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The Layman fire commenced as a routine fuel reduction burn in southwestWestern
Australia in October 2010. Late morning on the day following ignition, the fire
was more active than fire management officers had expected under the prevailing
conditions of wind, temperature and relative humidity in the local eucalypt forest
fuels. A convective smoke plume developed over the fire, extending to a height
of approximately 4000 m. Traditional measures for assessing fire behaviour gave
no indication of the extent of the crown fire that occurred.

This paper describes simulations of the fire using the coupled fire-atmosphere
modelWRF and SFIRE. The simulations show that fire-atmosphere feedback pro-
duces a northeast to northwest wind shift and surface convergence occur over the
fire just after the fire’s buoyant plume grows through the overnight nocturnal layer
into the residual mixed layer of the planetary boundary layer (PBL) from the previ-
ous day. The simulation results show that the timing of the wind shift and vertical
growth of the fire plume closely matched the observed development of the con-
vective smoke plume above the fire.

Introduction

The Layman fuel reduction burn took place in southwest Western Australia. The fire was ignited during the afternoon of 16
October 2010, along the eastern side of a 10 km stretch of north-south road. Late morning on the day following ignition,
fire activity increased; the fire transitioned to a crown fire and an extensive convection column developed. This fire activity
was far greater than the fire management crews expected in the local eucalypt forest fuels under the prevailing conditions of
temperature, wind and relative humidity. Extensive (80%) crown scorch occurred, when only 20-30% was expected.

Figures 2(a) and 2(b) show MODIS images at 10:00am and 2:20pm local time (unless otherwise stated, times are in Western
Standard Time (WST) which is 8 hours ahead of UTC) on the day of the unanticipated fire activity. The area of smoke from
the Layman fire (the western fire) increased dramatically over this four hour period, while that from two smaller fires to the
east of the Layman fire did not show a similar increase in smoke production during the same period. Thus, conditions appear
conducive to a greater rate of fuel consumption at the Layman fire compared to the fires further east, even though the eucalypt
fuels were similar.

While not a quantitative measure, fire managers at the fire reported “an order of magnitude increase in fire activity” during
the late morning period.

There was another change in fire activity later in the day, when a southerly sea-breeze wind change moved across the fire
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Figure 1 NOAA MODIS satellite images Sunday 17 October 2010. Red pixels identify the fire as a heat source.

(a) Terra satellite 0200 UTC (10.00am local time) (b) Aqua satellite 0620 UTC (2.20pm local time)

ground. Such wind changes are a regular feature in weather patterns over southern Australia and typically, when such changes
move across a fire ground, they produce a change in spread direction of the head fire and an abrupt increase in intensity and/or
rate of spread. In the case of the Layman fire this did not occur - instead, the fire ceased to crown and the smoke column
became far less deep and active.

The Layman fire was not an experimental fire with well documented quantitative observations of fire activity, rather, it was an
operational fuel reduction burn. Accordingly, descriptions of changes in “fire activity” are qualitative, but are of a sufficient
magnitude that they can be accepted as reflecting genuine significant changes.

In local media reports the fire was described as “getting out of control at about noon”. Discussions with local fire mangers
from the land management agency Department of Parks and Wildlife, Western Australia (DPaW) indicate that the increase
in fire activity occurred late morning, between 10:00-11:30am.

In the remainder of this paper, when we refer to changes in fire activity, we are referring to either the mid-morning change
to extensive crowning fire behaviour with the development of the deep convection column or to the afternoon transition to
more benign fire behaviour following the passage of the sea-breeze front.

Figure 2 shows the smoke column above the fire in the early afternoon, with convergence in the near-surface flow clearly
evident. Themeteorology of the fire environment is described in detail in the case study by Peace et al. (2012), which explores
three-dimensional meteorological processes that could explain the observed fire behaviour. Analysis of the meteorological
observations (Peace et al., 2012) indicate the convective smoke column in Figure 2 extended to a height of approximately
4000m.

From ameteorological perspective, the event was noteworthy because the fire activity cannot be reconciled with conventional
inputs to a fire-weather forecast. Late morning temperatures were 15-20oC, relative humidity 35-45% and wind speed 3-5
ms−1, resulting in conditions generally favourable for prescribed burning. In the meteorological case study, the structure of
the planetary boundary layer (PBL) was identified as a potential contributor towards the observed fire activity.

Fire weather forecasts in Australia are underpinned by the metrics developed by McArthur in the 1960’s. However, his
Forestry and Timber Bureau Leaflets, particularly ‘Fire Behaviour in Eucalypt Forests’ (McArthur, 1968), contain a great deal
of information that is not included in the Australian fire rating system, detail that is similarly not incorporated explicitly into
operational weather forecasts. McArthur states …‘ Atmospheric instability must also play an important part in determining
flame height and crown fire formation’. …‘(it) also plays a significant part in the spotting process … depth of unstable
airmass and wind strength aloft play a vital part.’ He explicitly makes the point that atmospheric stability is not incorporated
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Figure 2 Aerial photograph of the convection column above the Layman fire, looking towards the south, between
1.20pm and 1.30pm. Photograph from Department of Parks and Wildlife, Western Australia.

in the metric, and the exclusion is due to simplification for ease of use. At a similar time in the USA, the influence of vertical
atmospheric structure on fire activity was described by Byram (1954), however, his findings are likewise not embedded in
operational practice.

It is worth considering why McArthur did not include atmospheric stability information in the metric, despite his obvious
appreciation of its important influence on fire behaviour. In the 1960s, weather information (especially predictive data) was
less detailed, less accessible, and spatially widely spread compared to today. Observation sites were sparsely located and
weather parameters were typically measured and recorded twice a day at 9am and 3pm. The network of automatic weather
stations in place today across Australia was installed from the early 1990s. Weather balloons (providing information on the
vertical structure of the atmosphere), were first launched in the early 1900s, but only at a handful of sites.

In the early 1960s Numerical Weather Prediction (NWP) was non-existent, the first real-time NWP simulations for portions
of the southern hemisphere were made by the Australian Bureau of Meteorology in 1969. Available predictions had very
limited accuracy by today’s standards and information on vertical structure of the atmosphere in the field was sparse. Since
the 1960s, there have been vast improvements in the temporal and spatial detail provided by NWP, and predictive accuracy
has benefitted tremendously from advances in computational capacity. However, these improvements have had very limited
integration into fire weather forecasting. The focus on surface conditions of temperature, relative humidity and wind speed
is institutionally ingrained and insufficiently questioned.

Current understanding of exactly how three dimensional structure of the atmosphere influences fire behaviour, and of the
interactions that occur between the atmosphere and a fire in three dimensions is limited. In a large part, this is due to the
difficulty of obtaining detailed observations from a fire burning in the landscape. The Haines Index (Haines, 1988) and C-
Haines Index (Mills and McCaw, 2010) presents one approach, but the Haines model is not process based and it is limited to
specific atmospheric levels.

Numerical simulation models provide a path forwards. First, by using research models that resolve fire-atmosphere interac-
tions, we can develop improved conceptual models of time-evolving fire-atmosphere interactions in three dimensions. This
method provides a way of supplementing the limited observations available from fire sites. Then, the knowledge gained from
these fire-atmosphere simulations can be used to define what information should be extracted from non-coupled operational
NWP models in order to best convey the required detail in operational fire weather forecasts.

This study follows the first path described above. It uses the coupled fire-atmosphere model WRF and SFIRE to further
explore some of the four-dimensional interactions between the fire and atmosphere that occurred at the Layman event. In the
discussion we also make suggestions on approaches for operational implementation.
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Simulations and observations of the Layman fire highlight two periods when the meteorology and fire behaviour are of
particular interest. The first period (and the main feature) is when the fire plume and fire activity developed rapidly in the late
morning. The second period matches the passage of a southwest sea breeze frontal change over the fire during the afternoon
(2pm to 4pm). After the southwest change, the observed fire activity decreased, despite an increase in wind speed during
what is usually the hottest period of the day. Thus, there were two periods when fire activity changed, an increase in activity
in the late morning and decrease in activity in the mid-afternoon.

This paper proceeds by describing details of the WRF and SFIRE configuration, then the results of the simulations. Simula-
tions were run twice, with feedback from the fire to the atmosphere ‘on’ and ‘off’, in order to examine how the energy fluxes
from the fire modified the surrounding atmosphere. The aim of this study was not to reproduce the observed fire perimeter,
but to better understand the processes that led to the vertical growth of the fire plume. In the discussion we present some
ideas on information that can be included in fire weather forecasts in order to better anticipate fire activity in the future. This
study is the third in a series of three using WRF and SFIRE to examine Australian case studies of events where unusual fire
activity occurred. The first two studies are detailed in Peace (2014) and Peace et al. (2015).

WRF and SFIRE

The model used in this study is WRF and SFIRE, sourced in mid-2012 from https://github.com/jbeezley/wrf-fire/. WRF is
described by Skamarock et al. (2008) and the fire component is described in detail by Mandel et al. (2011). The motivation
behind the use of WRF and SFIRE as well as the configuration for the simulations shown here is described in more detail
in Peace (2014), which also contains a description of other studies using the coupled model.

The simulations were run using computing infrastructure at E-research South Australia and initialised with European Centre
for Medium-Range Weather Forecasts Re-analysis (ERA-Interim) data (Dee et al., 2011). Simulations were run in both
feedback ‘on’ and feedback ‘off’ mode, with the difference being inclusion of energy fluxes from the fire to the atmosphere.
With feedback ‘on’, at each time step, heat and moisture fluxes are calculated from the amount of fuel consumed on the fire
grids and the fluxes are inserted into the atmospheric grids. When feedback is ‘off’ no fluxes are inserted, so the atmosphere
is unaware of the fire and no coupling occurs.

The model configuration is described in Peace (2014) and Peace et al. (2015). A brief summary is included here for com-
pleteness. The numerical integration ran for 24 hours from 1200 UTC 16 October 2010 to 1200 UTC 17 October 2010. The
simulation ran with four nested domains, Figure 3 shows nests 2, 3 and 4. The outer domain (nest 1) covered a 600 km x
600 km area with a grid spacing of 6km. The inner domain covered a 22 km x 22 km area with a grid spacing of 222 m. The
ratio of grid spacing on the four nests was 1:3:9:27. The fire grid was refined on the inner atmospheric grid at a ratio of 1:10,
resulting in a surface fire grid of 22 m. Each of the four nests had 100 grid points in the north-south and east-west directions.
Fifty-one sigma levels were included in the vertical, with higher resolution near the surface. The outer nest time step was 36
seconds, with a 1:3:9:18 ratio giving time step of two seconds on the inner nest, which was sufficient to maintain numerical
stability and be computationally efficient. Following Hu et al. (2010) the Yonsei University boundary layer scheme was
used, in combination with the Monin Obukhov surface physics scheme and Dudhia short wave radiation. Vertical velocity
damping was not used and the third order turbulence and mixing option was used. No cumulus physics were included and
the Noah Land Surface Model was used.

Initial runs produced output at ten minute intervals and the simulation was re-run from a restart file at 1800 UTC with output
at one-minute intervals to give higher temporal resolution output through the period of rapid increase in fire activity

Fire ignition was 355 minutes after model start, just prior to 8:00am local time (restarts were run from 8am). The fire ignition
was along a north-south line 10 km long at 115.41oE, approximating the actual fire line at that time (the actual fire ignition
was along a north-south road on the previous afternoon). As with our previous simulations (Peace, 2014), a wind scaling
factor of 0.2 was used in order to achieve rates of spread which reasonably matched the observed fire spread. Baughman and
Albini (1980) describes the wind scaling parameter in detail and although the value of 0.2 is lower than those used in the 13
fuel models included in the standard USA fuels implemented in WRF and SFIRE through the Rothermel equations, it does
fit within the tabulated ranges in Baughman and Albini (1980).

The Rothermel fuel model implemented in WRF and SFIRE requires specific fuel input information. The values used for
the eucalypt forest fuels at the fire are as follows: ground fuel moisture 0.07 kg kg−1, initial mass loading of surface fuel 1.8

https://github.com/jbeezley/wrf-fire/
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Figure 3 Map of southwest Western Australia showing the location of the Layman simulation nests. The outer box is
nest 2 of the WRF grids, nests 3 and 4 are annotated. The fire is near the centre of nest 4. Labelled towns
show the locations of Automatic Weather Stations in Figure 5. Coloured contours show elevation (in metres)
above mean sea level.
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kg m−2 (18 t ha−1), fuel depth 0.2 m, surface-area-to-volume-ratio 5000 m−1, fuel moisture content of extinction 0.21 kg
kg−1, weighting parameter 180. These fuel values were either established at the fire site or are standard for eucalypt fuels.
The largest uncertainty is in the fuel depth of 0.2 m. This uncertainty is compounded by the surface-to-crown fire transition
that was observed, but not able to be simulated by the version of WRF and SFIRE used in these simulations. An assessment
of the impact of uncertainty in fuel parameters on model results was not within the scope of this project. Coen et al. (2013)
presents a series of simulations testing the sensitivity of simulated fire characteristics to certain model inputs.

Results

Figure 4 compares the WRF simulations with the available meteorological observations from the AWS stations shown in
Figure 3. The simulations reproduced temperature and dewpoint temperatures well, also trends in wind direction. Differences
in wind speed between the simulation and observations are likely to be due to local effects in the light winds. The simulations
and observations at Busselton, Manjimup and Bridgetown all show a gradual shift in wind direction from the northeast to
northwest in the late morning.

Figure 5 shows the surface weather parameters at 115.42oE 34.06oS, near the centre of the fire area (similar to Figure 4) for
nest 4 for the feedback ‘on’ (blue) and feedback ‘off’ (black) runs. Figure 5 shows that there was no significant change to
the near-surface conditions of dewpoint temperature between 10am and midday, but there was an increase of a few degrees
in temperature. However, in the late morning, the wind speed was faster (close to double) for the feedback ‘on’ simulation.
Wind direction was distinctly different for the two simulations, with a gradual change from northeasterly to northwesterly
seen in the feedback ‘off’ simulation, but a distinct change in direction from northeast to northwest occurred with the feedback
‘on’ simulation. The stronger wind speed and distinct direction shift arising from the fire-modified winds in the feedback
‘on’ simulation resulted in a marked convergence zone over the fire area, whereas no convergence was present with feedback
‘off’.

Prior to the wind shift, fire progression to the west was restricted by the north-south road along which the fire was ignited on
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Figure 4 Automatic Weather Station (AWS) observations and WRF output from nest 2 for the sites labelled in Figure
3. Time period is 17 October 2010, midnight to midnight.
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(d) Busselton

the previous day. This road was implemented into the simulations as an area of no-fuel. The northeast to northwest wind shift
is likely to have been a significant factor in the increase in fire activity that was observed, because the road was no longer
downwind of the fire. The simulated wind shift matches the observed timing of an increase in fire activity, which occurred
around 10:30-11:00am (DPaW staff pers. comm., December 2011). Figure 44 shows that there was no significant change
to the near-surface conditions of air temperature, dewpoint temperature or wind speed at the four AWS sites during the late
morning.

Figure 6 shows hourly isochrones of fire-spread. Based on available information, the simulated fire evolution is a reasonable
reproduction of the known fire area (Figure 4 in Peace et al. (2012) shows a map of the fire perimeter at 1:30pm). The
close and regular isochrone spacing reflects the light wind speeds and the implementation of a backing fire in the model
(simulations from case studies under the influence of stronger winds (e.g. Peace (2014)) show fire perimeters that are more
irregular in shape). Simulated fire spread in the overnight and early to mid-morning was mostly a backing fire under northeast
winds, with simulated westward spread prevented by the ‘No Fuel’ area (see Fig 6) in the fuel grids, which represented the
north-south road along which ignition occurred and which acted as a fire break during the event. The simulated wind shift
in the late morning from northeast to northwest caused fire spread to turn to the southeast. In the late afternoon, when winds
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Figure 5 WRF output at the fire site for the feedback on (Fire) and feedback off (No Fire) simulations at (115.42oE
34.06oS).
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turned southwesterly behind a frontal change, fire spread turned to the northeast.

The simulated fire rate of spread was relatively slow, around 0.02 to 0.2 m s−1. Near-surface winds were mostly below 3 m
s−1 ahead of the southwest wind shift, however the fire-modified winds were faster, up to 6 m s−1. Therefore, the observed
extreme fire activity cannot be attributed to strong winds. The length of the fire line would have influenced the fire behaviour
and plume strength, as the wind shift to the northwest resulted in a head fire around 10 km long. However, the long fire front
does not fully explain the observed deep convection column, the extreme fire activity and the extensive crown fire.

The following figures show results from the coupled simulations and the accompanying narrative presents an interpretation
of how the fire behaviour may have been influenced by the mesoscale meteorology and fire-atmosphere feedback processes.

Figure 7 shows vertical motion along the cross section line shown in Fig 6, and shows development of the fire plume through
the PBL between 0200 UTC and 0300 UTC. Prior to 0200 UTC (10am) no plume was present in the simulations. The plume
development in the coupled simulation matches the observed increase in fire activity and convection column development,
which occurred in the same hour (10:00am to 11:00am). It is less clear how well the simulation reproduced plume height,
since available observations are limited. In the case study (Peace et al., 2012) plume height was estimated to be approximately
4 km. Figure 7 shows the initial plume extending to a height of 2 km, and animations of the cross-section showed pulses
from the fire plume extending to a maximum height of 4-5 km.

Figure 8 shows 10 m winds at the same time steps as the cross-sections in Figure 7. The two features on which we will focus
the discussion are the development of a northwesterly wind shift which moves from the west to lie over the fire ground during
the hour shown, and the presence of a zone of near-surface confluence/convergence between these northwesterly winds and
the pre-existing northeasterly winds. The two features are dynamically linked and arise from the combination of the pre-
existing environmental northeast to northwest wind shift seen in Fig 4.4 and the local fire-modified winds over the fire site
seen in Figure 5.

The convergence in the fire-modified 10 m winds is focussed at the centre of the fire area at 0220 UTC. At the same time,
the speed of the fire-modified wind along the fire line reaches 4-5 m s−1. This peak in wind speed matches the timing
of development of the ascent updraft in Figure 7. The development of the plume updraft would act to enhance surface
convergence and, consequently the shift to northwesterly winds. This in turn, would move the fire into unburnt fuels, resulting
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Figure 6 Comparison of hourly fire perimeter isochrones in red for the feedback on (left) and off (right). Time period
is 1800 UTC 16 October to 1200 UTC 17 October. Rectangle to the west of the fire is the ‘No Fuel’ area.
Pink line shows the cross section shown in later plots. Coloured contours every two metres show elevation
(m) above mean sea level.
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in an increase in fire intensity and by this process, create a positive feedback loop.

The hypothesis above is supported by examination of the no-feedback run (not shown) through the same time series as Fig 8,
which showed that the northwest wind shift and convergence was strengthened by fire modification of the environmental
winds. Without feedback, the 10 m winds between 0200 UTC and 0300 UTC were less than 2 m s−1 and tended north to
northeast at 0200 UTC and 0220 UTC, then became variable in direction over the fire at 0240 UTC and 0300 UTC. They did
not turn distinctly northwesterly over the fire as seen in Figure 8 (this is also seen in Figure 5) . Through comparison with the
no-feedback environmental winds, the surface convergence can be attributed to fire-atmosphere interactions. The direction
shift was important, because the fire-modified northwesterly wind change opened up a 10 km long fire line to the east.

Figure 9 shows fire-line intensity (note the selected times vary from previous figures). Fire intensity increased on the eastern
flank of the fire by a factor of two to three after the wind shift, with an uneven distribution of heat flux over the 10 km
line. The increase in fire intensity on the eastern flank of the fire occurred after 0300 UTC, by which time the fire plume was
already well developed (see Figure 7). So, from the pattern of plume development, wind evolution and fire intensity increase,
it is apparent that the plume developed from 0220 UTC, preceding the shift in wind direction to the northwest, which created
enhanced convergence due to the fire-modified winds, which was followed by an increase in fire intensity.

Figures 10 and 11 show the evolution of the boundary layer inWRF at the time the simulated fire plume developed. Figure 10
(upper plot) shows a weak inversion (circled) near 900hPa at 0200 UTC. By 0300 UTC (lower plot) the inversion has mixed
to a dry adiabatic layer due to diurnal heating. Figure 11 (top left) shows that at 0200 UTC (and earlier) the inversion confined
vertical motion in the fire plume to the overnight shallow, stable, nocturnal layer. By 0300 UTC (Figure 11 bottom right) the
PBL is well mixed to a height of 2 km and the fire plume is has developed through this layer, with pulses of energy extending
higher. Thus, between 0200 UTC and 0300 UTC, diurnal heating increased the depth of the mixed layer and the fire plume
deepened into the residual layer from the previous day.

Figure 11 shows another feature of interest, an internal gravity wave (bottom right, annotated with an ellipse). The presence
of a gravity wave is consistent with observations from other fires. Wave formations consistent with the presence of a gravity
wave can often be seen in the cloud structure in high resolution satellite imagery. Gravity waves developing above a fire may
have implications for fire behaviour, because they are a favourable region formomentum transfer and provide amechanism for
entrainment due to turbulence. Mills (2007) showed similar modelled gravity waves over the nose of advancing cool changes
and hypothesised that mixing associated with these circulations contributed to decreases in humidity observed immediately
before the change passage. High resolution coupledmodelling presents an opportunity for further understanding the dynamics
of gravity waves over fires.
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Figure 7 Vertical wind speed shaded (w, m s−1) along the cross section shown in pink (solid pink line) in Figure 6.
Vectors are in the x, z plane. Time as annotated (UTC). The vertical axes show height in metres above mean
sea level. The horizontal axes show distance in metres from the western end of the line of cross-section.
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In summary, the simulations indicate that the observed increase in fire activity at the Layman fire can be associated with the
fire plume extending into the previous day’s mixed layer as the overnight temperature inversion weakened, which resulted
in a convection column that extended through a 2 km deep PBL. Plume growth occurred slightly in advance of a shift from
northeast to northwest winds, which was driven by convergence in the fire-modified winds. The wind shift opened up a
10-km-long fire line on the eastern flank of the fire. This longer fireline resulted in an increase in fire intensity as the fire
moved into unburnt fuels. The simulations suggest an increase in fire intensity of a factor of 2-3 along the eastern flank,
however observers on the ground related an (subjective) order-of-magnitude increase in intensity. Some of this difference
may be due to the lack of a crown-fire process in the implementation of the Rothermel model in the version of WRF and
SFIRE used for these simulations.

Satellite imagery of the event (not shown) showed a history of dry air over the fire area. Also, in Figure 10 a layer of dry
air can be seen between 600 hPa and 800 hPa. The presence of dry air in satellite imagery has been linked to increased
fire activity at several fires (e.g. Mills (2008)). In the meteorological case study of the Layman fire (Peace et al., 2012), we
hypothesised that the intense fire activity may have occurred in part due to entrainment of dry air to the surface by the fire
plume. Figure 12 explores this hypothesis, where blue shows moist intrusions upwards into the dry layer and red/orange
shows dry intrusions downwards from the dry layer. The simulation shows turbulent mixing of moisture across the top of the
PBL, however there is no evidence of significant entrainment of dry air to the surface. So, although Figure 12 indicates that
mixing of dry and moist air occurred at the top of the PBL, the mixing was limited in vertical extent. As the implementation
of the Rothermel model in SFIRE contains a constant value for fuel moisture, dry air mixing in the atmospheric model will
not impact the fire component of the coupled model. However, the result at Figure 12 suggests that at the fire ground, dry air
entrainment by the plume would be unlikely to have a strong impact on surface fuel moisture.

A sea-breeze frontal wind change passed over the fire ground during the afternoon of the same day (17 October), with
northwest winds pre-front turning southwest behind the frontal passage. Figure 13 shows the progression of the wind change
across the fire ground. Figure 14 shows the boundary layer structure as the change moved across. Ahead of the change at
0600 UTC, both the PBL and the fire plume extend to a height of 2.5 km. At 0700 UTC, the more stable air behind the front
has moved over the fire and consequently the height of the mixed layer has lowered and the updraft strength in the fire plume
has decreased.
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Figure 8 10 m winds (m s−1) with every fourth wind vector shown. Black lines show the fire perimeter at the
indicated times (in UTC).

An observation in the operational fire diary stated that fire activity decreased between 3:30pm (0730 UTC) and 4:00pm (0800
UTC). The timing of the wind change in the simulations (and discussions with DPaW personnel) indicate that this decrease
in fire activity occurred within an hour of the southwest wind change. It is difficult to reconcile this decrease in fire activity
with the local meteorology. A time series from the fire site (Figure 5) shows that air temperature in the post-front airmass
dropped slightly (by a few degrees) and the dewpoint temperature rose slightly. This combination resulted in a slight rise in
humidity, which would be expected to have a limited impact on fire activity. Of more interest in Figure 5, is the sustained
increase in wind speed behind the front. The post-front increase in wind speed is also seen in Figure 13.

This increase in wind speed would be expected to result in an increased rate of spread of the fire front and a consequent
increase in fire intensity, however, this is inconsistent with what was observed. There are two mechanisms by which the
inconsistency may be explained. The first is that the simulations show that as a result of the shift in wind direction, the length
of the fire front perpendicular to the wind direction decreased. The resulting increase in fire intensity along a shorter active
fire line may account for a reduction the total energy released from the fire. The second possible mechanism affecting the
observed decrease in fire activity is that within an hour of the wind change, the shallow near-surface layer of cooler, moister,
more stable air had reduced the height of the PBL and, consequently reduced the height of the fire plume, as seen in Fig 14.
The observed decrease in fire activity therefore, may have been influenced by a combination of increased stability of the
boundary layer and a shorter head fire behind the wind change.

Conceptual and applied models of fire behaviour are universally wind dependent; an increase in wind speed correlates with
an increase in fire activity. However at the Layman fire, the fire behaviour was described as more active when winds were
light and the PBL was relatively deep, and less active when winds increased and the depth of the boundary layer reduced.

The observations of fire activity from the Layman fire, combined with the WRF and SFIRE simulation results suggest that
the depth of the PBL had an influence on fire activity. As the weather parameters that were used to anticipate likely fire
activity are temperature, relative humidity and surface wind speed, there was no indication that extreme fire behaviour was
likely and the fire managers were caught unawares by the fire activity that occurred.
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Figure 9 Fire-line intensity (W m−2) and 10 m wind vectors along the eastern flank of the fire at ten-minute intervals
from 0250 UTC to 0320 UTC.
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Discussion and conclusions

The coupled simulations of the Layman fire indicate that development of the fire plume through the PBL was likely a sig-
nificant contributing factor to the observed increase in fire activity. The coupled simulations show vertical growth of the
fire plume through the PBL as a near surface inversion weakened in response to diurnal heating. The timing of plume de-
velopment in the simulations matches the observations of convection (smoke) column development over the fire late in the
morning. The simulations show a wind shift from northeasterly to northwesterly that was strongly enhanced by the fire mod-
ified winds. This simulated wind shift occurred over the fire just after the fire plume developed through the PBL. The wind
shift, strengthened by the fire-modified winds, produced convergence over the fire line which would have been enhanced by
the vertical motion in the fire-plume updraft. Due to the north-south orientation of the fire and the presence of a fire break on
the western flank of the fire, the northeast to northwest shift changed the eastern fire flank from a backing fire to a 10-km-long
head fire. The wind shift and associated convergence can be attributed to the fire-modified winds, as simulations without
fire-atmosphere feedback enabled did not show a similar wind shift or convergence over the fire front.

Therefore, the simulations suggest that the observed increase in fire activity probably occurred due to the combination of two
environmental factors; vertical development of the plume through the PBL in response to diurnal heating, and a fire-enhanced
shift in wind direction and convergence over the fire front. The timing of events in the simulations indicates that the plume
development through the PBL was the initial process, closely followed by the wind direction shift and convergence over the
fire front. An increase in fire intensity was also seen in the simulations.

A sea-breeze frontal wind change moved across the fire site during the afternoon. The simulations show that after the wind
change, vertical motion in the fire plume decreased as the PBL height lowered and low-level atmospheric stability increased.
Only small changes to temperature and relative humidity occurred. Wind speed increased behind the change, and such an
increase in wind speed would normally be expected to result in an increase in fire activity. However, at the Layman fire,
a decrease in fire activity was observed after the wind change. From the coupled simulations, we draw the conclusion that
the decrease in fire activity behind the change may be in part attributed to the plume response to the decrease in PBL depth
(low-level stability increase) and in part to a shorter head fire behind the wind change.

The coupled simulations with WRF and SFIRE indicate that the temporal changes in fire activity at the Layman fire were
strongly linked to the changing structure of the PBL, as well as changes in wind direction relative to the active fire line.

There are difficulties with making complete conclusions regarding fire behaviour at Layman from the results of the WRF
and SFIRE simulations. These largely arise from limitations of the model, particularly as a consequence of the formulation
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Figure 10 WRF skew-T log-P diagram at the fire site at 0200 UTC (upper) and 0300 UTC (lower) (feedback ‘off’
simulation shown). The vertical coordinate is air pressure (in hPa). The horizontal coordinate is temperature
(in oC). Air temperature in red, dewpoint temperature in blue, both skewed.
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of the Rothermel model in WRF and SFIRE. We have made inferences regarding fire plume activity by examining the fire-
modified winds, without the presence of any tracer. Fire intensity inWRF and SFIRE is calculated from static data describing
fuel structure and arrangement as well as terrain slope and the speed and direction of the fire-modified winds, so for these
simulations changes in intensity are primarily a function of changes in wind speed. A particular limitation is that the current
version ofWRF and SFIRE does not allow for transition from surface fire to crown fire, but intense crown fires were a feature
of the event. The absence of a crown fire and associated extra energy release in the model is likely to be a factor that explains
the different plume height seen in the simulations when compared to the observations. Also, observations from the fire
indicate that the fire behaviour was quite dynamic and intensity varied across the fire ground, however fine scale dynamical
effects are not resolved by the model and therefore no insights can be made regarding such processes or the contribution
to plume development. Notwithstanding these limitations, the coupled simulations give useful insights into fire-atmosphere
feedback processes that may have occurred.

The Layman simulations are the third case study of unexpected fire behaviour we have run using WRF and SFIRE (Peace,
2014). It is important to recognise that in each case study, we have identified different dynamical processes and consequently
attributed the observed fire activity to different fire-atmosphere interactions. The three cases demonstrate that WRF and
SFIRE is a very useful tool for understanding fire and atmosphere interactions as it can be used to test hypotheses identified
in case studies and enables innovative insights into otherwise unexplained events. A similar analysis of atmospheric structure
around a fire cannot be achieved without simulations due to the logistical restrictions on collecting comprehensive data from
a fire ground.

The Layman example highlights some of the limitations of fire weather forecasting in Australia as it shows that extreme fire
behaviour can occur on a day with relatively mild, moist conditions and light winds.

Wind speed and direction are accorded high significance in operational fire weather forecasts in Australia because evolution
of the fire perimeter is usually the leading question in fire prediction. However the current emphasis of wind prediction is
on the background environmental winds, without consideration of the fire-modified winds that propagate the fire front. The
simulations presented here show that the fire-modified winds, not the environmental winds, produced the convergence over
the fire front.

The current Australian focus in operational weather forecasts is on hot, dry conditions at the surface. Salient information
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Figure 11 WRF potential temperature cross section (K). Cross-section location shown in pink in Figure 6 above. Arrow
annotation shows fire position. Ellipse (bottom right plot) highlights a simulated gravity wave. The vertical
coordinate is height above mean sea level (in metres) The horizontal coordinate is distance in metres from the
western end of the line of cross-section.
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Figure 12 Water vapour difference (shaded) between the feedback-on and feedback-off simulations, in the form wvon -
wvoff . The vertical coordinate is height (in km) above mean sea level. Vectors show winds in the x, z plane.
The horizontal coordinate is distance (in km) from the western end of the line of cross section.
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Figure 13 10-metre winds and fire perimeter at hourly intervals showing the progression of the southwest wind change.
Times in UTC.
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Figure 14 Cross sections of potential temperature (as in Figure 11), but for times as in Figure 13, showing the change in
boundary layer structure ahead of and behind the southwest wind change.
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on vertical structure of the atmosphere is largely omitted at present. Particular elements of fire behaviour relevant to the
discussion of vertical atmospheric structure include the spotting process, fire intensity and crown-fire development as well
as smoke-plume development and pyro-convection.

Further research into how the structure of the PBL impacts fire behaviour is warranted and coupled fire-atmosphere simu-
lations are a vehicle for such research. Further investigation may show that the appropriate ingredients for fire forecasting
are PBL depth (and conditional instability above that height), fuel moisture (including temperature and relative humidity
response) and the surface reflection of the fire modified wind speed and direction.

Although further research is required to understand the plume development through the PBL and how a fire will change the
environmental winds, much can be done now to enhance weather predictions for fires in Australia. Mesoscale meteorolog-
ical information in four dimensions is readily available from contemporary operational NWP, and therefore can and should
be included in weather predictions for fire grounds, notwithstanding the added workload this would place on fire-weather
forecasters. The Layman simulations show that subtle wind direction shifts at low speeds (as well as more obviously at high
speeds) can have an important influence on fire activity. As a consequence, minor wind shifts are useful information to
include in weather forecasts, even though the detail may not be in line with amendment criteria. Similarly, descriptions of
structure and evolution of the PBL can be readily incorporated into weather forecasts and such information may include PBL
depth, inversion height, vertical wind speed and direction and temporal evolution of these layers.
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