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Abstract This study presents new knowledge of the environmental sensitivity of a dynamic mode
of atypical wildland fire spread on steep lee-facing slopes. This is achieved through a series of idealized
numerical simulations performed with the Weather Research and Forecasting (WRF) and WRF-Fire coupled
atmosphere-fire models. The sensitivity of the atypical lateral fire spread across lee slopes is tested for a
varying background wind speed, wind direction relative to the terrain aspect, and lee slope steepness. The
results indicate that the lateral spread characteristics are highly sensitive to each of these environmental
conditions, and there is a broad agreement with the empirical thresholds calculated for lateral spread
events observed in the 2003 Canberra bushfires. A theory to explain these environmental thresholds and
their apparent interdependency is presented. The results are expected to have important implications for
the management of wildland fires in rugged terrain.

1. Introduction

Countryman [1971] noted that the lee side of a ridge is a likely location for fire whirls, which are rotating
columns of heated air above or near a wildland fire [Forthofer and Goodrick, 2011]. Countryman [1971] further
noted that lee fire whirls can occasionally spread the wildland fire laterally across the ridge. A number of
wildland and combustion tunnel fires have been observed to spread laterally across lee slopes, in a direction
approximately transverse to the background wind [Sharples et al., 2012; Raposo et al., 2015; Quill and Sharples,
2015]. This can often be accompanied by a downwind extension of the fire, possibly facilitated by intense
spotting.

These atypical lateral fire spread events can mark the transition from a frontal to an areal burning pattern,
and can be associated with vigorous pyroconvective activity capable of directly affecting the stratosphere
[Fromm et al., 2006; McRae et al., 2015]. Recent numerical modeling studies [Simpson et al. 2013, 2014] suggest
that coupled atmosphere-fire modeling can reproduce qualitatively similar atypical lateral fire spread on lee
slopes, in a process resembling that described by Countryman [1971].

It is typically assumed in operational fire spread models that the rate and direction of spread will remain con-
stant unless there is a change in the local fire environment [Sullivan, 2009], namely, the weather, terrain, and
fuel. However, dynamic interactions between the fire and local environment, including the atypical lateral fire
spread phenomenon, can violate this assumption and are not easily predicted in an operational environment.
Dynamic modes of fire spread, particularly in rugged terrain, therefore represent a serious risk to firefighters
[Rothermel, 1993; Butler et al., 1998; Furnish et al., 2001].

The aim of this study is to investigate the sensitivity of atypical lateral fire spread on lee slopes to the combined
systematic variation of the background wind speed, the wind direction relative to the terrain aspect, and the
lee slope steepness. This is achieved using a two-way coupled atmosphere-fire model and the simulations are
compared briefly with empirical data collected from the 2003 Canberra bushfires [Sharples et al., 2012].

2. Numerical Model Description

The numerical simulations were performed using version 3.5 of the Advanced Research Weather Research
and Forecasting (WRF) model [Skamarock et al., 2008], which is coupled to the WRF-Fire wildland fire
physics module included with it [Coen et al., 2013]. WRF is used in a large eddy simulation (LES) configuration
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[Moeng et al., 2007] and can be used to model turbulent atmospheric flows as it explicitly resolves large-scale
atmospheric eddies and applies a subfilter-scale stress model to subgrid-scale motions. WRF utilizes fully
compressible nonhydrostatic equations and a mass-based terrain-following coordinate system.

WRF-Fire uses a two-dimensional level set method implementation of Rothermel’s semiempirical fire
spread model [Rothermel, 1972]:

R = R0

(
1 + 𝜙W + 𝜙S

)
(1)

where R is the rate of spread and R0 is that without the effects of wind or slope. The slope (𝜙S) and wind
(𝜙W ) correction factors are calculated using the outside normal components, relative to the fire region, of the
local slope and midflame height winds at each point along the fire perimeter. The midflame height winds are
derived by horizontally and vertically interpolating the winds from WRF using a logarithmic wind profile and
a surface roughness of 0.1 m to an estimated midflame height of 1 m above ground level. Rothermel’s model
was designed to incorporate physical processes that facilitate fire spread, including radiative and convective
heating, fuel drying, contact ignition, and short-range spotting.

In this study, the WRF-Fire model grid is defined on an 8:1 refinement of the WRF horizontal model grid. The
WRF model domain extent is approximately 9 × 9 × 5 km, with a horizontal grid spacing of 30 and 3.75 m for
the WRF and WRF-Fire model grids, respectively. There are 167 nonstretched sigma vertical levels extending
from approximately 8 to 5000 m above ground level. The simulations are highly idealized, and no micro-
physics, radiation physics, planetary boundary layer, or cumulus parameterizations are used. Additionally,
the terrain and background wind profile are idealized, and no real weather data are used. Eddy viscosities
are calculated using a prognostic turbulent kinetic energy closure scheme, and diffusion in physical space is
calculated using the velocity stress tensor, as described by Skamarock et al. [2008]. Open radiative lateral and
upper boundary conditions are used. A triangular-shaped ridge located within the model domain has a peak
height of 600 m, and decreases in height along the y axis according to a Gaussian function at its southern and
northern edges.

Each simulation is initialized with a horizontally homogeneous vertical profile of the potential temperature,
water vapor mixing ratio, and horizontal wind velocities. The potential temperature is set to 300 K up to a
height of 4 km and increases linearly to 310 K at the model top. A Rayleigh damping layer is used in the
top 1 km layer. A single fuel type, based on the heavy logging slash Anderson fuel category [Anderson,
1982], is assigned homogeneously across the WRF-Fire model grid. The fire is ignited on the lee slope
following a 20 min initialization period, in a circle of radius 120 m. The initialization period is sufficiently long
given that the lateral boundary conditions do not permit the recycling of atmospheric turbulence throughout
the WRF model domain. The primary model time step is 0.04 s, and the total simulated time in each
simulation is 2 h.

The background horizontal wind speed U (m s−1) varies with height z (m) according to:

U (z) = PZ

(
u0 x̂ + v0 ŷ

)
(2)

PZ =
⎧⎪⎨⎪⎩
(

z
200

) 1
7
, z ≤ 200

1 , z > 200
(3)

where u0 and v0 (m s−1) are the horizontal wind components along the x (west to east) and y (south to north)
axis, respectively. The horizontal wind components are related to the reference horizontal wind speed U0

(m s−1) and the wind direction relative to the terrain aspect 𝛿 (∘) by

U0 =
√

u0
2 + v0

2 (4)

𝛿 = tan−1

(
v0

u0

)
(5)

such that 𝛿 = 0∘ denotes a background wind direction perpendicular to the ridge.
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A total of 40 numerical simulations are presented in this study and are divided into two groups. In the first
group of 20 simulations, the sensitivity of the atypical lateral fire spread to the background wind speed and
direction is tested for a fixed lee slope 𝜃 = 35∘. U0 is varied between 2.5, 5, 7.5, 10, and 15 m s−1, and 𝛿 is
varied between 0, 10, 20, and 30∘. In the second group of 20 simulations, the sensitivity to the background
wind speed and lee slope steepness is tested for a fixed 𝛿 = 0∘. 𝜃 is varied between 10, 20, 30, and 40∘, and
U0 is varied between 5, 7.5, 10, 15, and 20 m s−1. Aside from varying U0, 𝛿, and 𝜃, the model configuration is
identical for each simulation.

The fire to atmosphere coupling is modeled through the injection of latent and sensible heat, produced via a
parameterized combustion process in WRF-Fire, into WRF at each model time step. For each kilogram of fuel
combusted, 17.43 MJ of sensible heat and a smaller quantity of latent heat is produced. Once a model grid cell
is ignited, the fuel mass within that cell decreases exponentially with time according to a weighting factor. The
sensible and latent heat flux is aggregated across each WRF model grid column, and an exponential decay
function is used to determine the sensible and latent heat flux at each vertical level. The sensible and latent
heat flux can affect the potential temperature and water vapor mixing ratio, respectively, allowing the fire to
modify the local atmospheric dynamics. The fire-modified, or pyrogenic, winds can subsequently affect the fire
spread, allowing for direct modeling of the two-way coupled atmosphere-fire interactions [Coen et al., 2013].

Fire whirls resulting from the fire to atmosphere coupling can be identified in the model output through
conditional testing for a low local atmospheric pressure, a local source of heat flux associated with the fire, a
large vertical component of the vorticity vector, and rotation of the near-surface winds around the point of
maximum vertical vorticity. In this study, a vertical vorticity threshold of 0.1 s−1 is used to identify pyrogenic
vortices.

3. Results
3.1. Sensitivity to Wind Speed and Direction
The modeled fire spread and identifiable fire whirls for the numerical simulations with jointly varying U0 and
𝛿 are shown in Figure 1. For U0=2.5 m s−1 and independent of 𝛿, there is no lateral fire spread beyond that
expected from only the background wind and slope effects. The fire spread is very similar for 𝛿=0∘ and U0 =5
and 7.5 m s−1, indicating no apparent effect of the atmosphere-fire coupling. In contrast, the coupling leads
to dynamically driven lateral fire spread in the other simulations. However, the characteristics of the leeward
pyrogenic vorticity vary markedly with U0 and 𝛿, as evident in Figure 2. Two different processes are found to
drive the lateral spread and are discussed in more detail below.

For U0 =5 m s−1, the lateral fire spread varies markedly with 𝛿. In contrast to 𝛿=0∘, there is extensive and pre-
dominantly southerly lateral spread, by up to 3630 and 3710 m from the ignition region, for 𝛿 = 10 and 20∘,
respectively. The southerly lateral spread direction seems counter intuitive given the slightly southerly back-
ground wind direction, which could be expected to discourage the formation of counter-clockwise rotating
fire whirls. However, in those two simulations the fire advances upslope in a narrow front, with a higher rate
of spread on the northern edge (see Figure S1 in the supporting information). This asymmetric upslope fire
spread results in the development of an inflow toward the furthest upslope region of the fire, which initiates
counter-clockwise rotation and the development of a fire whirl. Once formed, the fairly large-scale fire whirl
dominates the weak background winds and drives much of the southerly lateral spread.

Countryman [1971] stated that fire whirls formed immediately in the lee of a ridge line are more likely to move
either laterally across the leeward slope or diagonally downslope when the background wind approaches the
ridge at an angle rather than straight on. In our simulations, the minimum U0 required for intense pyrogenic
vorticity and lateral spread is at its highest, between 7.5 and 10 m s−1, when 𝛿 = 0∘. For 𝛿 = 0∘, a pyrogenic
updraft develops at the top of the leeward slope as the fire advances upslope from the ignition region. This
intense updraft partly blocks the background wind and, for 𝛿=0∘, forces the background winds to flow around
the pyrogenic updraft. This blocking effect can, for a sufficiently strong background wind, initiate rotation and
result in the development of pyrogenic vorticity and fire whirls immediately in the lee of the ridge line. For
𝛿 = 10∘, fire whirls and pyrogenic vorticity can develop more readily due to the angling of the ambient inflow
toward the base of the updraft (see Figure 2), so the minimum U0 required for lateral spread is lower, between
2.5 and 5 m s−1. These results therefore support the original statement made by Countryman [1971].

Sharples et al. [2012] developed an empirical terrain filter model for the atypical lateral fire spread events that
occurred during the 2003 Canberra bushfires. The terrain model suggested an upper threshold of around 40∘
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Figure 1. Ignition time (min, as shown in scale) of WRF-Fire model grid cells and terrain height (line contour interval of 100 m) for the simulations with varying
U0 and 𝛿, and a fixed 𝜃=35∘. The thick black line shows the position of the ridge line, and the dash filled region shows the ignition region. The arrow in the top
right of each plot indicates the background wind. The colored dots show the time and location of fire whirls identified in each simulation, and their size scales
with the magnitude of vertical vorticity.

for 𝛿. In our simulations, there is lateral spread for all values of 𝛿 tested, up to and including 30∘. However, the
lateral spread becomes increasingly likely to be predominantly or exclusively one-directional as 𝛿 increases.
For U0≥7.5 m s−1 and 𝛿 ≥20∘, a second and distinct process is responsible for driving the northerly lateral
spread. In those simulations, the fire initially spreads both directly upslope, and in a northerly direction at a
slower rate due to the background wind direction across the leeward slope. The fire perimeter is therefore
angled across the leeward slope, with the leading edge located directly upslope from the ignition region, and
the trailing edge located further north and downslope. The pyrogenic updraft develops over the trailing edge
of the fire perimeter, effectively blocking the southwesterly background wind. This discourages the formation
of counter-clockwise rotating fire whirls and results in the development of a southeasterly upslope wind that
continues to drive the northerly upslope spread (see Figure S2 in additional material). Once the trailing edge
of the fire front reaches the ridge line, the opposing background and pyrogenic upslope winds converge.
The resulting southerly wind in the lee of the ridge line continues to drive the northerly lateral spread, and
becomes increasingly strong if either U0 or 𝛿 increase. Fire whirls and pyrogenic vorticity can still develop near
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Figure 2. Variation in time of the number of WRF model grid cells over the leeward slope for which the magnitude of the vertical component of the midflame
height vorticity exceeds 0.1 s−1. Each line represents a 5 min running average of the grid cell count for each U0.

the laterally advancing fire front during this process (see Figures 1 and 2) but do not contribute greatly toward
the lateral rate of spread.

3.2. Sensitivity to Leeward Slope Steepness
The modeled fire spread and identifiable fire whirls for the numerical simulations with jointly varying U0 and
𝜃 are shown in Figure 3. It is worth noting that the distance between the ignition region and ridge line does
not vary with 𝜃. For the fuel type used in this study, which is based on the heavy logging slash Anderson fuel
category [Anderson, 1982], R0 increases nonlinearly from around 0.06 to 0.47 m s−1 as 𝜃 increases from 10 to
40∘. There is no sustained lateral fire spread for 𝜃 =10∘ for the range of U0 values tested. In contrast, there is
a minimum U0 required for lateral spread that varies with 𝜃 when 𝜃 ≥ 20∘. This minimum of 𝜃 = 20∘ required
for lateral spread compares with an empirical threshold of 26 to 30∘ estimated by Sharples et al. [2012].

There is a complicated relationship between the lower and upper thresholds in U0 and 𝜃 for lateral fire spread
when 𝜃≥ 20∘. The lower threshold in U0 is between 5 and 7.5 m s−1 for 𝜃= 20∘, compared with between 7.5
and 10 m s−1 for 𝜃 = 30∘ and around 7.5 m s−1 for 𝜃 = 40∘. There is only one upper threshold in U0, between
10 and 15 m s−1 for 𝜃=20∘. We postulate that this complexity in the threshold behavior arises due to two
effects. First, both background atmospheric vorticity and sufficiently intense pyroconvection are required for
sufficient pyrogenic vorticity to develop and drive the lateral spread. Second, fire whirls are more likely to
develop and move across the fire line when there is an approximate balance between the near-fire pyrogenic
and background winds.

For 𝜃=10∘, there is insufficient background vorticity immediately in the lee of the ridge line for fire whirls
to develop. The upslope rate of spread is low for 𝜃=10∘, and as a result there is little heat released over the
leeward slope. This allows the downslope background wind to dominate the weak pyrogenic upslope wind
over the fire region when U0 ≥15 m s−1, resulting in predominantly downslope fire spread from the ignition
region and limited occurrence of pyrogenic vorticity (see Figure 2). The point at which the background wind
begins to dominate the pyrogenic wind therefore appears to represent an upper threshold in U0. Although
there is no upper threshold evident for 𝜃≥30∘, there may exist an upper threshold for higher values of U0

than those tested.

The variation of the lower threshold in U0, required for the lateral spread, with 𝜃 can also be explained in
terms of the balance between the pyrogenic and background winds. For 𝜃 = 20∘, the uplsope rate of spread
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Figure 3. As in Figure 1, but for the simulations with varying U0 and 𝜃, and a fixed 𝛿=0∘.

is still fairly low, and the pyrogenic updraft is therefore fairly weak. The balance between the background and
pyrogenic winds can therefore be achieved for a correspondingly low U0. As 𝜃 increases to 30∘, both R0 and the
pyrogenic updraft strength increase, so a higher U0 is required to achieve a balance between the pyrogenic
and ambient winds. As 𝜃 increases to 40∘, the adverse pressure gradient encountered by the background
wind immediately in the lee of the ridge line increases, providing a greater source of background vorticity
that is favorable for the development of pyrogenic vorticity (see Figure 2, and Figure S3 in the supporting
information), even for a low U0.

3.3. Fire Whirl Structure
It is fairly common for a pair of counter-rotating fire whirls to develop in close proximity to the fire, as shown by
Figure 4, once it has advanced up the leeward slope to the ridge line. As noted by Countryman [1971], lee fire
whirls can either stay approximately stationary, in which case they contribute little to the lateral fire spread,
or move laterally across the leeward slope or diagonally downslope. It is evident from the identification of
fire whirls, as shown by Figures 1 and 3, that all types of fire whirl movement are modeled and can result in
distinctive fire spread patterns. Fire whirls can sometimes form and stay within the fire perimeter and therefore
do not contribute to the lateral spread. Diagonal downslope fire whirl movement seems to be more likely
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Figure 4. Three-dimensional wind streamlines (m s−1, as shown in scale) over the leeward slope at a time of 40 min for
U0 =15 m s−1, 𝛿=0∘ and 𝜃=35∘. The solid red filled area shows the extent of the fire area.

when 𝜃 is low, with lateral movement more likely as 𝜃 increases. Additionally, variations in the northerly and
southerly lateral rate of spread within each simulation are suggestive of a partly stochastic model process.

During the initial period of lateral fire spread, when the fire size is fairly small, the fire whirls that form are
typically large features that dominate the near-fire wind field. However, as the fire grows in size and emits more
heat, the atmospheric flow above and immediately upwind of the fire becomes more turbulent and complex.
As a result of the increased heat and atmospheric turbulence, the fire whirls modeled later in the simulations
typically become more numerous and are smaller in size. In many of the simulations presented here, this
results in an increase over time of the number of model grid cells with high values of vertical vorticity, as seen
in Figure 2. It is also worth noting that the fire whirl identification algorithm does not always find evidence of
fire whirls in close proximity to occurrences of rapid lateral spread. Instead, pyrogenic winds not associated
with rotation around a single point at the midflame height can align across the fire line with a considerable
lateral component, driving the lateral spread.

Although outwith the scope of this study, our initial testing with the inclusion of a more realistic background
atmospheric turbulence suggests that although the lateral spread still occurs for similar environmental con-
ditions, the fire whirl and lateral spread characteristics can vary. In particular, the fire whirls tend to be smaller
in size and more numerous, as there is greater mixing between the pyrogenic and background winds near
the fire. As most atypical lateral fire spread events occur in a turbulent daytime atmospheric boundary layer,
though not always, this issue is currently being investigated.

4. Conclusions

The results of the coupled atmosphere-fire simulations presented here suggest that the modeled atypical
lateral fire spread qualitatively matches the description given by Countryman [1971]. This dynamic mode of
fire spread provides a possible explanation for the lateral fire spread observed in the 2003 Canberra and other
bushfires [Sharples et al., 2012; McRae et al., 2015; Raposo et al., 2015; Quill and Sharples, 2015]. Additionally, the
results suggest that the lateral spread occurrence and characteristics are very sensitive to both the individual
and combined effects of the background wind speed, the wind direction relative to the terrain aspect, and
the lee slope steepness. Thresholds for the occurrence of lateral spread were found in our simulations and are
broadly similar to those presented by Sharples et al. [2012].

An apparent interdependency between the thresholds in the leeward slope steepness and background wind
speed allows us to hypothesize that there are two requirements for the lateral spread. First, there must be
an ambient source of vorticity immediately in the lee of the ridge line. Second, there must be some balance
between the pyrogenic and background winds near the fire. If either the pyrogenic or background winds
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dominate, then the pyrogenic vorticity and fire whirls either do not develop or do not contribute to the lateral
fire spread. Finally, a second mechanism that can result in one-directional lateral fire spread was noted, which
is driven predominantly by pyrogenic winds when the background wind is angled between 20 and 30∘ relative
to the terrain aspect.

It may be possible to predict the occurrence of atypical lateral spread in landscape-scale wildland fires based
on knowledge of the fuel properties, the background wind conditions, and the terrain. However, the inter-
dependence of the fire environment thresholds and the high degree of sensitivity of the lateral fire spread
characteristics to the fire environment conditions found in these simulations suggest that accurate opera-
tional prediction will be challenging. Further research is needed in order to better understand and constrain
these fire environment thresholds, which can be used to inform fire agency procedures for managing wildland
fires in rugged terrain. Given the limitations of numerical modeling, this must be supplemented by obser-
vational data to advance our understanding of dynamic fire spread. For example, WRF-Fire currently does
not model middle- to long-range spottings, which is believed to have played a critical role in the lateral and
downwind fire spread during the 2003 Canberra events [Sharples et al., 2012]. Additionally, the numerical
simulations presented here largely neglected the effects of background atmospheric turbulence, such as that
typically found in the atmospheric boundary layer, which will be addressed directly in future work. Our opinion
is that this process represents a serious risk in wildland fire management.
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