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Abstract: Despite recent advances in both coupled fire modeling and measurement techniques to
sample the fire environment, the fire—atmosphere coupling mechanisms that lead to fast propagating
wildfires remain poorly understood. This knowledge gap adversely affects fire management when
wildland fires propagate unexpectedly rapidly and shift direction due to the fire impacts on local wind
conditions. In this work, we utilized observational data from the FireFlux2 prescribed burn and numerical
simulations performed with a coupled fire-atmosphere model WRF-SFIRE to assess the small-scale impacts
of fire on local micrometeorology under moderate wind conditions (10-12 m/s). The FireFlux2 prescribed
burn provided a comprehensive observational dataset with in situ meteorological observations as
well as IR measurements of fire progression. To directly quantify the effects of fire—atmosphere
interactions, two WREF-SFIRE simulations were executed. One simulation was run in a two-way
coupled mode in which the heat and moisture fluxes emitted from the fire were injected into the
atmosphere, and the other simulation was performed in a one-way coupled mode for which the
atmosphere was not affected by the fire. The difference between these two simulations was used to
analyze and quantify the fire impacts on the atmospheric circulation at different sections of the fire
front. The fire-released heat fluxes resulted in vertical velocities as high as 10.8 m/s at the highest
measurement level (20 m above ground level) gradually diminishing with height and dropping to
7.9 m/s at 5.77 m. The fire-induced horizontal winds indicated the strongest fire-induced flow at
the lowest measurement levels (as high as 3.3 m/s) gradually decreasing to less than 1 m/s at 20 m
above ground level. The analysis of the simulated flow indicates significant differences between the
fire-induced circulation at the fire head and on the flanks. The fire-induced circulation was much
stronger near the fire head than at the flanks, where the fire did not produce particularly strong
cross-fire flow and did not significantly change the lateral fire progression. However, at the head of
the fire the fire-induced winds blowing across the front were the strongest and significantly accelerated
fire progression. The two-way coupled simulation including the fire-induced winds produced 36.2% faster
fire propagation than the one-way coupled run, and more realistically represented the fire progression.

Keywords: fire-induced circulations; WRF-SFIRE; FireFlux2; experimental fires; fire modeling;
fire wind

1. Introduction

Fire behavior may be significantly impacted by fire-induced perturbations to the
atmosphere. As the fire releases heat and moisture from fuel combustion, the fire induces
turbulent circulations by altering the local thermal structure of the lower atmospheric
boundary layer [1]. These fire-induced perturbations in turn impact local fire Rate of
Spread (ROS). To assess how the fire induces its own circulations (fire winds), observations
and simulations of fires are necessary to determine how the fire changes local conditions.
There have been multiple experiments conducted to observe fire—atmosphere coupling
processes by sampling the fire environment. Some experiments intended to collect data on
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the fire-induced circulations, and other experiments were more focused on other aspects
such as smoke transport and how fires impact the structure of the atmosphere [1-5]. Such
experiments are crucial to better our understanding of how fire circulations impact the
local conditions and fire spread. In this study, we used a prescribed fire with multiple
instruments within the burn plot to sample how the weather conditions change in response
to the Fire Front Passage (FFP). The insight into the fundamental fire-atmosphere coupling
processes that impact wildfire behavior is critical to improve our understanding of fire
behavior in response to fire-induced winds [6,7]. Although experimental data can provide
invaluable information for the analysis of fire-induced circulations, observations alone
cannot be used to systematically quantify the fire winds. On one hand, the observed winds
are a result of both the ambient wind fluctuations as well as fire winds. On another hand,
the limited sampling resolution (typically just a few locations within the burn plot) makes
reconstructing the 3D flow near the fire and quantifying fire-induced perturbations based
on observation alone, not feasible. However, with the help of coupled fire—atmosphere
simulations, it is possible to overcome these limitations. Numerical experiments with and
without fire-atmosphere feedback initialized to render experimental burns (both in the
sense of the meteorological conditions as well as the fuel and terrain) allow us to analyze
and quantify the fire impacts by subtracting variables from one-way coupled simulation
from the two-way coupled ones.

The experimental burn used in this study is the FireFlux2 (FF2) experimental burn. This
burn took place in Texas in 2013 in a flat prairie with nearly homogenous grassy fuels. It was
conducted to better understand micrometeorological aspects of fire spread [5], and occurred
during red flag warning conditions (high winds and low relative humidity), which allowed
the fire to spread much faster than in typical experimental fires. Four meteorological towers
were installed within the burn plot, each equipped with anemometers and thermocouples
at varying heights, as well as pressure sensors, ground thermocouples, and a SODAR
that collected data on how the fire affects local atmospheric conditions. Additionally, two
infrared (IR) cameras collected video footage showing the fire progression. There was also
a radiosonde launched near the time of ignition to gather information about the vertical
structure of the atmosphere before the burn.

The FF2 experiment was a follow-up from the original FireFlux experiment that
occurred in 2006. The FireFlux burn provided a unique opportunity for rigorous validations
of many coupled fire-atmosphere models [8-11]. The unique characteristic of the FF2 burn
compared with FireFlux stems from the fact that the FF2 burn was conducted under
stronger winds, with more instruments, and with improved IR fire mapping as well as
more comprehensive meteorological measurements. The purpose of the FireFlux burn was
to study fire-atmosphere interactions during a fast-spreading grass fire by measuring the
wind, turbulence, and temperature [9]. The authors found the FireFlux burn altered the
local conditions by generating strong turbulence (4-5x greater than ambient conditions [4])
which could be seen downstream from the fire front due to the downward transport of
higher momentum [4]. This indicated that the fire not only impacts conditions at the fire
front, but well ahead of the fire front as well.

Combining these observations from the FireFlux burn with model simulations allows
for a new perspective into how fire-induced perturbations impact the fires” propagation
and surrounding conditions. One experiment that conducted an analysis using the FireFlux
burn occurs in [11] where they use the ForeFire/Meso-NH model in a Large Eddy Simu-
lation (LES) configuration to determine how fire-induced perturbations impact the shape
of the fire, the fire forcing on the atmospheric flow in the lowest layers, and the impacts
of the fire-induced wind on the surrounding atmosphere [11]. They found that the shape
of the fire front is strongly affected by the fire-induced winds as the fire head becomes
narrower and propagates faster, which matches the observations [4,11]. With a similar fire
shape, the heat flux injected in the atmosphere as well as the wind perturbations in both
the model and observations were consistent. The only difference between the model and
observations was a slight wind shift which occurred during the burn and impacted the



Fire 2023, 6, 332

30f19

fire progression. As the fire propagated through the towers, it produced downdrafts just
before FFP, which occurred in both the simulations and observations, then a fast increase in
winds when the fire front was under the tower due to heating [11]. After that, downdrafts
occurred after FFP in both the simulation and observations [11]. This behavior indicates
how the fire-induced updrafts and downdrafts impacted the surrounding atmosphere,
creating vertical perturbations.

Similar experiments were analyzed based on Australian grassfires from [12] and
numerical simulations from [13] using the University of Utah’s Large-scale Eddy Simulation
model [14]. These experiments were performed to examine the variability in fire behavior
under two types of atmospheric boundary layers using a coupled fire atmosphere model.
However, Ref [14] also analyzed how the fire-induced winds impact the ROS using a one-
way coupled simulation and a two-way coupled simulation. They found that the two-way
coupled simulation tended to spread more in the downwind direction compared to the
one-way coupled simulation, which spread more along the flanks of the fire. This indicated
that the fire-induced winds affected the overall shape of the fire.

Another set of numerical experiments using a coupled fire—atmosphere model was
conducted in [15] to test how fires impact the surrounding conditions and how they create
their own weather. Three different experiments were conducted under different ambient
conditions with three short fire lines, and two longer fire lines with homogeneous fuels.
The different ambient conditions consisted of varying wind intensities. In the simulations
with the weak wind, the position of the fire front remained mostly stationary and the
fireline began to break up [15]. With stronger winds, the fire front progressed much faster
and took on a conical shape [15]. These shapes were explained by how the lower-level
convergence produced by the hot convective columns tilted downstream from the fire
front [15]. This tilt shifted the center of the convergence ahead of the fire front, so that with
faster ambient winds, the tilt was stronger, and the center of the convergence zone was
farther downwind from the fire front [15]. Because of the locations ahead of the fire front,
the convergence increased the flow across the fire front, and accelerated fire progression.
Under weak ambient conditions, the fire line began to break up without generating as
strong of a convective column due to limited propagation speed and intensity.

Despite the extensive previous knowledge on how fire-induced circulations impact fire
spread and how they alter the local conditions both at the fire front and ahead of it, there
still exists a knowledge gap on the circulations at both the head and flanks of the fire front,
as well as how strong fire winds are. By using a model simulation that has been verified
with field observations taken during the FF2 experiment, we can accurately quantify the
effects from a fire on the local conditions and compare the head and flank circulations. With
this study, we can then investigate fire—atmosphere interactions and their impacts on local
weather conditions and the fire spread.

2. Methods

To analyze fire-induced circulations at the head and flanks of the fire, we used two
idealized WRF-SFIRE simulations of the FF2 experimental burn—a two-way coupled run
in which fire-released heat and moisture fluxes were fed to the atmosphere to resolve
the fire-induced winds, and the one-way coupled simulation in which fire-released heat
and moisture fluxes were neglected. These runs allowed us to investigate the impact of
fire—atmosphere interactions on local winds and the fire propagation, and the difference
between the wind fields and the rate of spread from these simulations allowed us to
quantify the fire winds and the effects of fire—atmosphere coupling on fire propagation.

WRE-SFIRE [2,16-18] used in this study is a two-way coupled fire—atmosphere model
that couples the Weather Research Forecasting (WRF) model with a fire spread model
(SFIRE). SFIRE is a fire spread model that incorporates the level set method [16] using the
semi-empirical Rothermel fire spread model [19]. WRE-SFIRE uses two separate meshes: a
three-dimensional atmospheric mesh and a refined fire mesh at the surface [9]. The model
can simulate both idealized and real cases and is fast enough to be used for operations.
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WRE-SFIRE has been used to simulate both wildfires near real time (e.g., [20,21]) as well as
experimental fires (e.g., [5,9]). WRE-SFIRE numerical simulations of experimental burns
were also conducted to support planning of experimental burns (e.g., [5]). Models like
WREF-SFIRE have been developed to represent the first-order effect of fire—atmosphere
interactions at landscape-to-micrometeorological scales [6]. Coupled fire—atmosphere
simulations along with observational data can therefore be used to investigate small-scale
fire—atmosphere processes impacting near-fire circulations that control fire behavior.

The set-up for the FF2 WRF-SFIRE simulation consisted of one domain with an atmo-
spheric grid of 200 x 320 grid points (west-east x south-north) and a time step of 0.0025 s.
Each grid point in the atmospheric mesh was 5 m x 5 m with 80 vertical levels reaching 1200 m.
The fire grid contained 2000 x 3200 grid points with each point being 0.5 m x 0.5 m in size.
The model used a stretched vertical mesh with the first model level placed at 1.05 m above
the ground and the vertical resolution gradually decreased to an average of 27.75 m at
the top of the domain. At the top of the domain the simulation used a sponge layer. This
simulation was run on flat ground and used fuel category 3 in the Albini categories (tall
grass) with a 14% fuel moisture, and fuel load set to 0.64 kg/m? according to the FF2
fuel observations taken prior to the burn. Tall grass was chosen as it best represents the
fuel at the burn site. Table 1 contains more details about the FF2 simulation set-up. To
initialize winds in the model, we used data from the sounding launched at 14:24 CST (as
seen in Figure 1) along with the SODAR and tower data to create a vertical wind profile
representative of the initial conditions before the burn. We then averaged the wind speed
from all the towers at all available heights before ignition (from 15:00-15:04) to initialize the
model. Each tower shown in Figure 2 was equipped with sonic anemometers at different
heights that recorded both temperature and wind, as well as thermocouples that recorded
temperature. These anemometers are capable of measuring temperatures over 350 °C
as they were specifically designed and calibrated for fire applications. Data from these
anemometers were used to initialize the model and validate the simulated winds. The peak
temperature from sonic anemometers was used to verify the timing of the FFP at the tower
locations. The thermocouples provided information on the duration as well as the vertical
structure of the thermal perturbation, which was used to verify the simulated temperature
profile at each tower. A full list of the instruments can be found in [5].
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Figure 1. Skew-T plot of the sounding launched at 14:24 CST at the FF2 burn site. The red line
represents the temperature in Celsius and the green line represents the dew point temperature in
Celsius. The dashed blue lines represent the moist adiabat, the red dashed lines are the dry adiabat,
and the green dashed lines represent the water vapor mixing ratio.
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Table 1. WRF-SFIRE FF2 simulation set-up.

Simulation Type

LES

Horizontal domain size

1000 m x 1600 m

Atmospheric Mesh 200 x 320 x 80
Horizontal resolution (atmospheric mesh)  5m
Model top 1200 m

Vertical resolution

1.05 m at the surface to 27.75 m at the model top

Fire mesh 2000 x 3200
Horizontal resolution (fire mesh) 0.5m
Simulation length 40 min
Time step 0.0025 s

Subgrid scale closure

1.5 TKE (Turbulence Kinetic Energy)

Lateral boundary conditions

Open

Surface layer physics

Monin-Obukhov similarity theory (sf_sfclay_phys
=1)

Land surface model

SLAB 5-layer MM5 model (sfsurface_physics = 1)

Thickness of the ignition line 1m

Heat extinction depth 6m

Fuel depth 1.25m

Ground fuel moisture 14%

Fuel load 0.64 kg/m?

Fuel type of the burnt area 3 (Tall grass)

Inflow wind profile Tower data + SODAR + Radiosonde
Inflow wind direction 310

WREF-SFIRE Version

4.4 (commit
3c¢960d725cfab7597bcfcdecb5bc55{70a7e640e)

igpifion Start

Legend
¢ Cup-Vane Anemometers

East Tower
HOBO Sensors
Ignition Line
Ignition Start
Isochrones (60 second intervals)
Main Tower
Pressure Sensors
South Tower

@ West Tower

Figure 2. Map of the FF2 experimental plot showing instrumentation locations and fire perimeters.
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The simulation started at 14:50 CST and the initial 14 min were used to spin up the
atmospheric model before the fire ignition. The fire was ignited using two walking ignitions
starting at 15:04:08 CST, representing the GPS-ed firefighters” paths. The simulation was run
for 40 min (14:50-15:30 CST) which was sufficient to simulate the FFP through the locations of
all meteorological towers. To quantify fire-induced circulations after completing the coupled
simulation, another identical simulation but with the fire-induced fluxes turned off was executed.
The results from this run, referred to as a one-way coupled simulation, were subtracted from
the fully coupled simulation to quantify fire-induced winds and thermal perturbations.

The towers located within the burn plot provided observations of the fire ROS as
well as the circulations at both the flanks and the head of fire. The East Tower (ET) and
Main Tower (MT) sampled the head fire, while the West Tower (WT) and South tower (ST)
sampled the flank of the fire. Therefore, the towers provided not only an indication of the
ROS, but also sampled the fire-induced circulations at the head and at the flanks of the fire.
The observational data along with the numerical experiments were used to investigate and
contrast fire effects at the head and at the flanks.

3. Results and Discussion
3.1. Rate of Spread

To find the ROS of the fire, we utilized the anemometers on all four towers. Figure 3
shows the temperature from the observations and simulation from 5.28 to 5.77 m Above
Ground Level (AGL) at the locations of the main tower and short towers. The time at
which the temperature reached a maximum corresponds to the FFP at the towers and
can be used to investigate the fire-front arrival time as well as the overall fire spread at
the head and flanks of the fire. The timing of the fire-front passage can be estimated by
analyzing the spikes in temperature associated with the times when the fire reached the
towers. The simulation captured well the timing of the passage of the head fire through the
MT (Figure 3a) and the ET (Figure 3b). The onset of the temperature increase associated
with the FFP was nearly perfectly captured by the model at the MT and within about 20
s at the ET. However, more significant differences in the timing of the FFP between the
simulation and observations occurred at the flanks of the fire. The temperature data suggest
that the model overpredicted the ROS at the WT (Figure 3c) and underpredicted the ROS
at the ST (Figure 3d). To estimate the ROS at each tower, we assessed the distance from the
ignition point to the towers and divided that by the time where the temperature reached
the maximum (in both the simulation and observations). The estimated ROS values at the
tower locations can be seen in Table 2. The observed values presented there show the fire
spread quickly at the head fire (MT and ET) with the ROS over 1 m/s, then the fire spread
slowed down at the flanks of the fire (at the WT). A wind shift later in the burn then caused
the fire to spread more towards the ST, which increased the ROS for that location. The
two-way coupled simulated values in Table 2 show that the ROS was much faster at the
head fire compared to the flanks. The simulated head fire spread at 1-1.45 m/s compared
to the flanks which spread much slower at less than 1 m/s. The comparison between the
ROS in the two-way and one-way coupled simulations indicates that neglecting the fire-
induced winds leads to an underestimated fire progression. Consequently, when compared
to observations the two-way coupled simulation resolving the fire winds rendered the
fire behavior much more realistically than the on-way coupled one. The bias in the ROS
averaged over all tower locations in the simulation neglecting the fire winds was 43.1%,
while the two-way coupled simulation was just 6.3%.
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Figure 3. Time series of the simulated temperature compared to a 10 s rolling average of the
observations from the 4 towers: (a) MT, (b) ET, (c) WT, and (d) ST.

Table 2. Comparison of the ROS at all towers.

Tower MT ET WT ST Average
Observed ROS (m/s) 1.04 1.33 0.84 1.2 1.1
Two-Way Coupled Simulated ROS (m/s) 1 1.45 0.95 0.78 1.05
One-Way Coupled Simulated ROS (m/s) 0.69 0.89 0.64 0.61 0.71

% Differgnce Between Two-Way Coupled and 392 8.63 12.29 4242 636
Observations

% Difference Between One-Way Coupled and 4046 3964 2703 _65.19 _43.08

Observations

The discrepancies between the simulated and observed timing of the FFP at the flank
were due to the change in fire propagation later into the experiment associated with this
shift. This can be seen in Figure 4, where the simulated fire perimeters are compared to
the IR fire perimeters. During the burn, a slight wind shift occurred which changed the
main axis of the fire propagation. This could not be captured in the idealized simulation
where the winds are initialized only at the beginning of the simulation and then used for
the entirety of the simulation along with the open boundary conditions. The wind shift
made the fire propagate more in the southern direction than indicated by the simulation.
This did not affect the head fire as much since the fire had already propagated through the
MT and ET before this wind shift occurred. With the ROS validated at the head of the fire,
we then analyzed how well the simulation captured the thermal plume structure of the fire

compared to observations.
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Figure 4. Simulated fire perimeter (black) compared to observed fire perimeter using IR sensors (red)
at times when the observed IR perimeter intersected the towers. Simulated and observed time at the
MT (a) is 69 s after ignition, at the ET (b) is 232 s after ignition, at the WT (c) is 304 s after ignition, at
the ST (d) is 599 s after ignition.

3.2. Analysis of the Thermal Plume Structure

The temperature time series between 5.28 m and 5.77 m discussed in the previous
section gives a good indication of the FFP timing but is not sufficient to verify the vertical
extent of the thermal disturbance. Therefore, to analyze the thermal plume structure, we
used the thermocouples installed on each tower. The MT had thermocouples mounted at
heights from 0.3 m to 45 m (AGL), while the short towers had thermocouples installed
between 0 m and 9 m AGL.

Both the duration and the vertical extent of the plume agree with the observations,
which indicates that the simulation realistically represented the thermal plume structure
at the head of the fire. The fire-induced temperature perturbation at the MT (Figure 5a,b)
extended up to 20 m both in observations, and simulations. The model also realistically
captured the duration of the thermal perturbation lasting about 50 s in both the simulation
and observations. This agreement indicates the width of the convective plume column
passing the tower was well represented. Looking at the ET (Figure 5c,d), the model resolved
the temperatures above 180 °C at about 5 m, which is consistent with what was observed
during the burn. However, duration of the thermal perturbation was overestimated. Most
probably this was due to some discrepancies between the simulated and observed shape of
the fire-front head when it crossed the ET. As shown in Figure 4b, the simulated fire front
was broader than the observed one, and its tip was shifted to the south from the tower
compared to the observations, which could result in the observed discrepancies in the
temperature field. Still, the overall agreement between the observed and simulated thermal
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structure at the head fire builds confidence in the simulation and motivates the investigation
of the circulations induced by the fire-induced buoyancy and pyro-convection.
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Figure 5. Time series of the temperature from the simulation and 10 s rolling average of the tempera-
ture from the observations at the MT and ET. Simulated temperatures at the MT (a) and ET (c) and
observed temperature from the thermocouples at the MT (b) and ET (d).

3.3. Vertical Wind Analysis

The thermal perturbations induced by the fire can generate buoyant updrafts changing
the vertical and horizontal circulation near the fire front. Therefore, after the analysis of
the vertical temperature structure during the fire-front passage, the vertical winds were
assessed. It was done to determine if the model properly accounted for the heat injected into
the local atmosphere, which would then cause buoyant forces and consequently updrafts.
The MT was used in this section because it had three anemometers reaching 20 m, which
allowed for a more comprehensive analysis on the impacts from the heat output at higher
levels than the short towers which only had one anemometer near the surface.

The observations in Figure 6 display the strongest vertical winds occurring at 20 m,
then 10 m, and finally the weakest updrafts occurring at 5.77 m AGL. The simulated values
(Figure 6) have the strongest updrafts occurring at 10 m, then 5.77 m, and finally the weakest
updrafts occur at 20 m. We hypothesize that, in the simulation, the fire-induced circulation
was not fully developed at the time it had propagated through the MT. It has to be noted
that the fire front was already passing the MT while the ignition was still progressing, and
the fire reached the MT very fast, roughly about one minute since the ignition start (see
Figure 4a). The thermal plume in the observations presented in Figure 5b is significantly
hotter (250 °C) compared to the simulated temperatures in Figure 5a reaching only 163 °C.
We hypothesize that the underestimated buoyancy led to weaker convection produced in
the simulation which manifested in undeveloped updrafts at higher elevations (i.e., 20 m
AGL). Consequently, the vertical winds peaked at 10 m and did not extend vertically as
high as in the observations. However, both the simulation and observations follow a similar
trend with downdrafts occurring before FFP, then a sharp increase in the winds when the
fire was underneath the tower due to the heating, then downdrafts after FFP, which is
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consistent with [11] who observed similar trends in their experiment with FireFlux. With
this validation between the simulation and observations, we then analyzed the fire-induced
winds at the head and flanks of the fire.

4

: —— Simulated 20m W Wind
—— Simulated 10m W Wind
—— Simulated 5.77m W Wind
=== Simulated FFP

~~~~~ Observed 20m W Wind
----- Observed 10m W Wind
~~~~~ Observed 5.77m W Wind

Wind Speed (m/s)
-

P e

=
o

880 890 900 910 920 930 950 960

Time (Seconds)
Figure 6. Simulated vertical velocities compared to the observed vertical velocities with a 10 s rolling
average at 20 m, 10 m, and 5.77 m at the MT.

3.4. Analysis of Fire-Induced Circulations

After the basic validation of the thermal plume structure, we then focused on the
horizontal wind associated with the fire-front passage. This is critical due to the direct
impact of the horizontal fire winds on the rate of the fire spread. Later in the text we
compare simulations at the head and the flanks to better understand the impact of fire-
induced circulation on fire dynamics. By analyzing the magnitude of the fire winds we try
to assess to what degree the fire-induced horizontal circulation could have impacted the
fire behavior.

3.4.1. Circulation at the Fire Head

We start from the analysis of fire winds at the MT, computed as a difference between
the two-way coupled and one-way coupled simulation. As can be seen in Figure 7, the
fire-induced horizontal circulation was the strongest at the surface and gradually decreased
with height. The strongest fire-induced winds occurred at 5.77 m AGL with winds greater
than 3 m/s, then decreased to 1.5 m/s at 10 m, and finally decreased even more to less
than 0.5 m/s at 20 m. These winds indicate that the fire-induced winds originated near
the surface and were diminishing at higher elevations. The peak in the fire-induced winds
occurred before the FFP and extended for about 100 s, indicating that the winds created by
the fire affected the local conditions driving the fire-front propagation. Similar conditions
were experienced in [4] with turbulence induced from the fire seen downstream from the
fire front, which impacted the winds ahead of the fire front. After the FFP, the winds
decreased rapidly but remained slightly elevated for a prolonged time as the fire continued
to burn.
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Figure 7. Time series of simulated fire winds at 20 m (red), 10 m (blue), and 5.77 m (green) AGL at
the MT.

To determine the impact from the fire-induced winds on ambient conditions, we
created a cross-section (as seen in Figure 8a) of the ambient winds, fire-induced vertical
velocities, and the fire ground heat flux (as seen in Figure 8b). The head fire produced not
only stronger winds at the surface, as seen in Figure 8b, but also an updraft zone between
two downdraft zones indicated by negative values in Figure 6. Figure 8b shows that the
convective column is pushed ahead of the fire front so that the inflow into the base of the
column induces the cross-fire wind that accelerates its progression. Since this inflow occurs
near the ground, the acceleration in the surface winds is the most intense at the lowest
elevations behind and at the fire front and decreases with height, as previously seen in time
series presented in Figure 7. Although the most intense horizontal winds were present near
the ground, the strongest updrafts occurred ahead of the fire front between 40 and 60 m
AGL. The shape of the updraft zone presented in Figure 8b indicates a narrow conic shape
near the ground and extending with height, producing more inflow near the ground.

The inflow into the convective column located ahead of the fire front significantly
accelerates horizontal winds controlling the fire ROS. The orange wind streamlines shown
in Figure 8b occur exactly over the peak heat flux represented as the blue line on the panel
below. This alignment confirms that the accelerated winds are located over the fire front,
establishing the dynamical interaction between the fire-induced winds and the fire behavior,
which, as shown later, results in increased ROS.

The vertical structure of the fire-induced winds with the strongest winds located near
the ground and decreasing with height suggests a presence of a low-level fire-induced
jet that could lead to a potential local reversal of the typical logarithmic wind profile. To
investigate whether that is the case, in Figure 9, we analyzed the vertical profile at the MT
location before the ignition at 15:04:08 (blue lines) and during the FFP (red lines). Figure 9
shows the wind speed vertical profile as simulated by the model (solid lines) and observa-
tions at the MT (dashed lines). Both the simulation and observation indicate wind profile
reversal associated with the FFP. This wind profile reversal results from the horizontal
flow into the convective column super positioned over the ambient winds. The fire, by
heating the air column, causes air masses to rise and create a pyro-convective column. This
convective column is advected downwind of the fire front (as seen in Figure 8b), causing
the strongest fire-induced vertical wind to occur ahead of the fire front). The low pressure
created as the air mass was driven up induces surface convergence ahead of the fire front as
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seen in Figure 10, which is consistent with [15], who noted that under fast ambient winds,
the center of the convergence zone was pushed downwind of the fire front.
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Figure 8. (a) Fire-front position (black polygon), and the orientation of the cross-section (green line).
(b) Vertical cross-section showing winds from the two-way coupled simulation taken at 15:06:06 CST
and the fire ground heat flux showing the position and intensity of the fire. The streamlines are color
coded according to the wind speed magnitude; the shading shows the magnitude of the fire-induced
vertical velocity.
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Figure 10. Surface divergence (red) and convergence (Blue) from the coupled FF2 simulation taken at
15:07:36 CST.

This effect is critical in controlling the shape of the fire and its ROS. It can be seen in
Figure 11, which shows that the shape and the ROS of the fire are vastly different in the two-
way coupled simulation (Figure 11a) than in the one-way coupled simulation (Figure 11b).
This phenomenon is consistent with [14] and their one-way coupled and two-way coupled
ROS comparisons. The lack of the convective column in the one-way coupled simulation
(in which no heat is released into the atmosphere) results in more uniform and weaker
local winds as well as slower fire propagation. Moreover, the difference in the fire-front
shape indicates that the inflow into the pyro-convective column is responsible for the more
parabolic fire shape, which is visible in the two-way coupled simulation. This was also seen
in [11] where the shape of the fire front was affected by the fire-induced winds as the fire
head become narrower and accelerated. Neglecting these winds reduces both the ROS and
the curvature of the fire front, making it less realistic when compared to observations (see
also Figure 4). The comparison between the one-way coupled simulation neglecting the
fire impact on the wind field and the two-way coupled resolving the fire winds indicates
that the horizontal circulation induced by the fire near its front significantly accelerates
fire progression. For instance, at the time 15:08:00 the overall rate of spread of the coupled
simulation was 1.50 m/s while in the uncoupled simulation it was only 1.04 m/s. Further
examples of this phenomenon can be seen in Table 2 where the one-way coupled simulation
consistently produced a slower ROS for all towers when compared to the two-way coupled
simulation and the observations.
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Figure 11. (a) Two-way coupled fire spread with color coded wind vectors according to the two-way
coupled horizontal wind speed. (b) One-way coupled fire spread with color coded wind vectors
according to the one-way coupled horizontal wind speed. The black contours represent the fire-front
position. Both images were taken at 15:08:00 CST.

3.4.2. Analysis of the Thermal Plume Structure at the Flanks

After analyzing the temperature and circulations at the head fire, we focused on the
flanks of the fire. The thermal structure of the atmosphere there has a different characteristic
than the one over the fire head. The fire-induced temperature perturbations remained
elevated for a longer period, and the fire heated the surrounding atmosphere for a longer
period, as seen in Figure 12. In the simulation, the duration of the thermal perturbation
did not last as long at the WT (about 70 s in the observations in Figure 12b, and 50 s in the
simulation in Figure 12a). This was likely due to a larger burning zone (longer residence
time) in the observations compared to the simulation. As for the vertical extent, there
were no tall towers located at the flanks of the fire in this experiment, which limits the
amount of data at higher heights. However, even based on the lower levels of the fire, it
is evident that the model struggled to resolve the temperatures at the WT, which reached
220 °C up to 2 m above the ground in observations, but only 110 °C in the simulation. We
hypothesize that the misalignment between the simulated and observed main axis of the
fire propagation after the wind shift led to the discrepancies in the thermal perturbations
between the observations and simulation at the WT.
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3.4.3. Circulations at the Flanks of the Fire

To analyze the circulations at the flanks of the fire, two cross-sections were created
that cut through the flanks of the fire (as seen in Figures 13a and 14a). These cross-sections
consisted of temperature and wind in Figure 13b and wind and fire-induced vertical wind
in Figure 14b. The cross-section shown in Figure 13b indicates two buoyant plumes located
directly over the two flanks of the fire. The left (south-western) flank burned hotter than
the right (north-eastern) flank (140 °C compared to 45 °C) and produced a more vigorous
plume than the right flank. This asymmetry caused the weak flow along the cross-section
plane as seen in Figure 13b in the right to left direction. This flow explains why the left
(south-western) flank burned hotter than the right flank. This flow was pushing the left
flank toward unburned fuel, while the right (north-eastern) flank was pushed away from
the fuel into the area that had already been burned. This decreased the temperature and
the updraft over the right flank, as seen in Figure 14b. Although the fire flanks produced
significant vertical velocities reaching over 6 m/s, they did not produce as strong of a
cross-fire flow as was observed near the fire head. As a result, flanks did not experience the
impact of the fire-induced circulation like the fire head. As can be seen in Figure 11, the
flanks were represented similarly in the two-way coupled and one-way coupled simulations
because the main flow was in the direction roughly normal to the flanks, so there was no
mechanism to push the convective columns away from the fire, and to allow the inflow
into the base of convective column accelerate winds over the fire front. This can be seen in
Figure 14b, which shows that the cores of the convective columns with strongest vertical
velocities were located directly over the southern (left) flank, and there was no significant
wind induced over the fire due to the alignment between the convergence zone and the
location of the fire front.
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Figure 13. (a) Fire-front position (black polygon) and the orientation of the cross-section (green line).
(b) Vertical cross-section showing the temperature and winds from the two-way coupled simulation
at the flanks of the fire and the fire ground heat flux showing the position and intensity of the fire
taken at 15:09:11 CST. The size of the arrows corresponds to the intensity in wind speed.
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Figure 14. (a) Fire-front position (black polygon) and the orientation of the cross-section (green line).
(b) Vertical cross-section showing winds and the fire ground heat flux showing the position and
intensity of the fire from the two-way coupled simulation taken at 15:10:11 CST. The streamlines
are color coded according to the wind speed magnitude; the shading shows the magnitude of the
fire-induced vertical velocity.

The two updrafts occurring at both flanks created counterrotating vortices notable in
Figures 13b and 14b, which were observed during the experiment. The most prominent
vortices occurred over the left flank due to it burning significantly hotter than the right
flank. The greater heat release generated the taller plume which created lower pressure
near the surface due to the hot air moving up. Air then rushed in to fill the new void,
which created these circulating flow patterns in Figures 13b and 14b. The right flank did
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not generate as much heat as the left flanks, so the winds are much weaker at the right
flank. A similar pattern was still seen there with a circulating flow; however, it is not as
prominent at the right flank as it is at the left flank. It has to be noted that, in the flank
circulation, the updrafts occurred over the fire front whereas, in the head circulation, the
updrafts occurred ahead of the fire. As a result of the convergent flows occurring at the fire
front instead of ahead of it, there was no evident impact of fire-induced winds on the flank
propagation as opposed to the fire head (see Figure 10).

4. Conclusions

In this study, we used the FF2 observations as well as numerical simulations performed
with WRF-SFIRE to investigate the fire-induced perturbations in winds and temperature
at the fire head and at the flanks during moderate winds (10-12 m/s). To determine the
fire-induced circulations, two idealized simulations were used. The two-way coupled one
where the fire heat and moisture fluxes were fed into the atmosphere and the one-way
coupled, in which atmospheric winds were used to drive the fire propagation, but fire
fluxes were not injected into the atmosphere. The differences between these simulations
allowed us to quantify the fire effects on the local meteorology near the head of the fire and
near the flanks.

The comparison between the simulated and observed fire progression indicates that
the model realistically captured the timing of the FFP through the MT and the initial
ROS matched nearly perfectly with the observations (1.04 m/s compared to 1.00 m/s).
The rate of fire head progression towards the ET was overestimated by about 8.6% (1.45
m/s compared to 1.33 m/s). However, later into the experiment, the timing of the flank
passages through the west and south towers were simulated with smaller accuracy, most
probably due to the wind direction shift that happened during the burn but could not
be implemented in the idealized simulation. This resulted in differences in the shape of
the fire between the simulation and observations later in the simulation, and errors in the
simulated timing of the flank passage through the short towers.

However, our main focus was on the vertical structures of the plume at the MT and ET
which were captured realistically in terms of the temperature range, as well as vertical and
horizontal plume extent. Despite discrepancies between the simulated lateral fire extent
and observations, the simulation accurately predicted the structure of the thermal plume
with temperatures profiles similar to the observed temperatures at the head of the fire.
The widths of the thermal plume were resolved realistically. These thermal plumes then
generated updrafts which changed both the horizontal and vertical wind velocities near the fire
front. However, the analysis of the vertical velocities indicates that during the FFP through the
first tower (about 60 s from the ignition start) the flow was not fully resolved yet.

The numerical simulations were used to analyze the fire-induced circulations at the
head and flanks of the fire, and to investigate their impact on fire propagation. At the fire
head, the strongest fire winds occurred near the surface and decreased with height. As the
fire heated up the surrounding atmosphere, it created hot air masses which were driven
up due to buoyant forcing. Consequently, this forcing generated updrafts as strong as
6.1 m/s, which were pushed ahead of the fire front by the ambient wind. Strong surface
convergence occurred ahead of the fire front and induced a cross-fire flow. This flow directly
affected the ROS, as the accelerated winds over the fire increased the rate of spread. The
horizontal fire-induced winds reached 3.3 m/s and increased the ambient winds by around
37.3%. The uncoupled simulations confirmed that without this effect, the fire would spread
approximately 36.2% slower. This effect also led to the reversal of the typical logarithmic
vertical wind profile during the FFP leading to the wind speed being the strongest at the
surface and decreasing with height.

The inclusion of the two-way coupling, which allowed us to resolve fire winds, sig-
nificantly improved the representation of fire behavior. The underestimation in the fire
propagation speed in one-way coupled simulation reaching on average 43%, was reduced
to just 6% in the two-way coupled run resolving the impact of fire winds on fire behavior.
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The flanks of the fire did not spread as fast as the head fire since they did not generate
as strong a cross-fire wind as the head, and the wind direction was approximately parallel to
both flanks. As a result, the ROS values between two-way coupling and one-way coupling
at the flanks were similar. The flanks of the fire experienced convergent flow at the fire
front instead of ahead of the fire front like the head fire, which limited the cross-fire flow
that could accelerate its progression.

It has to be noted that the presented results are based on the analysis of a relatively
small grassfire. Although it is expected that the fire-induced circulations are similarly
important during wildfires, the lack of comprehensive observations of micrometeorologi-
cal conditions near the active wildfires precludes a rigorous analysis of fire-atmosphere
interactions at much larger scales. However, as the data from larger experiments such as
California Fire Dynamics Experiment (CalFiDe [22]) become available, a similar analysis of
the impact of fire-atmosphere interactions on the wildfire dynamic will become possible.
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