind conditions were significantly different
from those seen in simulations with stronger winds.

These differences in fire behavior between weak wind and
strong wind conditions were attributed by Linn and Cunningham
(2005) to differences in the nature of the coupled atmosphere–fire
interactions occurring at different wind speeds, and specifically to
the interplay between radiative and convective heat transfer at dif-
ferent wind speeds. Cunningham and Linn (2007) described the
simulated evolution of the heat transfer mechanisms and the tur-
bulent coupled atmosphere–fire interactions in detail, along with
the impacts of local fireline orientation with respect to the wind
(i.e., forward and lateral spreading portions of the fire).

Previous research has demonstrated the computational advan-
tages of using one-dimensional or two-dimensional (vertical
plane) approaches to modeling fire behavior. Nevertheless, both
experiments (Alexander et al., 2004) and results from recent
physics-based three-dimensional modeling efforts (Mell et al.,
2007; Linn and Cunningham, 2005; Linn et al., 2005a; Pimont et al.,
in press; Dupuy et al., in press) suggest that the inherent three-
dimensionality of the coupled atmosphere–fire interaction might
make it difficult to predict fire behavior – or even head fire spread
rates – without accounting for at least the presence of local cross-
stream heterogeneity in physical processes. In this paper we  are
specifically interested in the local fire-line scale heterogeneities
and three-dimensionality.

2. Methods and strategy

The strategy behind this investigation is to use FIRETEC to simu-
late: (1) fires in two-dimensional configurations where there are no
local fluxes or heterogeneities in the cross-wind direction (resem-
bling the infinitely short fireline described above); and (2) fires
in three-dimensional configurations where the local cross-stream
fluxes and heterogeneities are not held to zero, but the integrated
fluxes in the cross-stream direction are zero and the fireline can be
thought of as infinitely long with no end effects. These simulations
will be compared for reference purposes with a set of simulations of
fires ignited from finite-length firelines, where winds are allowed
to move around the lateral extent of the fires.

2.1. Model description

HIGRAD is an atmospheric computational fluid dynamics
(CFD) model that was  specifically designed to represent coupled
atmospheric processes that frequently involve sharp gradients
in velocities, concentrations, or temperatures. HIGRAD uses a
fully compressible finite-volume formulation and its development
has been driven by application to a wide variety atmospheric
phenomena including hurricanes, urban and explosive disper-
sion, and coupled turbine/atmosphere processes for wind energy
harvesting.

The ability to model wildfires is created by coupling a wildfire
behavior model, FIRETEC, to HIGRAD in such a way as to have two-
way exchange between FIRETEC and HIGRAD in terms of: mass
(fire emissions); energy (combustion energy release, convective
and radiative heat transfer, and heat of evaporation of moisture);
and momentum (vegetation drag). FIRETEC includes representation

of three-dimensional heterogeneous fuel beds, multiscale turbu-
lence, net combustion processes and energy release. The FIRETEC
model is a multi-phase transport model, based on the ensemble-
averaged conservation equations for mass, momentum, energy,
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Table 1
Simulation parameters.

Simulation Ambient speed,
U10m (m s−1)

Domain size
(x, y) (m)

Ignition
length (m)

U01FINITE 1.0 960 × 320 100.0
U01y2D 1.0 1280 × – –
U01y10 1.0 1280 × 10 10.0
U01y20 1.0 1280 × 20 20.0
U01y40 1.0 1280 × 40 40.0
U01y80 1.0 1280 × 80 80.0
U01y160m 1.0 1280 × 160 160.0
U03FINITE 3.0 960 × 320 100.0
U03y2D 3.0 1280 × – –
U03y10 3.0 1280 × 10 10.0
U03y20 3.0 1280 × 20 20.0
U03y40 3.0 1280 × 40 40.0
U03y80 3.0 1280 × 80 80.0
U03y160m 3.0 1280 × 160 160.0
U06FINITE 6.0 960 × 320 100.0
U06y2D 6.0 1280 × – –
U06y10 6.0 1280 × 10 10.0
U06y20 6.0 1280 × 20 20.0
U06y40 6.0 1280 × 40 40.0
U06y80 6.0 1280 × 80 80.0
U06y160m 6.0 1280 × 160 160.0
U09FINITE 9.0 960 × 320 100.0
U09y2D 9.0 1280 × – –
U09y10 9.0 1280 × 10 10.0
U09y20 9.0 1280 × 20 20.0
U09y40 9.0 1280 × 40 40.0
U09y80 9.0 1280 × 80 80.0
U09y160m 9.0 1280 × 160 160.0
U12FINITE 12.0 960 × 320 100.0
U12y2D 12.0 1280 × – –
U12y10 12.0 1280 × 10 10.0
U12y20 12.0 1280 × 20 20.0
U12y40 12.0 1280 × 40 40.0
U12y80 12.0 1280 × 80 80.0
U12y160m 12.0 1280 × 160 160.0
U15FINITE 15.0 960 × 320 100.0
U15y2D 15.0 1280 × – –
U15y10 15.0 1280 × 10 10.0
U15y20 15.0 1280 × 20 20.0
U15y40 15.0 1280 × 40 40.0
R.R. Linn et al. / Agricultural and

nd chemical species. FIRETEC incorporates treatments of the
acroscale effects of processes such as combustion, radiation, con-

ective heat exchange, and aerodynamic drag in order to achieve a
elf-determining coupled atmosphere–fire model. The physical and
hemical formulations of the model have been described in detail in
everal previous publications (Linn, 1997; Linn and Harlow, 1998;
inn et al., 2002; Linn and Cunningham, 2005; Colman and Linn,
007; Pimont et al., 2009), and the details are not repeated here.
his combined HIGRAD/FIRETEC simulation tool, hereafter referred
o as simply FIRETEC, provides a vehicle to study the exchange of
orcing that the atmosphere puts on the fire and that the fire puts
n the atmosphere as well as the implications for fire behavior.

FIRETEC was developed with the intension of modeling many
f the critical physical phenomena that control the behavior of a
ildfire and their interactions through a set of coupled partial dif-

erential equations. FIRETEC simulates the interaction between the
hysical processes by explicitly resolving many of them through

 finite volume numerical solution algorithm and stochastically
epresenting others through subgrid models for those fine-scale
rocesses and heterogeneities that cannot be resolved. FIRETEC
as been used to simulate historical fires (Bossert et al., 2000;
radley, 2002) and field experiments (Linn et al., 2005b; Linn and
unningham, 2005; Pimont et al., 2009) and continued efforts
o further validate if for broader sets of scenarios are underway.
IRETEC has been applied as a tool to study basic fire behavior phe-
omena (Linn et al., 2005a, 2007, 2010; Pimont et al., 2006, in press;
unningham and Linn, 2007; Parsons, 2007; Cassagne et al., 2011;
upuy et al., in press). The applications of FIRETEC span ecosystems

rom sparse grass to heavily forested woodlands on both flat ter-
ain and rugged topography and include the interaction between
re and canopy structure and the interaction between multiple
relines.

It should be noted that FIRETEC is quite computationally expen-
ive to and is not faster than real time. In addition this sort
f detailed CFD-based fire behavior model requires much more
xplicit details concerning the three-dimensional structure of the
eterogeneous vegetation and wind fields surrounding the fire.
he speed of calculations and data requirements dictate that even
hough such models have the potential to provide insight into the
oupled processes in wildfire behavior, they are not appropriate
or real time use or by those that are not familiar with this sort of

odeling. For this reason FIRETEC is considered a research tool and
s not widely used by fire managers.

.2. Set up of simulations

In Table 1, cases that end in ‘2D’ are two-dimensional vertical
–z plane simulations with no thickness in the y-direction and with
mbient winds of 1, 3, 6, 9, 12, and 15 m s−1, respectively. In these
imulations, there are not multiple grid cells in the y-direction,
herefore there can be no variability in this direction. These are
he simulations that can be imagined as fire burning between two
rictionless reflective planes that are very close together.

Cases that end in ‘10m’, ‘20m’, ‘40m’, ‘80m’, and ‘160m’ are
hree-dimensional simulations with periodic boundary conditions
n the cross-stream or y-direction. Periodic boundary conditions,

hich are also referred to as cyclic boundary conditions, create
 situation where fluxes passing out through the right boundary
ass in through the left boundary and vice versa. The result of
his type of boundary is a domain in which the cross-stream com-
utational boundary location is completely arbitrary because the
imulated domain becomes just one segment of an infinite num-

er of identical segments, and each segment links up to adjacent
egments as consistent as if the seam were in the interior of a
omputational domain. This approach allows heterogeneities of
ocal flux structures up to the size of the domain width. When
U15y80 15.0 1280 × 80 80.0
U15y160m 15.0 1280 × 160 160.0

studying the influence of allowing or disallowing local variabil-
ity in the y-direction, and local fluxes of momentum and heat in
this direction, it is important to consider the fact that the size
scales of the local fluctuations could have an impact on the larger-
scale fire behavior. In order to assess the potential for this impact,
a variety of domain widths were used to allow heterogeneities
to develop at a variety of scales. Domains of 10, 20, 40, 80, and
160 m wide, with periodic boundaries in the cross-stream direc-
tion, were employed for each of the six different ambient wind
speeds. This series of simulations also allows for the size of impor-
tant three-dimensional atmospheric structures to change with
wind speed. It should be mentioned that the three-dimensional
structures in the periodic simulations result from nonlinear pro-
cesses, such as the hydrodynamics that are described by the
Navier–Stokes equations, interacting with any small perturbations
in the cross-stream (y) direction. If these simulations were run with
no perturbations in the y-direction (i.e., initial and boundary con-
ditions perfectly homogeneous in the y-direction) the simulations
would remain completely homogeneous in the y-direction, pro-
ducing a computationally expensive two-dimensional simulation
(unless computational round-off errors perturb the symmetry).
Since nature always exhibits perturbations in winds, fuels, and any

kind of fire ignition, a weak, O(10−3 m s−1), 4 m wide pin-wheel
like vortex perturbation was  placed in the initial conditions within
the interior of the domain. This perturbation dissipates quickly
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Fig. 2. These images show isosurfaces of potential temperature (500 K – pale orange,
600  K – red) and oxygen concentration (0.05 – bright orange) for: (a) U01y160m at

significant difference between these images is the fact that the iso-
ig. 1. Here is an example of the shear profile in the first 70 m above the ground for
(z)  normalized by U∞ .

nce the simulation begins, but the small disturbance is enough to
ngage the nonlinear flow dynamics and generate the fully three-
imensional nature of the fire and flow fields that are depicted in
ig. 2.

In all of the simulations described in this paper, the grid spacing
n both of the horizontal directions is uniform and equal to 2 m,  and
n the vertical direction is nonuniform, with a grid spacing near the
round of approximately 1.5 m increasing to about 30 m at the top
f the domain at z = 615 m.  The height of the domain was  chosen
o achieve an optimal balance between minimizing the interaction
etween the strong buoyancy flows and the top of the domain and
inimizing the computational cost. The horizontal domain sizes

or the various simulations are shown in Table 1. In all simula-
ions, the fuel bed load is specified to be similar to tall grass of
eight 0.7 m,  with a load of 0.7 kg m−2, contained within the first
rid cell above the ground. Within the fuel bed, the surface area
er unit volume is specified as 4000 m−1, which is typical for tall
rass (e.g., Rothermel, 1972; Burgan, 1988), and has been used by
thers (Cheney et al., 1993; Linn and Cunningham, 2005), and the
nitial fuel moisture fraction (i.e., the mass of water divided by the

ass of fuel) is 0.05. The ambient atmospheric stability is taken
o be neutral in all cases, and the Coriolis parameter is neglected.
nvironmental wind profiles were specified using an exponential
xpression, defined by U(z) = U∞(1 − e−(z/z0)), where U∞ is the ambi-
nt upstream velocity above the ground and z0 is a reference height
f 10 m.  This velocity profile monotonically increases from zero at
he ground and asymptotes to U∞ above the ground. At the ref-
rence height, z0, the velocity is approximately 65% of U∞. Fig. 1
epicts an example of this profile for U(z) normalized by U∞. For
he purpose of clarity, it should be emphasized that this profile is
ifferent from the less realistic uniform inlet wind profile used by
inn and Cunningham (2005), and so comparison of spread rates
ith these previous FIRETEC simulations must be performed with

are.

. Results and discussion

There are many ways to characterize fire behavior and numer-

us quantities that can be examined from the output of a coupled
tmosphere–fire model such as FIRETEC. It is possible, as in Linn
nd Cunningham (2005),  to describe the nature of the overall
rends including rate of spread and fire shape. It is also possible to
t  = 800 s, and (b) U06y160m at t = 200 s. The horizontal surface depicts solid fuel
depletion (green indicates zero depletion, black indicates near full depletion).

delve quite deeply into the correlations between various physical
properties, and to dissect the details that combine to produce the
larger-scale physical processes. Within this paper, the description
of the results is limited to local three-dimensionality and its effect
on fireline propagation with a specific focus on rate of spread.
The details of the coupled fire/atmosphere interactions will be
presented in subsequent publications because of the extensive
discussion required to explain those aspects of the results.

3.1. Global ambient wind effects

Fig. 2 illustrates the three-dimensional periodic firelines from
simulations U01y160m and U06y160m using potential tempera-
ture isosurfaces at 500 K (pale orange), 600 K (red), and oxygen
concentration isosurfaces at 0.05 (bright orange). The complicated
shape of these surfaces, and the presence of variation in the y-
direction is typical for all of the periodic simulations that were
performed, although the details and amplitudes of the structures
are specific to each wind speed and to a lesser extent the width
of the domain. Each x–z slice within the domain is different from
the others as a result of local non-zero fluxes in the y-direction.
There are significant differences in the structure of the fires for the
160 m wide simulations between the case with ambient winds of
1 m s−1 (Fig. 2a) and those with ambient winds of 6 m s−1 (Fig. 2b).
In Fig. 2a, the U01y160m fire can be seen to have a relatively narrow
streamwise cross-section in comparison to the U06y160m fire. This
trend is consistent with the results described in Table 2. Another
surfaces in Fig. 2a are much more vertical in nature than those seen
in Fig. 2b. This is an expected effect of the higher wind speeds in the
latter case; however, it should be noted that the degree to which
the flame is tilted by the wind is also variable in the y-direction.
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Table  2
Spread rates for each scenario. The first column represents the ambient wind speed
at  a height of 10 m above the ground. The second column has the spread rates for a
finite length fire line. The third through eighth columns contain spread rates for the
two-dimensional and periodic fire lines.

Wind speed
U10m (m s−1)

100 m
finite

2D 10 m 20 m 40 m 80 m 160 m

1.00 0.13 0.57 0.25 0.23 0.22 0.22 0.22
3.00  0.67 1.10 1.33 1.35 1.25 1.18 1.14
6.00  1.13 1.24 2.15 2.27 2.14 1.91 1.92
9.00  1.64 0.77 2.23 2.81 2.41 2.49 2.28
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12.0  2.36 0.76 2.67 3.14 2.96 2.94 3.01
15.0  2.74 1.63 3.17 3.31 3.56 3.47 3.44

.2. Local wind effects and horizontal fireline geometry

Fig. 3a–c shows plan views from the U01y160m, U06y160m
nd U12y160m simulations, respectively, where vectors have been
sed to illustrate flow fields at a height of 0.75 m above the ground,
nd solid and dashed contour lines depict the positions of gas hot-
er than 350 K and 400 K. In addition, these images include straight
olid dark gray and light gray lines parallel to the x-axis to indicate
he positions of the vertical planes depicted in Fig. 5. The images
n Fig. 3 illustrate the relatively straight nature of the fireline in
mbient winds of 1 m s−1, compared to those for ambient winds of

 m s−1 and 12 m s−1. It is important to recognize that the straight
ature of the fireline shown in Fig. 3a is a result of the exclusion
f end effects; without excluding end effects the line would take
n curvature as illustrated in Linn and Cunningham (2005).  The
ector field in Fig. 3a illustrates the acceleration of the horizontal
inds as they move from the rear of the fire toward the front of the
re.

Fig. 3b and c illustrates the drastically different nature of the
reline structure for ambient winds of 6 m s−1 and 12 m s−1 com-
ared to the 1 m s−1 fireline shown in Fig. 3a. The firelines in Fig. 3b
nd c show flow patterns and fireline shape that is indicative of
oupled atmosphere–fire behavior described in other publications
Linn and Cunningham, 2005; Cunningham and Linn, 2007; Dupuy
t al., in press). Of particular interest is the strongly fingered rear
ontour of the fireline and the undulations along the fire front
hat do not have the same spatial scale. The converging streams
often being initiated in the fingered tails of the fireline) and wider
iverging streams of vectors (often initiated in the spaces between
he fingered tails) are indicative of streamwise vortices in which
eated air is pulled together and rises while cooler air is drawn
own. Pockets of air are carried in a helical pattern as they move
rom the rear of the fireline to the front. One particular result of
hese flow patterns is the enhanced entrainment of fast moving
ir from aloft being brought down near the surface. These stream-
ise vortices or the helical transport patterns are precluded in a

wo-dimensional simulation. The difference in spatial scale of the
erturbations at the rear and the front of the fireline suggest that
he streamwise vortices that develop near the rear of the fireline
nteract with each other, and in some cases merge into larger vor-
ices that are tilted upwards to form vertical vortices near the front
f the fireline. Interestingly, the lobes of the fireline that are push-
ng forward with respect to the rest of the fire front are coincident

ith divergence in the velocity field near the ground. This suggests
he presence of downdrafts, which are sometimes associated with
treamwise vortices that are pulling hot gases to the surface and
elping to preheat the fuels in front of the fireline. The difference

n thickness of the fireline shown in Fig. 3b compared to that seen

n Fig. 3c is attributed to the difference in the balance between
uoyant forces and the mean wind, with the larger wind speeds in
he U12y160m case stretching the fireline width more than in the
06y160m case.
t Meteorology 157 (2012) 60– 76 65

3.3. Finite length fireline

Fig. 4a–c is presented to illustrate finite length fire geome-
tries and their qualitative comparison to periodic fireline geometry.
Fig. 4a–c shows fires that have ambient wind speeds of 1 m s−1,
6 m s−1, and 12 m s−1 respectively. Each of these had an initial fire-
line length of 100 m.  These plots are the finite length analogs to
those shown in Fig. 3. Fig. 4a shows a similar fireline to the one illus-
trated in Fig. 3a with a relatively uniform streamwise thickness. It is
also interesting that both of these 1 m s−1 fire simulations produced
firelines that are fairly straight. The finite length has a much more
profound affect on the geometries of the 6 m s−1 and 12 m s−1 fires,
illustrated in Fig. 4b and c, then the 1 m s−1 fire shown in Fig. 4a.
Note that toward the center of the finite fireline the same upwind
fingering is present as can be seen in the periodic firelines shown
in Fig. 3b and c. However, the fingers are considerably shorter in
the finite-length fires and the fingers are not as prevalent on the
flanking portions of the fires. The wind vectors illustrate that in the
finite cases, the winds are drawn toward the fires with vector pat-
terns curving toward the fire perimeter on both the upstream and
downstream sides. The convergence of the winds from both sides
of these fires is consistent with the rising air at the site of the fire-
line, and the sweeping pattern around the downstream side of the
fire perimeter is enabled by the wind getting around the end of the
fire In the periodic firelines, shown in Fig. 3b and c, the winds are
unable to get around the ends of the fireline and thus any conver-
gence that occurs near the base of the fire must result from air that
is brought down from above the fireline.

3.4. Fireline vorticity and helical flow

An illustration of some of the effects of the streamwise vorticity
patterns is presented in Fig. 5. Fig. 5 contains an image looking
upstream that contains isosurfaces of potential temperature at
500 K. Superimposed on these isosurfaces are color contours of the
stream-wise component of vorticity. Vorticity at the red end of the
color spectrum has counterclockwise rotation relative to the view
orientation provided (−x vorticity). The blue end of the spectrum is
indicative of clockwise rotation. Also shown is a vertical y–z plane
of velocity vectors along the fire front. The top portion of Fig. 5 is
half as long as the whole U06y160 fireline in the y direction. In
this wide view, rising intermittent plumes of hot gas can be seen
along the length of the shown fire as well as a tongue of hot gas
at ground level that protrudes downstream from x = 25–50 m.  In
addition, there is a blow up view of a section of the fireline cen-
tered around this tongue. The protruding lobe is also present in
Fig. 3b near x = 280 m,  y = 40 m.  On the left side of the tongue, there
is a strong clockwise rotation, while on the right side counterclock-
wise rotation is noted. The vector field presented in the blow up
shows that air is penetrating the fireline between the hot, buoy-
ant plumes of gas to either side of the tongue. Heated gas is rising
and pulled into the counter-rotating vortex pair on both sides of
the protrusion. Then the heated gases coalesce and transport for-
ward and downward into the tongue. Since this is a continuous
process, the fuel underneath the tongue heats to the point of com-
bustion and the fire front geometry takes on the undulating lobe
shapes that are apparent in Fig. 3b and c. In other words, as air
penetrates the fireline, it is heated by burning fuel, and in some
locations corkscrews and is transported down to the fuel in a heli-
cal path. This three-dimensional process cannot be replicated in a
two-dimensional model.
3.5. Vertical fireline geometry

Figs. 6–8 each contain two  images illustrating vertical x–z planes
with potential temperature contours at 350 K and 400 K, and wind
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Fig. 3. These are plots of x–y slices of potential temperature in the fuel layer with velocity vectors. The solid black line represents � = 350 K, and the dashed black line is
�  = 400 K. The two gray, straight lines are references to Fig. 5. The dark gray line is placed in the general region of a converging wind-field at the ground and the light gray
line  is placed along a line of divergence in the wind-field at the ground. (a) U01y160m at t = 800 s, (b) U06y160m at t = 200 s, and (c) U12y160m at t = 140 s.
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ig. 4. These are plots of x–y slices of potential temperature in the fuel layer with 

he  dashed black line is � = 600 K. (a) U01FINITE at t = 400 s, (b) U06FINITE at t = 400

ectors from the U01y160m, U06y160m and U12y160m simula-
ions, respectively. Figs. 6a, 7a, and 8a are taken from a vertical slice
ositioned at a y-location within the fireline where there is con-
ergence of the v-component of velocity near the ground (at least
hrough part of the fireline width), corresponding to the darker
ray line in Fig. 3a–c, respectively. Figs. 6b, 7b, and 8b depict ver-

ical slices where v diverges at the ground, corresponding to the
ighter gray line in Fig. 3a–c, respectively. Near the ground, the
otential temperature gradient is high. This causes the contours
o be close together and hard to distinguish (nearly on top of each
ty vectors for the finite fireline cases. The solid black line represents � = 350 K, and
 (c) U12FINITE at t = 300 s.

other in some instances of Fig. 6). This is particularly apparent for
U01y160m because the hot gas region is smaller than in the other
two cases.

Images from U01y160m (Fig. 6a and b) depict plumes of hot
gases that have a relatively narrow base, that stand up at approx-
imately 30◦ from the vertical, and that are very similar to each

other. This is consistent with the relatively straight and narrow
fireline seen in Fig. 3a. Inside the contours of heated gas the vectors
show consistently rising air, where as the plume above the con-
tours is indicated by intermittent rising vectors. The intermittency
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ig. 5. Here is an isosurface of potential temperature (500 K). The color contours 

pectrum depicts counterclockwise, while the blue end shows regions of clockwise

f this rising vector pattern in the x- and z-directions is related to
he three-dimensional mixing, which allows the plume to continue
o rise while winds pass through the rising gas curtain. The profiles
nd vector patterns in Fig. 6a and b are very different in character
rom those seen in Figs. 7 and 8.

Fig. 7a and b illustrates the drastically different profiles of the
eated plume, not only with those shown in Fig. 6, but also com-
ared with each other. The image shown in Fig. 7a is associated
ith a y-location that possesses a deep zone of updrafts, whereas

ig. 7b illustrates a y-location with significant downdrafts and
uch shorter updraft widths than can be seen in Fig. 7a. Fig. 7a,

eing largely located within an updraft, is a collection zone for
eated gases near the ground as they converge and rise, result-

ng in a wider portion of the fireline in the x-direction above 350 K
han is seen in Fig. 7b, where cooler air is descending and cooling
he rear of the fireline, thus leaving spaces between the fingers as
een in Fig. 3b. In Fig. 7a, the complexity of the pattern with exten-
ive spatial variability is indicative of the three-dimensional flow
attern that includes advection of warmer and cooler gases in the
ross-stream (y) direction. Fig. 7b illustrates the more predominant

owndraft in this plane that extends well into the area where the
round level gases are hot.

Fig. 8a and b contains images from the U12y160m simulation,
nd show similarities to Fig. 7a and b in that there are wider and
e isosurface represent the streamwise component of vorticity. The red end of the
ng vortices. The vectors emphasize the velocity field.

narrower sections of the fireline associated with predominant
updrafts and downdrafts, respectively. The higher wind speed and
vertical wind shear near the surface results in a more shallow
updraft region, and a more broken plume than in Fig. 7a, suggesting
significant mixing and entrainment along its top edge.

3.6. Two-dimensional simulations

Fig. 9 shows three images illustrating the results from the
two-dimensional calculations (U01y2D, U06y2D, and U12y2D) for
comparison with the corresponding three-dimensional periodic
runs depicted in Figs. 6–8,  respectively. In these three two-
dimensional simulations, there are no cross-flow variations in
temperature or wind velocity because they are constrained to two
dimensions. Comparison between these three images shows that
the simulation with relatively slow ambient winds of 1 m s−1 has a
very different appearance to those of the higher wind speed simu-
lations (i.e., 6 m s−1 and 12 m s−1).

Fig. 9a is similar in character to both Fig. 6a and b. This is not sur-
prising since the similarity of Fig. 6a and b, and the straight fire front

shape shown in Fig. 3a, suggested that this fire was fairly homoge-
nous in the y-direction (compared to fires at higher wind speeds),
and thus will have similarities to the two-dimensional case. There
is a notable difference between Fig. 9a and 6a and b in the height
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Fig. 6. Here, plots are shown of x–z slices of U01y160m at t = 800 s with potential temperature contours and (u, w)  vectors. Panel (a) is a slice aligned with the dark gray line
from  Fig. 3a and is a region of converging wind-field at the ground. Panel (b) is a slice aligned with the light gray line from Fig. 3a and is a region of diverging wind-field at
the  ground.

Fig. 7. These plots are representations of x–z slices of U06y160m at t = 200 s with potential temperature contours and (u, w) vectors. Panel (a) is a slice aligned with the
dark  gray line from Fig. 3b and is a region of converging wind-field at the ground. Panel (b) is a slice aligned with the light gray line from Fig. 3b and is a region of diverging
wind-field at the ground.
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Fig. 8. Plots of x–z slices of U12y160m at t = 140 s with potential temperature contours and (u, w) vectors are given. Panel (a) is a slice aligned with the dark gray line from
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ig.  3c and is a region of converging wind-field at the ground. Panel (b) is a slice a
round.

f the region with temperatures above 350 K, and this is associated
ith the fact that no mixing is allowed in the y-direction and thus

ess entrainment of cool air occurs in the two-dimensional case.
here is a difference in the circulation patterns above fires at heights
etween 40 and 120 m above the ground as seen in a comparison of
ig. 9a with Fig. 6a and b. For the two-dimensional case, large coher-
nt vortices can be seen in Fig. 9a above and downstream of the fire.
owever, in the three-dimensional case, the wind field is less struc-

ured and appears to be more disorganized in Fig. 6a and b in the
ame region and coherent vortices cannot easily be singled out. The
ifference is because, in two dimensions, vortices can only have axis

n the cross-stream direction, while in the three-dimensional sim-
lations, the flow can be in the cross-stream direction and rotation
f the fluid can be about any axis. In the three-dimensional simu-
ations, the penetration of the ambient winds through the plume
reates rotation about vertical and streamwise directions as well
s the cross-stream direction.

Fig. 9b depicts a very different structure than that seen in either
ig. 9a or Fig. 7. The plume in Fig. 9b has a more periodic intermit-
ency than that seen in Fig. 7a, with very distinctive development
nd release of hot gas pockets at regular intervals in time. The fre-
uency of this so-called plume “puffing” is approximately 0.2 s−1.
he scale of the plume structure grows due to entrainment of sur-
ounding air as the plume is carried downstream and the released
arm bubble rises in height. The entrainment becomes obvious

ecause the bubble cools rapidly while it is expanding; the associ-
ted mushrooming motion of the plumes as they move downwind
esults in a downdraft on their upwind side and the side closest

o the ground. This downdraft is partially responsible for heating
he fuels in front of the fire as the plumes are carried downstream.
he effectiveness of this rolling motion is a function of the bal-
nce between buoyancy and wind strength. The differences in
 with the light gray line from Fig. 3c and is a region of diverging wind-field at the

behavior between plumes in Fig. 9b and 7 is largely due to the fact
that the predominant streamwise and vertical rolls in the three-
dimensional simulations are not possible in the two-dimensional
case, and therefore the entrainment, updrafts, and downdrafts are
confined to share the single two-dimensional plane. In Fig. 9b, the
downstream fireline width at the ground, evident by the 350 K
contour, is approximately 100 m long in the stream-wise direction
compared to a range of about 75–200 m shown in Fig. 7.

Fig. 9c is also different from the other images in Fig. 9 and its
three-dimensional counterparts in Fig. 8. The large wind velocity,
the associated strong vertical shear, and the entrainment that are
confined to this single plane drive these differences. In Fig. 9c, it
is seen that the strong wind shears the heated pockets of air and
carries them downstream at regular intervals as seen in Fig. 9b;
however, the increased temporal frequency, 0.33 s−1, of this shear-
ing, and the much stronger wind speed, changes the downstream
heating of the fuel. The mushrooming plume behavior, including
the downdraft that was very important in simulation U06y2D, is
much less apparent, and as a result these heated gas pockets have
very little effect on heating the fuel and spreading the fire. The fire
spreads in this case by the advection of the main fire front. This is not
unlike the three-dimensional case, except for the very significant
impact of the cross-stream heterogeneity in the three-dimensional
simulations. When cross-stream variability exists, there are loca-
tions where the winds push through the fire without fighting the
buoyant rise of the plume, and in some cases they are aided by the
helical patterns which carry hot faster moving gases down to the
surface. Since these patterns are precluded in the two-dimensional

case, the buoyant plume gas expansion and gas release in the area
of the fire obstruct the advection more so than in U12y160. This
explains some of the very intermittent spread patterns described
by Linn (1997) and Morvan and Dupuy (1997).
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Fig. 9. These images show plots with potential temperature contours in the x–z plane with (u, w)  vectors from the two-dimensional simulations. The solid black contours
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.7. Periodic fireline cross-stream variations

Fig. 10a–c shows slices in the y–z plane that illustrate the
ross-stream variations in the periodic simulations U01y160m,
06y160m, and U12y160m, respectively. Each of these y–z slices
epict color contours of the u-component of the velocity, super-

mposed with vectors of velocity in the plane, (v, w). From these
mages, it is apparent that there is significant variability between
ifferent y-locations within the fireline, but to a lesser degree for
eak ambient winds (Fig. 10a) than for stronger winds (Fig. 10b

nd c), consistent with the trends discussed previously. It is impor-
ant to recognize that even though there is less dramatic variability
long the fireline in Fig. 10a  than in Fig. 10b  or c, the variability

till exists and allows wind to move through the plume. An exam-
le of the variability in the cross-stream direction in Fig. 10b can
e seen near y = − 40 m;  the windfield shows a strong updraft in
, intense forward streamwise flow in u, and convergence near
 100 s, (b) U06y2D at t = 331 s, and (c) U12y2D at t = 268 s.

the ground in the cross-stream velocity, v. However, 30 m away at
y = − 10 m,  there is a coherent downdraft with weaker streamwise
flow and divergence in v near the ground. Several of these rela-
tively coherent updrafts and downdrafts are visible with length
scales on the order of 20–30 m.  Similar characteristics are also
present in Fig. 10c; however, the variability seen in Fig. 10c  depicts
a wider range of scales with less coherence in structure at the
20–30 m scales than can be seen in Fig. 10b. This is consistent
with the more intermittent patterns apparent in Fig. 8a than are
present in Fig. 7a. Another feature that is visible in Fig. 10 is the
collection of fireline scale vortices whose axes are aligned with
the mean flow. Also in Fig. 10b, to the right of y = 60 m and 40 m
above the ground, a strong jet in u is evident, on either side of

which the contours depict a very weak u component, indicating
the presence of a vortex with a vertical axis. This figure again
illustrates the presence of three-dimensional aspects of the flow
field.
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a)  U01y160m at 173 m from ignition, (b) U06y160m at 229 m from ignition, and (c

.8. Fireline rate of spread

For the purposes of discussing fire spread rates in this paper,
he location of the fire front is defined as the location of
he farthest downwind x-location at which the solid tempera-
ure exceeds 500 K. The movements of the fire fronts for the
wo-dimensional and three-dimensional periodic simulations are
epicted in Fig. 11a–f for ambient winds of 1, 3, 6, 9, 12, and
5 m s−1, respectively. In addition, each of these plots shows the

re front movement in five three-dimensional simulations for each
mbient wind speed that have cyclic lateral boundary conditions
nd domain widths of 10, 20, 40, 80, and 160 m.  Also for comparison
urposes, a finite-length fireline, with 100 m long ignition, for each
epicted. Vectors represent (v, w) velocities at a location downwind of the ignition.
y160m at 199 m from ignition.

ambient wind speed is included in these plots. The rate of spread for
these simulations is estimated by following the movement of the
fire front with time. The rate of spread values given in Table 2 are
taken to be the slope of the least-squares linear fit to the curves in
Fig. 11.  This curve fit was done over the period of time that elapsed
for the fire to propagate from the ignition line to a position 500 m
downwind.

Fig. 11 demonstrates that allowing for the impacts of local
three-dimensionality has a significant impact on the rate of fire

propagation. The nature of this impact is highly dependent on
wind speed, as was true for the plume structures discussed pre-
viously. Fig. 11 illustrates that for low wind speeds (U0 = 1 m s−1)
the absence of local three-dimensionality leads to higher rates
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Fig. 11. Here spread distance is plotted against time for (a) U01y160m, (b

f spread than are observed in the three-dimensional periodic
imulations (Fig. 11a), while at higher wind speeds this absence
eads to slower rates of spread in the two-dimensional cases than
re seen in the three-dimensional periodic simulations (Fig. 11b–f).
ased on the results and discussion presented above, it appears
hat this is related to the wind pushing on the plume at low wind
peeds without being able to finger through the lower portions
f the plume in the two-dimensional case. This effect is similar
o that of pressure on an obstacle in cross-flow, since the winds
re unable to penetrate through the lower region of the plume,
nd the pressure pushes the fire forward at a faster rate than it
ould if it were able to penetrate through the plume (allowed by

ross-flow variations seen in Fig. 10).  At high wind speeds in the
wo-dimensional simulations, the warm bubbles are sheared off
rom the ground level fire and begin to rise. Once these heated
ubbles begin to rise they are not effective at heating the unburned
y160m, (c) U06y160m, (d) U09y160m, (e) U12y160m, and (f) U15y160m.

fuel, while in the three-dimensional calculations with higher wind
speeds, the penetration of the gases through the fireline incites
significant downdrafts and helical transport of fast-moving hot
gas to the ground. Thus the locally three-dimensional fires spread
faster than they do in the corresponding two-dimensional case.

Fig. 11 also illustrates that for domain widths greater than 10 m,
the width of the domain has a diminishing impact on the propa-
gation of the fire front or on the net rate of spread. This result is
also summarized in Table 2 in the form of the rates of spread for
the various widths of the three-dimensional periodic domains. The
first implication of this result is that for the periodic simulations,
the scale of the important local three-dimensional atmosphere–fire

coupling becomes independent of the domain width as the domain
becomes large enough. Conversely, when the domain is too narrow
and the cross-stream scale restrictions limit the nature of the three-
dimensional flow patterns, the spread rates would be affected. With
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 wind speed of 15 m s−1, the 10 m wide simulation spreads ini-
ially as though its three-dimensional flow is constrained, similar
o the corresponding two-dimensional case, while after about 80 s it
egins to spread at a similar rate to the other periodic fires. The sec-
nd implication of this result is that it is not as important to extend
he domain width beyond this critical value in order to estimate
pread rates of an infinitely long fireline. It is important to point
ut that these statements regarding the local three-dimensional
ffects do not reflect on the importance of larger fireline-scale (non
ocal) three-dimensional effects such as line length or curvature.

Although this paper is focused on the influence of local three-
imensionality, the propagation curves for 100 m long firelines are

ncluded for purposes of comparison. These finite-length firelines
re similar in character to those described by Linn and Cunningham
2005), except for the difference between inlet wind profiles and
herefore surface wind speeds. The details of the implications of
he finite-length versus infinite-length firelines will be described
n subsequent papers; however, the important fundamental dif-
erence should be noted. Finite-length firelines allow winds to
ccess the ambient air upstream of the fireline without penetrating
hrough the fire, thus altering aspects of the indraft on both sides
f the fire and the shape of the fire, which in turn affects the con-
ective and radiative heat transfer. The result of these differences
s largely to slow the fire spread. Indeed, in Fig. 11 for each wind
peed, the finite-length fireline is slower than the infinite-length
reline by the end of the simulations.

Fig. 12 shows the spread rates of all of the simulations as a func-
ion of ambient wind speed. Two critical points are highlighted by
his figure. First, it illustrates that the two-dimensional fireline sim-
lations predict higher spread rates than the finite-length firelines
or ambient winds of 1, 3, and 6 m s−1, but significantly lower spread
ates for ambient winds of 9, 12, and 15 m s−1, as mentioned above.
he rate of spread reaches a local maximum in this plot for ambient
ind speeds in the range of 6 m s−1, then the spread rate dips to a

ocal minimum between wind speeds of 9 and 12 m s−1 before it
ncreases again for higher wind speeds. These results mimic  those
btained by Morvan and Dupuy (1997).  Second, it demonstrates
hat although the magnitude of the infinitely long periodic fireline

pread rates are greater than those of the finite-length firelines for
he same ambient winds, both finite-length firelines and periodic
relines show the same increasing trends with wind speed. These

ig. 12. Here is a plot of free-stream (ambient) velocity against spread rate for all
cenarios.
t Meteorology 157 (2012) 60– 76

trends are similar to those illustrated in Linn and Cunningham
(2005) for 16 m and 100 m firelines. End effects include both the
effects on radiation view factors that occur at the ends of the fire-
line and, potentially more importantly, effects of fireline curvature
and the flow of air around the fireline that is then entrained in front
of the fire (i.e., fireline scale vertical vorticity). It is understandable
that the impacts of end effects and curvature would become less
important as the length of the firelines increases.

The magnitude of the variation between the spread rates for
a given ambient wind speed across the various periodic simula-
tions is relatively small for 1 m s−1, suggesting that the scale for the
local three-dimensional flow and plume structures is generally less
than 10 m in the cross-stream direction. For larger wind speeds this
variation increases, suggesting that the scales of the turbulent flow
structures are broader and are affected by the limitations of even
the 80 m wide domain. Variations in rate of spread are similar for
all wind speeds larger than 1 m s−1. If the 10 m periodic case were
omitted, relative variations are smaller at the largest wind speeds
(12 and 15 m s−1) than at 3, 6, and 9 m s−1 wind speeds. In fact, the
largest variations in spread rates occurs in the 6–9 m s−1 window,
suggesting that there is a transition in flow characteristics present
in this range.

4. Summary and conclusions

4.1. Simulations

In this paper, a coupled atmosphere–fire model (HIGRAD/
FIRETEC) was employed to investigate the influence of local
three-dimensionality of the coupled atmosphere–fire dynamics
associated with fire behavior in grasslands. In order to perform
this investigation, a series of three-dimensional simulations were
performed using periodic boundary conditions in the cross-stream
direction (i.e., parallel to the fireline). Fires were ignited over the
entire width of the domain, which was taken to be one of 10, 20, 40,
80, or 160 m.  In addition, two-dimensional and three-dimensional
finite-length (100 m)  fireline simulations were performed for com-
parison. Six different ambient wind speeds were chosen for each
of the two-dimensional, three-dimensional periodic, and three-
dimensional finite-length fireline simulations. The structures of the
velocity and temperature fields were studied in a subset of the sim-
ulations spanning the wind speeds for both the three-dimensional
periodic and two-dimensional cases. Propagation and spread rate
trends were also examined in order to improve understanding of
the impacts of local three-dimensionality and the implications of
two-dimensional assumptions.

The use of cyclic or periodic conditions on the lateral bound-
aries of the simulations serves to remove the effects of global fire
shape or end effects, and allowed this investigation to focus on local
three-dimensionality. This was an effective approach; however, a
comparison with finite-length firelines reminds us of the signifi-
cance of the additional fireline-scale three-dimensional factors that
should be considered when trying to understand spread rates as a
function of environmental conditions.

4.2. Three-dimensional effects

It was  shown that the nature of the atmosphere–fire coupling
changes with wind speed, as does the variability along the length
of the fireline. At ambient wind speeds of 1 m s−1, there is variation
along the length of the fireline, but the fireline is fairly straight

and the spread rate is independent of the width of the domain
(for domains greater than 10 m wide). This result suggests that
the spanwise variations have length scales that are typically less
than 10 m.  At ambient wind speeds above 1 m s−1, the rear of the
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reline is fingered and the front of the fireline exhibits significant
obes, while the velocity field shows strong evidence of stream-

ise vortices that interact with each other and in some cases take
n vertical components near the fire front. The average spread rates
or the different domain widths vary by approximately 20%, indi-
ating that there is some effect of the constraints that the cyclic
oundary conditions impose and that there is a variety of sizes of
tmosphere–fire structures that affect the spread rates. At ambient
ind speeds of 12 m s−1, the structure of the wind and temper-

ture fields also show evidence of streamwise vortices, although
he structures illustrated by vector fields and temperature contours
re more complex and less coherent, and have a wider variation of
heir scales. The variation of the spread rate based on the width of
he domain is also about 20%, again suggesting a wide variety of
nfluential scales.

When the fires were simulated under a two-dimensional
ssumption, thus precluding cross-stream variation, the influence
f the restriction to two dimensions was also dependent on wind
peed. At ambient wind speeds of 1 m s−1, the general structure of
he plume was not qualitatively different from those seen in the
hree-dimensional periodic simulation, but the spread rate was

ore than twice as fast. For higher wind speeds, the effect of
he two-dimensional assumption changes significantly due to the
reclusion of the vorticity structures and the ability of the wind to
ix  through the heated plume and entrain hot gases down into the

uels ahead of the fire. As a result, there is a much slower spread
ate in the two-dimensional simulations compared to the periodic
hree-dimensional simulations for ambient winds of 6 m s−1 and
igher.

.3. Rates of spread

For the three-dimensional simulations, the increase of spread
ate with wind speed is similar to that reported in previous publica-
ions, including Linn and Cunningham (2005),  but the magnitude of
he spread rates for the periodic simulations were in general larger
han seen in the finite-length fireline simulations. This result should
e the basis for subsequent explorations concerning the influence
f end effects and fireline shape, which are additional forms of
hree-dimensionality that were not the focus of this paper.

.4. Concluding remarks

The results of this study indicate that caution should be exer-
ised when attempting to invoke a two-dimensional assumption
or wildland fire spread, especially when attempting to use such an
ssumption in the context of a process-based model such as that
f Linn (1997).  Care should be taken to account for the combined
mpacts of the variations in the flow field and plume structure in
he third dimension. It is possible that this could be incorporated
n a manner similar to how turbulence kinetic energy and effective

ixing are modeled without actually resolving them; however, this
s not a trivial task and has not been attempted to date.
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