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Abstract: Key message: We have explored the impacts of forest thinning on wildland fire behavior
using a process based model. Simulating different degrees of thinning, we found out that forest
thinning should be conducted cautiously as there could be a wide range of outcomes depending upon
the post-thinning states of fuel availability, fuel connectivity, fuel moisture and micrometeorological
features such as wind speed. Context: There are conflicting reports in the literature regarding
the effectiveness of forest thinning. Some studies have found that thinning reduces fire severity,
while some studies have found that thinning might lead to enhanced fire severity. Aims: Our goal
was to evaluate if both of these outcomes are possible post thinning operations and what are the
limiting conditions for post thinning fire behavior. Methods: We used a process based model to
simulate different degrees of thinning systematically, under two different conditions, where the
canopy fuel moisture was unchanged and when the canopy fuel moisture was also depleted post
thinning. Both of these scenarios are reported in the literature. Results: We found out that a low
degree of thinning can indeed increase fire intensity, especially if the canopy fuel moisture is low.
A high degree of thinning was effective in reducing fire intensity. However, thinning also increased
rate of spread under some conditions. Interestingly, both intensity and rate of spread were dependent
on the competing effects of increased wind speed, fuel loading and canopy fuel moisture. Conclusion:
We were able to find the limits of fire behavior post thinning and actual fire behavior is likely to be
somewhere in the middle of the theoretical extremes explored in this work. The actual fire behavior
post thinning should depend on the site specific conditions which would determine the outcome
of the interplay among the aforementioned conditions. The work also highlights that policymakers
should be careful about fine scale canopy architectural attributes and micrometeorological aspects
when planning fuel treatment operations.

Keywords: forest thinning; wildland fire behavior; fuel moisture; crown fire; fire behavior modeling;
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1. Introduction

Forest thinning is an important management tool to prevent high intensity crown fires [1].
A century of successful fire suppression in the western United States has resulted in a massive fuel
accumulation, increasing fire danger in many parts of the country [2]. More than 95% of the wildland
fires in western ecosystems are suppressed successfully in the phase of initial attack, where their sizes
cannot grow more than two acres. However, less then 4% percent of fires that cannot be suppressed in
the early stage result in more than 95% of the burnt area and cause the majority of life and property
damage [3]. This has generated a strong support for fuel treatments, either conducted alone through
thinning operations or thinning combined with prescribed fires. In general, the objective of fuel
treatment is to reduce fuel loading and sometimes return the forests to their historical low intensity
fire regimes that characterized the pre fire suppression era [4]. Additionally, thinning operations are
also deemed useful to increase resilience of the forest against future disturbances [5–7].
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The objective of thinning operations is primarily to reduce the potential of high intensity crown
fires, by reducing fuel amount and connectivity. However, there are several short and long term
consequences to forest thinning. As a discernible first order effect, thinning changes the stand
structure and connectivity pattern of the fuel bed immediately after the operation. This alters the
micrometeorology of the forest canopy. The opening of the canopy can entrain more wind [8] and solar
radiation which might result in the reduction of fine fuel and canopy fuel moisture. Moreover, if the
resultant additional surface fuel accumulation is not removed, it might increase surface loading of
fuel. All of these effects could result in enhanced surface fire behavior and increase in crowning
potential [1,9]. There could also be long term consequences such as altered regimes of carbon
storage [10] which changes the future fuel loading and altered hydrologic regimes [11] which changes
future water stress and fuel moisture. Moreover, the effectiveness of thinning treatments start to reduce
with time [12] and therefore the timing of such operations is also crucial. The age and composition of
the forest stand are important as well because older fine canopy fuels usually contain less moisture
than newer fuel elements. Consequently, whether a thinning operation will lead to a reduction of
high intensity crown fire is not a trivial questions and depending on the fuel and micrometeorological
conditions, it is possible to have a range of outcomes.

Perhaps these uncertainties associated with thinning operations have led to controversies and
counter arguments regarding the effectiveness of thinning operations in the context of fire behavior [3].
A few studies have been conducted over the years to study the effect on forest microclimate and
fire behavior following thinning operations. A comprehensive study by [3] concluded that thinning
operations can either increase or decrease fire intensity and associated fire severity. This result
was found to be strongly dependent on the type and degree of thinning operation. Thinning from
below, crown thinning, changing of crown height and operations that change the vertical canopy
architecture were found to be important in changing fire behavior and crown fire intensity was
found to be only reduced after a significant reduction of canopy density. Whitehead et al. [13] and
Whitehead et al. [1] found that a thinning level which cleared about half of the basal area of a mature
lodgepole pine stand resulted in enhanced in-canopy solar radiation, wind speed and near surface air
temperature. Moisture content of fine surface fuels were found to be lower under low to moderate fire
danger conditions. These studies declared the requirement for future studies to examine changes in
microclimate and fire behavior under different levels of stand densities. Agee and Lolley [2] found
that thinning increased surface fire flame lengths under a range of weather conditions. At the same
time, thinning also increased crowning index—open wind speed needed to maintain active crown
fire and thus reduced crown fire hazard. These two effects are evidently opposite to each other and
the competition between these effects should determine the outcome of the operation. Stephens and
Moghaddas [14] reported results from stand level experiments conducted in mixed conifer forests
in North Central Sierra Nevada, where fire behavior were recorded after thinning and prescribed
fire operations. Thinning from below and the crown increased 1000 h (thick fuels of 3–8 inches
diameter) surface fuel loads and reduced bulk crown density by 13%. This was not sufficient to alter
fire behavior unless mastication was introduced, which reduced ladder fuel and increased the surface
to crown height.

Parsons et al. [7] suggested that while fuel treatment effects are often successful in attaining
their ecohydrological objectives, their success depend on the tradeoff among several factors [15].
Another relatively recent review by Kalies and Kent [16] points out that there is a significant shortage
of data to assess fuel treatment effectiveness. The current literature reports mixed results on the
effectiveness of fuel treatment alone and in general fuel thinning combined with prescribed burns were
found to reduce fire severity, although not in all cases. The interested reader is referred to Kalies and
Kent [16] for a compilation of results pertaining to canopy structure, soil, carbon, wildlife and human
values from previous fuel treatment operations. As summarized by Kalies and Kent [16], a large
number of studies reported lower fire intensity and fire severity in thinned only forests compared to
untreated forests, although thinning combined with prescribed burns were found most effective [17–30].
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At the same time, some of the studies did not find any changes in crown fire behavior after thinning
and sometimes found a more intense fire behavior [31–38].

The emergent understanding from this literature review points out to the fact that our
understanding of the effect of fuel thinning effects on fire behavior is still limited. It is partly attributed
to uncertainties associated with micrometeorological response following thinning, especially pertaining
to canopy fuel moisture. Nevertheless, it is well understood that thinning of the forest canopy will lead
to an increase of wind speed [8] and solar radiation. Bigelow and North [39] conducted a study in the
mixed conifer forests in the Sierras to examine whether the microclimate effects could counteract the
original goal of curtailing fire severity by reducing fuel through silvicultural practices. They concluded
that some microclimate effects could cancel out each other. For example, an increase of wind speed
would increase turbulence driven mixing of the air above and below the canopy sub layer, thereby not
allowing air temperature to increase or fuel moisture to decrease. Therefore, Bigelow and North [39]
did not find any appreciable difference between the microclimate of denser and thinned canopies,
as well as the dead fuel moisture. However, they recognized that these microclimate effects might vary
with different degrees of thinning and called for more modeling studies to this effect. It is worth noting
here that the terms micrometeorology and microclimate are used interchangeably to be consistent with
the literature.

Whitehead et al. [1] found that fuel thinning increased solar radiation, wind speed and near
surface temperature but almost no differences were observed in relative humidity or surface fuel
moisture when fire danger was high. Faiella and Bailey [40] studied season variations of fuel moisture
post fuel treatments in semi-arid ponderosa pines of northern Arizona. They found no conclusive
evidence of depletion of live or dead fuel moisture in treated forests and declared that concerns of
amplified fire behavior due to fuel moisture depletion is unwarranted, at least for semi arid ponderosa
pine forests of the American southwest. Estes et al. [41] found that the 10 and 1000 h fine dead fuel
moisture was not significantly different between thinned and unthinned forests and fuel moisture
effects resulting from thinning is not expected to exacerbate fire behavior in the period of high fire
danger in the mixed conifer forests of northern Sierras. However, they did find some differences post
precipitation events which might be important for planning prescribed fire operations.

On the other hand, Pook and Gill [42] concluded that fine fuel moisture in thinned stands
were lower than untreated stands for both surface and aerial fuels (Figure 5 in Pook and Gill [42]).
Weatherspoon and Skinner [43] concluded that stand thinning leads to reduced fuel moisture and
increased flammability during periods of high fire danger [44]. Additionally, Weatherspoon and
Skinner [43] stated that removing large trees from the stand and leaving the understory in place and
doing little or no slash treatment would inevitably lead to increased fire danger by increasing surface
fuel depth and creating a warmer, dryer and windier sub canopy environment. Whereas, thinning from
below and removing whole trees and removing the slash by a prescribed burn would lead to lower
wildfire hazard. This is an example of how the effects of micrometeorological changes can compete
with the effects of lower amounts of fuel and the final outcome in terms of fire behavior would be a
function of the outcome of this competition.

Therefore we can state that the science of microclimate shifts and changes in fire behavior is
far from settled and there is a requirement of a systematic evaluation of the effects of fuel reduction
along with changes in micrometeorological changes. The lack of conclusive evidence from previous
research in this area motivates us to further investigate such changes in fire behaviour. Note that
some studies conclude that there could be possible changes in the surface or dead fuel moisture
post thinning, while some studies find no evidence of such changes. Thinning operations could also
lead to increase of surface fuel loading, unless this additional accumulation is removed manually
or by prescribed fires. While the post thinning response of surface and dead fuels is an important
research question, there seems to be even less amount of data on the state of canopy fuel post thinning.
Henceforth, we use a process based model HIGRAD/FIRETEC to investigate possible changes after
canopy fuel reduction and canopy fuel moisture variations only, while keeping surface and dead fuel
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properties unchanged. It is also interesting to note that while a number of studies have addressed
this topic using field experiments, only a handful of modeling studies can be found. Parson et al. [7]
and Marshall et al. [45] are examples of process based models being used to investigate such changes;
however, they are mostly focused on other types of fuel structures such as fuel strips or patchiness or
changes due to tree mortality. In this study, our objective is to answer the following two questions:

• What changes in fire behavior are observed following thinning effects?
• Can we observe the signatures of this competition between changes in wind speed and reduction

of fuels following fuel treatments? If this competition exists, what the thresholds for competing
effects to dominate the other?

2. Methods

2.1. Model Description

Use use the model HIGRAD/FIRETEC, which is a high resolution computational fluid dynamics
(CFD) tool developed at Los Alamos National Laboratory with the aid of the US Forest Service.
FIRETEC is useful in simulating the micrometeorology and fire—vegetation—atmosphere interaction
for a landscape in three dimensions. It uses a large eddy simulation (LES) framework that can
resolve atmospheric turbulence interactions with three-dimensional heterogeneous fuel structures
at the meter scale and can capture the spread, intensity and extent of burnt area under different
ignition conditions at 1–2 m resolution [46]. This is deemed to be an ideal tool to simulate different
fuel treatment and ignition scenarios before planning a prescribed fire. It solves the compressible
Navier—Stokes mass, momentum, energy and species balance equations in three dimensions to solve
for the evolution of the coupled fire-atmosphere behavior on flat or complex topography. It uses the
same vegetation drag parameterizations employed in other state-of-the-art LES simulations. Wind runs
in HIGRAD/FIRETEC have been validated [47] against other canopy LES studies such as Shaw and
Schumann [48] which modeled a horizontal homogeneous canopy and studies involving edges and
gaps such as Raupach et al. [49]. HIGRAD/FIRETEC has also been validated against historical fires [50]
and field experiments with controlled burns [51–54]. Detailed model descriptions can be found in
Linn [55] and Dupuy et al. [56]. HIGRAD/FIRETEC can account for both the turbulent and convective
heat transfer as well as the radiative heat transfer. The finest scale above which heterogeneities can be
resolved is in the order of 2 m. Processes occurring below this resolution are parameterized as sub
grid scale (SGS) processes.

It is important to note that since HIGRAD/FIRETEC is a physics based and therefore can be
described as ‘self determining’ [57]. The implication is that unlike operational models, one does not
need to prescribe separate empirical models for surface fires or crown fires. A fuel bed is built inside
the model in its entirety, including both surface fuels and canopy fuels as well as dead fuels. The fire is
allowed to burn based on the prescribed environmental conditions and whether it spreads as a surface
fire or a crown fire or a mix of both is an emergent phenomenon.

2.2. Simulations

We conducted a suite of simulations under different degrees of fuel thinning and canopy fuel
moisture scenarios. Thinning was conducted by a percentage, starting from an unthinned forest and
then systematically thinning the forest by 25%, 50% and 75%. For example, a 25% thinning implies that
25% of the trees are removed at random, chosen at random locations using a random number generator.
After the thinning, the total fuel loading if reduced by the same percentage of thinning. Note that
HIGRAD/FIRETEC uses the full three-dimensional fuel structure data as an input and calculates the
total fuel loading based on this three dimensional structure, as opposed to a single fuel loading value
(which are used in empirical operational models). A sample simulation with 25% thinning is shown
in Figure 1, where the three-dimensional structure of the fuel and the flame front is visible. It is also



Forests 2020, 11, 918 5 of 14

important to note that selective thinning is not simulated in this study, as all trees are assumed to be of
the same species and same height.

Figure 1. Sample simulation output showing the three-dimensional view of fire spread in the fuel
continuum, using the 25% thinning fixed moisture case as an example. Green indicates unburnt canopy,
and orange indicates the flame front.

In the first set of simulations, the canopy fuel fuel moisture was not changed as the forests were
thinned. In the second set of simulations, canopy fuel moisture was reduced with the same percentage
of thinning. These are the two theoretically extreme scenarios and given the lack of information and
consensus on how canopy fuel moisture changes as forests are thinned, these two sets of simulations
can be taken as the theoretical limits that bracket actual fire behavior in thinned forests soon after the
thinning operation.

The simulation domain size is 400 m by 320 m by 600 m (x vs. y vs. z) for all cases. The grid
resolution is 2 m by 2 m by 12 m in x, y and z directions respectively. The vertical grid is much finer
close to the ground surface and is stretched towards the top so the canopy is resolved in high resolution.
The average grid size in the canopy layer is 1.8 m. The time step is 0.02 s. Thus the number of grid
points in each direction is 200 by 160 by 50. The number of processors used in x and y direction are 10
and 8, overall 80, to parallelize the simulations with MPI (Message Passing Interface). All simulations
were run until 30,000 iterations (600 s or 10 min). Each of the simulations were run for 3100 s to
sufficiently develop the inlet turbulent wind fields. Periodic boundary conditions were used at the
inlet and outlet of the domain. A wind profile with a value of 8 ms−1 at 30 m above ground level was
prescribed, which adjusts to the presence of the vegetation during the up spin up simulations for the
wind. The domain top was prescribed with a free slip boundary condition. The fire simulations were
started after the wind runs with a 4 m wide and 80 m long ignition line, which was 80 m offset from
the inlet domain. A target ignition temperature of 1000 K was reached with a ramp rate of 350 K s−1.
The vegetation data used is real canopy structural data in three dimension collected by the US Forest
Service (USFS) Rocky Mountain Research station (RMRS) for a 20 m by 50 m area for ponderosa pine.
This tile of vegetation distribution is used in a random pattern as shown in Figure 2. The fraction of the
tree canopy shape that is concave downwards is 0.8 (standard for ponderosa pine). This corresponds to
the leaf area density shape, namely how high are the branches off of the ground. The average density for
tree canopy (fine fuel) is 0.4 kg m−3 for ponderosa pine as suggested by the USFS [51]. The fuel loading
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values are representative of longleaf and loblolly pines in the US Southeast and ponderosa pines in the
US southwest [58–60] and therefore the results should be applicable for a wind range of conditions in
coniferous forests. Note that for all cases, a 40 m open space is left to allow the wind to equilibrate. The full
domain is populated by grass and litter at the ground level, while the open grassland grass density is
0.4 kg m−3 and the open grassland grass height is 0.7 m. Below the canopy, grass density should be
less because of canopy shading and this is accounted for by using an exponential attenuation factor of
5.0 [51]. The estimated maximum litter density within the fuel bed is 5.0 kg m−3 and estimated maximum
litter height is 0.1 m. An exponential factor of 5.0 is used to enhance the litter density because of canopy
shading. The nominal fuel moisture for canopy is 80% and 5% for grass and litter. The nominal fuel size
scale is 0.5 mm. Maximum tree height in all cases is 19.9 m.

Figure 2. Burnt patterns for the different simulation cases after 400 s. Horizontal axis shows burnt
areas for 25%, 50% and 75% thinning cases where canopy fuel moisture is lowered after thinning.
Vertical axis shows the three thinning levels, but the moisture content is same as the reference case.

It is again important to note that although in the model setup, all parameters including surface,
canopy and dead fuel attributes are included, we only focus on the possible changes in the live fuel
moisture regimes post thinning to isolate its effect. The surface and dead fuel properties are held
fixed in all simulations, while the canopy fuel moisture amounts are either held fixed or systematically
varied across the simulation cases. Nevertheless, the simulations do differentiate between canopy fuel
moisture and surface as well as dead fuel moisture encoded in the canopy, grass and litter parameters
discussed earlier. At the same time, it is also acknowledged that thinning operations might lead
to changes in surface and dead fuel properties. However, given the lack of data and contrasting
experimental evidence, these properties are held fixed in this study and the focus is constrained on the
variations associated with canopy fuel and live fuel moisture only.

3. Results

3.1. Burnt Area

Figure 2 shows the burnt area for the seven different simulation cases. The reference case is
the untreated forest at the top left corner of the figure. On the vertical axis, the burnt areas for the
three thinning cases (25%, 50% and 75%) are depicted where the moisture contact of the canopy or
surface fuel has not been changed. Note that unburnt trees are shown in the color green and in some
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cases, they are also visible in the burn scar, such as the 75% thinning case with fixed moisture content.
This highlights the fact that various degrees of of crown damage are observed in these different
scenarios. On the horizontal axis, the three thinning cases are depicted where the canopy fuel moisture
is lowered by the same proportion of applied thinning. It is hypothesized that these two axes represent
the theoretical envelop of fire behavior under different degrees of thinning and the actual observed
fire behavior in an actual experiment would be bound by these two axes. If canopy fuel moisture is
unaltered by fuel treatment, the actual fire behavior would be close to the vertical axis. If canopy fuel
moisture is reduced due to thinning, fire behavior would be close to the horizontal axis, although it
is unlikely that actual canopy fuel moisture would be reduced in proportion to the thinning level.
This behavior should strictly be taken as a theoretical limit. However, given the uncertainty in the
literature and lack of any such information available in the literature, we are interested to explore
the phase space of actual potential fire behavior. Nevertheless, some interesting observations can be
made from Figure 2. Increasing the degree of thinning without changing canopy fuel moisture reduces
the burnt area up to 50% thinning level. At 75% thinning, the burnt area increases again. On the
other hand, 25% thinning with 25% additional fuel dryness increases the burnt area. The burnt area
decreases slightly at 50% thinning and 50% less canopy fuel moisture and then increases significantly
again at 75% thinning and 75% less canopy fuel moisture. This wide range of behavior points to
complex nonlinear interactions between wind effects and fuel availability.

3.2. Wind Speed

Figure 3 shows the instantaneous wind speeds at canopy top at the reference case and three
different thinning levels before fire propagation using a colormap. The flow fields are highly turbulent
and red and yellow streaks show zones of higher gustiness, whereas green and blue streaks show
lower magnitudes of wind speeds. Evidently, the proportions of yellow and red streaks increase with
higher degrees of thinning. This indicates that wind speeds are indeed higher at thinned forests which
is consistent with several studies discussed earlier.

Figure 3. Wind speed at canopy height for the different simulation cases before ignition.

3.3. Rate of Spread

Figure 4 shows the location of the fire front with time. The top panel shows the rate of
spread for the reference case with three thinning cases, where the canopy moisture content is fixed.
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The bottom panel shows the same cases with lower canopy moisture content associated with thinning.
Some interesting observations can be made from Figure 4. Without any changes in the canopy moisture
content, the initial spread rate is almost same for the 25% thinned forest as the reference case and
after 150 s, the rate of spread decreases slightly compared to the reference case. At 50% thinning,
the initial rate of spread is higher than the reference and the 25% thinned case. However, after 175 s,
this rate flattens and the fire does not proceed much in spite of higher wind speeds, probably due to
lack of fuels. At 75% thinning, the rate of spread increases further from the very beginning of ignition.
However, it also flattens after some time and does not increase with a strong rate.

Figure 4. Fire rate of spread for the different simulation cases. Top panel shows the reference case and
the three thinning cases with no change of canopy fuel moisture. Bottom panel shows the reference
cases and the 3 thinning cases with lower canopy fuel moisture.

On the other hand, reduction of canopy fuel moisture along with thinning increases the rate
of spread significantly compared to the reference case and the fire front progresses at a faster rate
compared to the cases with no change of canopy moisture content. The difference between the
spread rates at the different thinning levels are also more prominent when reducing canopy moisture
with thinning.

3.4. Air Temperature

Figure 5 shows the time series of (potential) air temperature sensed by a virtual sensor placed
at 15 m height at domain centre. Note that the location of the virtual sensor at 15 m is close to the
canopy top. The left panel shows the cases with different degrees of thinning with no change in canopy
moisture content, while the right panel shows the same with canopy moisture loss with increased
thinning. The air temperature increases as the fire front comes close to the domain center. It is
interesting to note that the air temperature almost reaches the same magnitude for the 25% thinning
compared to the reference case, when there is no change in canopy moisture. The 50% and 75%
thinning cases record a much smaller temperature increase without any canopy moisture change.
When canopy moisture is reduced with thinning, the 25% thinning case actually records a higher
temperature than the reference case. Moreover, even the 50% and 75% cases record a significantly
increased air temperature when the moisture is reduced. This increase of air temperature at lower
moisture contents is highlighted with a red arrow.
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Figure 5. Air temperature recorded at 15 level at domain centre as the fire propagates. Left panel shows
the reference case and the three thinning cases with no change of canopy fuel moisture. Right panel
shows the reference cases and the 3 thinning cases with lower canopy fuel moisture. The arrival of the
fire front is shown with a fire symbol.

3.5. Sensible Heat Flux

Figure 6 shows the turbulent sensible heat flux recorded at the same virtual sensor at 15 height at
domain center for the different simulation scenarios. Similar to Figure 5, the left panel shows the cases
where canopy fuel moisture is fixed and the right panel shows the cases where canopy moisture is
reduced as well. The sensible heat flux is computed as the covariance of the turbulent vertical velocity
fluctuations and the air temperature fluctuations. This can be taken as the heat pulse the canopy
would experience from below as the fire propagates and thus a good indicator of crown damage.
Moreover, the sensible heat flux contains the combined effects of wind speed and heat generated due
to combustion. It turns out that at 25% thinning level without changing canopy moisture, the sensible
heat flux is almost similar to that recorded by the reference case. The 50% and 75% cases record a
low amount of sensible heat flux without canopy moisture change. When canopy fuel moisture is
reduced along with thinning, the sensible heat flux at 25% thinning is significantly higher compared
to the reference case. Even the 50% and 75% cases a significant increase of sensible heat flux when
canopy fuel moisture is reduced with thinning. Note that the sensible heat flux can increase with
higher turbulence demonstrated by stronger fluctuations in the vertical wind velocity as well as the
increase of the potential temperature fluctuations. The augmentation of sensible heat flux due to fire
front propagation is also indicated with an arrow in Figure 6.

Figure 6. Sensible heat flux recorded at 15 level at domain centre as the fire propagates. Left panel shows
the reference case and the three thinning cases with no change of canopy fuel moisture. Right panel
shows the reference cases and the 3 thinning cases with lower canopy fuel moisture. The arrival of the
fire front is shown with a fire symbol.
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4. Discussions

The emergent understanding out of these simple simulations show a complex balance between
micrometeorological changes and changes in fuel availability following thinning operations that
influence fire behavior. There is no doubt that wind speed increases post thinning as the canopy is
opened up after thinning. The opening up of the canopy reduces the fuel loading and fuel connectivity,
thereby reducing fuel drag to wind, enhancing wind speed. At the same time, this increased space
between trees increases the turbulence levels inside the canopy and augment the convective pre
heating of the fuel elements downstream of the fire front, thereby facilitating fire front propagation.
At a low level of thinning, there is some minimal loss of the heat generated due to burning of fuel.
At this low level of thinning, the wind speeds also increases to some extent and possibly is enough to
counteract this loss of heat generated due to burning and wind can maintain almost the same level of
convective heating, which is a major mechanism for fire spread. If some canopy moisture is lost at this
low level of thinning, the heat of combustion increases which compensates for the slight reduction
of fuel. This, when combined with increasing wind speed leads to increased fireline intensity and
fire severity compared to the untreated forest. This is potentially the reason, why some studies had
reported increased fire behavior post thinning operations.

However, this effect cannot carry on at higher levels of thinning. At a higher degree of thinning,
the loss of fuel is enough to generate a lower amount of heat of combustion and the increase of wind
speed is not sufficient to compensate for this loss, so the convective heating starts to become lower than
the untreated case. This change happens slower if the canopy fuel moisture reduces to some extent
following thinning operations. In that case, the heat of combustion does increase by some amount and
the increase of wind speed allows for a more significant fire severity, although less than the reference
case. Perhaps this is the reason that most of the studies reported a lower fire intensity post thinning.

It is again important to note that it is hard to identify the exact parameters of this competition
between fuel availability and wind effects and the exact threshold where fire severity increases first
after some degree of thinning and then starts to decrease compared to the untreated case. Nevertheless,
these simulations are able to point out the theoretical limiting scenarios of this behavior and actual fire
behavior is likely to follow somewhere between these limits.

Another important factor apart from fire intensity (which is the energy released during fire
propagation) is rate of spread. The trends of rate of spread does not follow the same trends of fire
severity following thinning operations but is equally important from a management perspective.
Rate of spread is dependent on wind but is also dependent to some extent on the intensity of
combustion. A low degree of thinning can increase rate of spread to some extent. However, increase of
wind speed can only increase rate of spread partially. Unless the intensity of burning is significant,
the rate of spread does not increase prominently. Thus reduction of canopy fuel moisture leads to a
higher rate of spread. It is only at a very high degree of thinning, that the energy of combustion does
not contribute much to the rate of spread and is mostly driven by wind speed. Thus the rate of spread
only increases significantly at much higher degrees of thinning and even then it is augmented due to
loss of canopy fuel moisture and increased convective heating.

5. Conclusions

The impact of fuel treatment using mechanical thinning on fire behavior is a topic fraught with
lack of consensus, although it is widely accepted as a major management tool. Thinning is either
conducted alone or combined with prescribed fires. While thinning combined with prescribed fires
is highly likely to reduce fire severity in coniferous forests, there are contrasting evidences in the
literature on the effects of thinning alone. This motivated the current study and we wanted to explore
the limits of possible fire behavior under different degrees of fuel treatment. We used simulations
to systematically study different degrees of fuel thinning and were able to isolate the variables that
are responsible for the wide range of fire behavior reported post thinning. We started with two
questions—what changes were observed in fire behavior following thinning and what is the nature of
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the competition between contrasting factors such as enhanced wind speed and loss of fuel. To find out
the answer to the first question, we conducted the simulations with three different degrees of thinning
with two limiting conditions. In one set of simulations, the canopy fuel moisture was fixed and same
as the reference unthinned forest. In the second set, the canopy fuel moisture was reduced by the
same proportion of thinning. These are two theoretically extreme scenarios and we hypothesized that
actual fire behavior would be bracketed between these limiting cases. The factors that would govern
the actual fire behavior would at minimum be dependent on the post thinning states of wind speed
and burning conditions, which answers our second question. We explored how the changes of wind
speed, lack of fuel amount and lack of canopy fuel moisture can lead to increased fire intensity at
some levels of thinning and how they could also lead to lowered fire severity at other combinations.
This work demonstrates that fine scale modulations of micrometeorological characteristics and fuel
architecture should be accounted for when planning for fuel treatment and prescribed fire operations.
Moreover, fire rate of spread should also be incorporated apart from fire intensity when planning such
operations. However, we were not able to precisely find out the exact trajectory of fire behavior given
the uncertainty on how canopy moisture levels would change following forest thinning. This would
be addressed in future research endeavours. Another important point to reiterate is that post thinning,
there could be changes in the dead fuel moisture as well. However, in this study we did not consider
potential changes in dead fuel moisture and held it fixed at a finite value for all cases. In future studies
we will investigate the combined effects of changes in both dead and live fuel moisture in the context
of thinning induced fire behavior. To conclude, while this study does not attempt to develop a ‘unified
theory of thinning effects’ that could be a useful tool for forest managers, it does represent a step
towards that goal. Process-based models enable us to perform the kinds of experiments that would be
logistically impossible in the real world. While this work is not again the first to use a process based
model to study fuel treatments and fire behavior, it is perhaps among the first to use a process-based
model to simulate the effects of thinning on fire spread, and perhaps the first to decompose these
effects into their component parts (e.g., fuel moisture vs. wind speed).

Funding: T.B. acknowledges the funding support from the University of California Laboratory Fees Research
Program funded by the UC Office of the President (UCOP), grant ID LFR-20-653572. Additional support was
provided by the new faculty start up grant provided by the Department of Civil and Environmental Engineering,
and the Henry Samueli School of Engineering, University of California, Irvine.

Acknowledgments: Banerjee thanks Rodman Linn, Los Alamos National Laboratory (LANL), for facilitating
guest access to the LANL Institutional Computing and the FIRETEC code.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Whitehead, R.J.; Russo, G.; Hawkes, B.; Taylor, S.; Brown, B.; Armitage, O.; Barclay, H.; Benton, R. Effect of
Commercial Thinning on Within-Stand Microclimate and Fine Fuel Moisture Conditions in a Mature Lodgepole Pine
Stand in Southeastern British Columbia; British Columbia, Information Report, FI-X-004; Canadian Forest
Service, Canadian Wood Fibre Centre: Victoria, BC, Canada, 2008 .

2. Agee, J.K.; Lolley, M.R. Thinning and prescribed fire effects on fuels and potential fire behavior in an eastern
Cascades forest, Washington, USA. Fire Ecol. 2006, 2, 3–19. [CrossRef]

3. Graham, R.T. The Effects of Thinning and Similar Stand Treatments on Fire Behavior in Western Forests;
US Department of Agriculture, Forest Service, Pacific Northwest Research Station: Portland, OR, USA, 1999;
Volume 463.

4. Mutch, R.W. Fighting fire with prescribed fire: A return to ecosystem health. J. For. 1994, 92, 31–33.
5. Crotteau, J.S.; Keyes, C.R.; Sutherland, E.K.; Wright, D.K.; Egan, J.M. Forest fuels and potential fire behaviour

12 years after variable-retention harvest in lodgepole pine. Int. J. Wildland Fire 2016, 25, 633–645. [CrossRef]
6. Hood, S.M.; Baker, S.; Sala, A. Fortifying the forest: Thinning and burning increase resistance to a bark beetle

outbreak and promote forest resilience. Ecol. Appl. 2016, 26, 1984–2000. [CrossRef]
7. Parsons, R.A.; Pimont, F.; Wells, L.; Cohn, G.; Jolly, W.M.; de Coligny, F.; Rigolot, E.; Dupuy, J.L.; Mell, W.;

Linn, R.R. Modeling thinning effects on fire behavior with STANDFIRE. Ann. For. Sci. 2018, 75, 7. [CrossRef]

http://dx.doi.org/10.4996/fireecology.0202003
http://dx.doi.org/10.1071/WF14223
http://dx.doi.org/10.1002/eap.1363
http://dx.doi.org/10.1007/s13595-017-0686-2


Forests 2020, 11, 918 12 of 14

8. Russell, E.S.; Liu, H.; Thistle, H.; Strom, B.; Greer, M.; Lamb, B. Effects of thinning a forest stand on
sub-canopy turbulence. Agric. For. Meteorol. 2018, 248, 295–305. [CrossRef]

9. Agee, J.K.; Skinner, C.N. Basic principles of forest fuel reduction treatments. For. Ecol. Manag. 2005,
211, 83–96. [CrossRef]

10. North, M.P.; Hurteau, M.D. High-severity wildfire effects on carbon stocks and emissions in fuels treated
and untreated forest. For. Ecol. Manag. 2011, 261, 1115–1120. [CrossRef]

11. Jones, K.W.; Cannon, J.B.; Saavedra, F.A.; Kampf, S.K.; Addington, R.N.; Cheng, A.S.; MacDonald, L.H.;
Wilson, C.; Wolk, B. Return on investment from fuel treatments to reduce severe wildfire and erosion in a
watershed investment program in Colorado. J. Environ. Manag. 2017, 198, 66–77. [CrossRef]

12. Safford, H.D.; Stevens, J.; Merriam, K.; Meyer, M.; Latimer, A. Fuel treatment effectiveness in California
yellow pine and mixed conifer forests. For. Ecol. Manag. 2012, 274, 17–28. [CrossRef]

13. Whitehead, R.; Russo, G.; Hawkes, B.; Taylor, S.; Brown, B.; Barclay, H.; Benton, R. Effect of a spaced thinning
in mature lodgepole pine on within-stand microclimate and fine fuel moisture content. In Proceedings
of the Fuels Management-How to Measure Success: Conference Proceedings, Portland, OR, USA, 2006;
Andrews, P.L., Butler, B.W., Eds.; Proceedings RMRS-P-41; US Department of Agriculture, Forest Service,
Rocky Mountain Research Station: Fort Collins, CO, USA, 2006; Volume 41, pp. 523–536.

14. Stephens, S.L.; Moghaddas, J.J. Experimental fuel treatment impacts on forest structure, potential fire
behavior, and predicted tree mortality in a California mixed conifer forest. For. Ecol. Manag. 2005, 215, 21–36.
[CrossRef]

15. Omi, P.N.; Martinson, E.J. Effectiveness of Fuel Treatments for Mitigating Wildfire Severity: A Manager-Focused
Review and Synthesis; JFSP Research Project Report 08-2-1-09.58; U.S. Joint Fire Science Program at
DigitalCommons@University of Nebraska-Lincoln; University of Nebraska: Lincoln, NE, USA, 2010 .

16. Kalies, E.L.; Kent, L.L.Y. Tamm Review: Are fuel treatments effective at achieving ecological and social
objectives? A systematic review. For. Ecol. Manag. 2016, 375, 84–95. [CrossRef]

17. Pollet, J.; Omi, P.N. Effect of thinning and prescribed burning on crown fire severity in ponderosa pine
forests. Int. J. Wildland Fire 2002, 11, 1–10. [CrossRef]

18. Martinson, E.; Omi, P.N.; Shepperd, W. Part 3: Effects of Fuel Treatments on Fire Severity; Graham, R.T., Ed.;
Hayman Fire Case Study; USDA Forest Service General Technical Report RMRS-GTR-114; Rocky Mountain
Research Station: Ogden, UT, USA, 2003; pp. 96–126.

19. Martinson, E.J.; Omi, P.N. Performance of fuel treatments subjected to wildfires. In Proceeding of the
Conference on Fire, Fuel Treatments, and Ecological Restoration, Fort Collins, CO, USA, 16–18 April 2002;
RMRS-P-29; US Department of Agriculture, Forest Service, Rocky Mountain Research Station: Fort Collins,
CO, USA, 2003; pp. 7–13.

20. Moghaddas, J.J.; Craggs, L. A fuel treatment reduces fire severity and increases suppression efficiency in a
mixed conifer forest. Int. J. Wildland Fire 2008, 16, 673–678. [CrossRef]

21. Martinson, E.J.; Omi, P.N. Fuel Treatments and Fire Severity: A Meta-Analysis; Research Paper RMRS-RP;
U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station: Fort Collins, CO, USA,
2013; Volume 103, 38p.

22. Omi, P.N.; Martinson, E.J. Effect of Fuels Treatment on Wildfire Severity; Final Report; Joint Fire Science Program
Governing Board, Western Forest Fire Research Center; Colorado State University: Fort Collins, CO, USA, 2002.

23. Omi, P.N.; Martinson, E.J.; Chong, G.W. Effectiveness of Pre-Fire Fuel Treatments. Final Report: Joint Fire
Science Program Project. Joint Fire Science Program Project. 2006. Available online: https://www.firescience.
gov/projects/03-2-1-07/project/03-2-1-07_final_report.pdf (accessed on 20 April 2019).

24. Prichard, S.J.; Kennedy, M.C. Fuel treatment effects on tree mortality following wildfire in dry mixed conifer
forests, Washington State, USA. Int. J. Wildland Fire 2012, 21, 1004–1013. [CrossRef]

25. Prichard, S.J.; Kennedy, M.C. Fuel treatments and landform modify landscape patterns of burn severity in
an extreme fire event. Ecol. Appl. 2014, 24, 571–590. [CrossRef]

26. Prichard, S.J.; Peterson, D.L.; Jacobson, K. Fuel treatments reduce the severity of wildfire effects in dry mixed
conifer forest, Washington, USA. Can. J. For. Res. 2010, 40, 1615–1626. [CrossRef]

27. Ritchie, M.W.; Skinner, C.N.; Hamilton, T.A. Probability of tree survival after wildfire in an interior pine
forest of northern California: Effects of thinning and prescribed fire. For. Ecol. Manag. 2007, 247, 200–208.
[CrossRef]

http://dx.doi.org/10.1016/j.agrformet.2017.10.019
http://dx.doi.org/10.1016/j.foreco.2005.01.034
http://dx.doi.org/10.1016/j.foreco.2010.12.039
http://dx.doi.org/10.1016/j.jenvman.2017.05.023
http://dx.doi.org/10.1016/j.foreco.2012.02.013
http://dx.doi.org/10.1016/j.foreco.2005.03.070
http://dx.doi.org/10.1016/j.foreco.2016.05.021
http://dx.doi.org/10.1071/WF01045
http://dx.doi.org/10.1071/WF06066
https://www.firescience.gov/projects/03-2-1-07/project/03-2-1-07_final_report.pdf
https://www.firescience.gov/projects/03-2-1-07/project/03-2-1-07_final_report.pdf
http://dx.doi.org/10.1071/WF11121
http://dx.doi.org/10.1890/13-0343.1
http://dx.doi.org/10.1139/X10-109
http://dx.doi.org/10.1016/j.foreco.2007.04.044


Forests 2020, 11, 918 13 of 14

28. Strom, B.A.; Fulé, P.Z. Pre-wildfire fuel treatments affect long-term ponderosa pine forest dynamics. Int. J.
Wildland Fire 2007, 16, 128–138. [CrossRef]

29. Symons, J.N.; Fairbanks, D.H.; Skinner, C.N. Influences of stand structure and fuel treatments on wildfire
severity at Blacks Mountain Experimental Forest, northeastern California. Calif. Geogr. 2008, 48, 1–23.

30. Waltz, A.E.; Stoddard, M.T.; Kalies, E.L.; Springer, J.D.; Huffman, D.W.; Meador, A.S. Effectiveness of fuel
reduction treatments: Assessing metrics of forest resiliency and wildfire severity after the Wallow Fire, AZ.
For. Ecol. Manag. 2014, 334, 43–52. [CrossRef]

31. DellaSala, D.A.; Olson, D.M.; Barth, S.E.; Crane, S.L.; Primm, S.A. Forest health: Moving beyond rhetoric to
restore healthy landscapes in the inland Northwest. Wildl. Soc. Bull. (1973–2006) 1995, 23, 346–356.

32. Bessie, W.; Johnson, E. The relative importance of fuels and weather on fire behavior in subalpine forests.
Ecology 1995, 76, 747–762. [CrossRef]

33. Turner, M.G.; Romme, W.H.; Gardner, R.H. Landscape disturbance models and the long-term dynamics of
natural areas. Nat. Areas J. 1994, 14, 3–11.

34. Cram, D.S.; Baker, T.T.; Fernald, A.G.; Cibils, A.F.; VanLeeuwen, D.M. Fuel and vegetation trends after
wildfire in treated versus untreated forests. For. Sci. 2015, 61, 753–762. [CrossRef]

35. Wimberly, M.C.; Cochrane, M.A.; Baer, A.D.; Pabst, K. Assessing fuel treatment effectiveness using satellite
imagery and spatial statistics. Ecol. Appl. 2009, 19, 1377–1384. [CrossRef]

36. Hudak, A.T.; Rickert, I.; Morgan, P.; Strand, E.; Lewis, S.A.; Robichaud, P.; Hoffman, C.; Holden, Z.A.
Review of Fuel Treatment Effectiveness in Forests and Rangelands and a Case Study from the 2007 Megafires in
Central Idaho USA; U.S. Department of Agriculture: Forest Service—National Agroforestry Center: Lincoln,
NE, USA, 2011; p. 172.

37. Raymond, C.L.; Peterson, D.L. Fuel treatments alter the effects of wildfire in a mixed-evergreen forest,
Oregon, USA. Can. J. For. Res. 2005, 35, 2981–2995. [CrossRef]

38. Region, P.N. An Assessment of Fuel Treatments on Three Large 2007 Pacific Northwest Fires; Pacific Northwest
Region, USDA Forest Service Oregon State Office: Portland, OR, USA; USDI Bureau of Land Management:
Washington, DC, USA, 2007.

39. Bigelow, S.W.; North, M.P. Microclimate effects of fuels-reduction and group-selection silviculture:
Implications for fire behavior in Sierran mixed-conifer forests. For. Ecol. Manag. 2012, 264, 51–59. [CrossRef]

40. Faiella, S.M.; Bailey, J.D. Fluctuations in fuel moisture across restoration treatments in semi-arid ponderosa
pine forests of northern Arizona, USA. Int. J. Wildland Fire 2007, 16, 119–127. [CrossRef]

41. Estes, B.L.; Knapp, E.E.; Skinner, C.N.; Uzoh, F.C. Seasonal variation in surface fuel moisture between
unthinned and thinned mixed conifer forest, northern California, USA. Int. J. Wildland Fire 2012, 21, 428–435.
[CrossRef]

42. Pook, E.; Gill, A. Variation of live and dead fine fuel moisture in Pinus radiata plantations of the
Australian-Capital-Territory. Int. J. Wildland Fire 1993, 3, 155–168. [CrossRef]

43. Weatherspoon, C.P.; Skinner, C. Fire-Silviculture Relationships in Sierra Forests; Sierra Nevada Ecosystem
Project: Final Report to Congress; University of California, Centers for Water and Wildland Resources: Davis,
CA, USA, 1996; Volume 2, pp. 1167–1176.

44. Countryman, C. Old-growth conversion also converts fire climate. US For. Serv. Fire Control Notes 1955,
17, 15–19.

45. Marshall, G.; Thompson, D.K.; Anderson, K.; Simpson, B.; Linn, R.; Schroeder, D. The Impact of Fuel
Treatments on Wildfire Behavior in North America Boreal Fuels: A Simulation Study Using FIRETEC. Fire
2020, 3, 18. [CrossRef]

46. Linn, R.; Reisner, J.; Colman, J.J.; Winterkamp, J. Studying wildfire behavior using FIRETEC. Int. J.
Wildland Fire 2002, 11, 233–246. [CrossRef]

47. Pimont, F.; Dupuy, J.L.; Linn, R.R.; Dupont, S. Validation of FIRETEC wind-flows over a canopy and a
fuel-break. Int. J. Wildland Fire 2009, 18, 775–790. [CrossRef]

48. Shaw, R.H.; Schumann, U. Large-eddy simulation of turbulent flow above and within a forest.
Bound.-Layer Meteorol. 1992, 61, 47–64. [CrossRef]

49. Raupach, M.R.; Bradley, E.; Ghadiri, H. A Wind Tunnel Investigation into the Aerodynamic Effect of Forest
Clearings on the Nesting of Abbott’s Booby on Christmas Island; CSIRO Division of Environmental Machanics:
Black Mountain, ACT, Australia, 1987.

http://dx.doi.org/10.1071/WF06051
http://dx.doi.org/10.1016/j.foreco.2014.08.026
http://dx.doi.org/10.2307/1939341
http://dx.doi.org/10.5849/forsci.13-138
http://dx.doi.org/10.1890/08-1685.1
http://dx.doi.org/10.1139/x05-206
http://dx.doi.org/10.1016/j.foreco.2011.09.031
http://dx.doi.org/10.1071/WF06018
http://dx.doi.org/10.1071/WF11056
http://dx.doi.org/10.1071/WF9930155
http://dx.doi.org/10.3390/fire3020018
http://dx.doi.org/10.1071/WF02007
http://dx.doi.org/10.1071/WF07130
http://dx.doi.org/10.1007/BF02033994


Forests 2020, 11, 918 14 of 14

50. Bossert, J.E.; Linn, R.; Reisner, J.; Winterkamp, J.; Dennison, P.; Roberts, D. Coupled atmosphere-fire behavior
model sensitivity to spatial fuels characterization. In Proceedings of the Third Symposium on Fire and
Forest Meteorology, Long Beach, CA, USA, 10 January 2000; p. 21.

51. Linn, R.; Winterkamp, J.; Colman, J.J.; Edminster, C.; Bailey, J.D. Modeling interactions between fire and
atmosphere in discrete element fuel beds. Int. J. Wildland Fire 2005, 14, 37–48. [CrossRef]

52. Linn, R.R.; Cunningham, P. Numerical simulations of grass fires using a coupled atmosphere–fire model:
Basic fire behavior and dependence on wind speed. J. Geophys. Res. Atmos. 2005, 110, D13. [CrossRef]

53. Linn, R.; Anderson, K.; Winterkamp, J.; Brooks, A.; Wotton, M.; Dupuy, J.L.; Pimont, F.; Edminster, C.
Incorporating field wind data into FIRETEC simulations of the International Crown Fire Modeling
Experiment (ICFME): Preliminary lessons learned. Can. J. For. Res. 2012, 42, 879–898. [CrossRef]

54. Linn, R.; Canfield, J.; Cunningham, P.; Edminster, C.; Dupuy, J.L.; Pimont, F. Using periodic line fires to gain
a new perspective on multi-dimensional aspects of forward fire spread. Agric. For. Meteorol. 2012, 157, 60–76.
[CrossRef]

55. Linn, R.R. A Transport Model for Prediction of Wildfire Behavior; Technical Report; Los Alamos National
Laboratory: Los Alamos, NM, USA, 1997.

56. Dupuy, J.L.; Linn, R.; Konovalov, V.; Pimont, F.; Vega, J.; Jiménez, E. Exploring three-dimensional coupled
fire–atmosphere interactions downwind of wind-driven surface fires and their influence on backfires using
the HIGRAD-FIRETEC model. Int. J. Wildland Fire 2011, 20, 734–750. [CrossRef]

57. Sullivan, A.L. Wildland surface fire spread modelling, 1990–2007. 1: Physical and quasi-physical models.
Int. J. Wildland Fire 2009, 18, 349–368. [CrossRef]

58. Sackett, S.S.; Haase, S.M. Fuel Loadings in Southwestern Ecosystems of the United States; United States
Department of Agriculture Forest Service General Technical Report RM; Pacific Southwest Research Station,
U.S. Department of Agriculture, Forest Service: Riverside, CA, USA, 1996; pp. 187–192.

59. Parresol, B.R.; Shea, D.; Ottmar, R. Creating a fuels baseline and establishing fire frequency relationships
to develop a landscape management strategy at the Savannah River Site. In Proceedings of the Fuels
Management-How to Measure Success: Conference Proceedings, Portland, OR, USA, 28–30 March 2006;
Proceedings RMRS-P-41; Andrews, P.L., Butler, B.W., Eds.; US Department of Agriculture, Forest Service,
Rocky Mountain Research Station: Fort Collins, CO, USA, 2006; Volume 41, pp. 351–366.

60. Banerjee, T.; Heilman, W.; Goodrick, S.; Hiers, K.; Linn, R. Effects of Canopy Midstory Management and Fuel
Moisture on Wildfire Behavior. 2019. Available online: https://osf.io/4p57h/ (accessed on 20 April 2019).

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1071/WF04043
http://dx.doi.org/10.1029/2004JD005597
http://dx.doi.org/10.1139/x2012-038
http://dx.doi.org/10.1016/j.agrformet.2012.01.014
http://dx.doi.org/10.1071/WF10035
http://dx.doi.org/10.1071/WF06143
https://osf.io/4p57h/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Methods
	Model Description
	Simulations

	Results
	Burnt Area
	Wind Speed
	Rate of Spread
	Air Temperature
	Sensible Heat Flux

	Discussions
	Conclusions
	References

