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A B S T R A C T

Fire-induced turbulence and the feedback into the fire, following ambient changes, differ for forested (sub-
canopy) and grassland environments. Here, we synthesize observations from multiple experimental surface
fires: two sub-canopy backing fires, one sub-canopy heading fire, and a grassland heading fire. We identify
and compare the most essential coherent structures and processes of each case from the turbulent momentum
fluxes and turbulent kinetic energy (TKE) budget terms. In the sub-canopy burns, turbulent eddies are strongest
near the canopy top: high streamwise turbulent flux accompanies low cross-stream turbulent flux and vice
versa. In the grassland fire, both streamwise and cross-stream eddies strengthen simultaneously until a certain
height, informing a vertical length scale for the fire-influence. Moreover, the forward sweep from streamwise
eddies assists in the fire spread by pushing hot gases towards unburnt fuel. In the sub-canopy fires, shear
production and buoyancy production are more substantial near the canopy top for more intense fires, while
their magnitudes decrease with decreasing fire intensity. At mid-canopy-height scales, buoyancy production
dominates shear production, becoming the key mechanism for vertical transport of TKE. In the grassland fire,
shear production dominates buoyancy production near the surface and is insignificant beyond a certain height
relative to the flame length, while buoyancy production increases with height, becoming substantial further
away from the surface. Turbulent transport terms are also active in both environments. For intense sub-canopy
fires, there is a loss in TKE due to its expulsion to the boundary layer aloft via the transport term, compensated
by a reversal process: TKE influx via the transport term. In the grassland fire, the transport term mimics this
behavior until a certain height. The insights into the relative significance of the respective turbulent fluxes
and TKE budget terms in each environment can help simplify the complex system of equations governing fire
physics.
1. Introduction

Fire-induced turbulence has considerable impact on scalar disper-
sion and momentum transport both during and after the passage of
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the fire-front across the fuel in wildland fire environments. The dis-
persion of scalars such as smoke in turn affects visibility and human
health, especially for residents in the wildland-urban interface, while
the transport of firebrands (embers) poses a severe risk of spotting up
to several kilometers away from the fire-front (Thurston et al., 2017).
Moreover, fire behavior is closely linked with the ambient turbulence
168-1923/© 2023 The Authors. Published by Elsevier B.V. This is an open access a
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(canopy turbulence in the forested environments). Depending on the
environment, turbulence in the canopy or the atmospheric boundary
layer demonstrably affects fire spread-rates (Sun et al., 2009; Banerjee,
2020), occasionally in unexpected ways. With a deep necessity to
understand fire-induced turbulence both in grassland and forested envi-
ronments, fire simulations (Linn et al., 2002; Morvan et al., 2006; Mell
et al., 2007; Mueller et al., 2014) as well as in-situ measurements from
burns on small as well as management scales (Desai et al., 2022; Seto
et al., 2013; Heilman et al., 2013, 2015, 2017, 2021a,b) have gained
importance. However, the excessive computational overhead involved
in simulating fires in forested and grassland environments (Colman and
Linn, 2007; Zhou et al., 2007) make them less amenable for extended
use. While a fast-running simulation platform like QUIC-fire (Linn
et al., 2020) is able to circumvent this issue, its wind solver (QUIC-
URB) outputs the time-averaged flow field, which makes it difficult to
analyze the turbulence-driving fire behavior. Given these constraints on
computational models, careful examination of observed data from burn
experiments can be useful in investigating the coherent motions that
characterize fire-induced turbulence. Such examination can potentially
also allow for the simplification of the governing equations describing
fire behavior based on the relative importance of the different terms
involved. In the past, empirically derived models (Finney, 1998, 2006;
Andrews, 2014) based on the widely used model by Rothermel (1972)
have been successful in simplifying the complex set of governing (ther-
mal, chemistry, fluid flow) equations for successful operational use
via the parameterization of several physical quantities. However, these
models are based on laboratory experiments so that their application
on management scales is limited. Another limitation is their inability to
provide insights into the complex turbulent environment arising from
fire-atmosphere interaction.

Despite their usefulness in understanding the physics underlying
fire-induced turbulence, studies relying on experimental data have
only recently gathered momentum because of the high risk of dam-
age posed to equipment during data collection in the presence of a
flame (Clements et al., 2007). Here, we review the key findings of some
of the few leading empirical studies that attempted to untangle the com-
plex dynamics underlying fire-atmosphere interaction. Recent studies
by Heilman et al. (2015, 2019) explored turbulent kinetic energy (TKE)
levels at different heights of a 20 m measurement tower, the energy
spectrum of the velocity components, and patterns in the turbulent heat
and momentum fluxes for two different backing surface fires in the
New Jersey Pinelands National Reserve (forested environment), one of
high intensity in 2011 and the other of lower intensity in 2012. For the
higher intensity fire, fire-induced TKE near the canopy top was found
to be much more substantial compared to the lower heights, making
turbulent diffusion of smoke near the canopy top more important
than mixing at lower heights within the canopy. Analysis of 1 minute
averaged turbulent momentum fluxes showed that vertical turbulent
fluxes contributed 40%–80% to the net momentum flux before, during,
and after fire-front-passage (FFP) (Heilman et al., 2019). The relative
contribution of the vertical turbulent heat and momentum fluxes to
the net heat and momentum fluxes was found to be highest at the
mid-canopy height when compared to near the surface or the canopy
top. Estimates of the turbulence anisotropy obtained by Heilman et al.
(2017) demonstrated the significance of horizontal velocity perturba-
tions over vertical velocity perturbations pre- and post-FFP as well
as during FFP periods at all measurement heights. Analysis of the
relative contribution of the terms in the TKE budget equations showed
that shear production was higher than the buoyancy production at all
measurement heights within the overstory vegetation layer pre- and
post-FFP. Furthermore, the turbulent transport term resulted in a loss
of TKE at all measurement heights during FFP in 2011, while its effect
was found to be greatly diminished in the lower-intensity 2012 burn.
In a separate study, Heilman et al. (2021b) studied the contribution
to turbulent fluxes of sweep-ejection events before, during, and after
2

the passage of a heading (wind-driven) surface fire-front through a
network of 20 m measurement towers during an operational burn in
the New Jersey Pine Barrens (under the U.S. Department of Defense–
Strategic Environmental Research Program (SERDP)). It was found
that pre-FFP and post-FFP periods were characterized by sweeps and
ejections, while FFP periods were characterized by sweeps and outward
interactions (convection involving the upward flux of wind with high
horizontal momentum). These studies encapsulate some of the most
recent turbulence analyses on experimental surface fires in forested
regions.

The FireFlux experiment was a pioneering study on fire–atmosphere
interactions in a grassland fire and set a benchmark for similar studies
in the future (Clements et al., 2008). It comprised a heading (wind-
driven) experimental grassland fire conducted at the Houston Coastal
Center in Texas on 23 February, 2006. Temperature and velocity mea-
surements taken during the experiment by a 43 m instrumented tower
were utilized by Clements et al. (2008) for a first-order analysis.
Derived quantities such as the velocity spectra, turbulent momentum
fluxes, and TKE were analyzed to comment on the turbulence levels
induced by the fire-front passage. The turbulence intensity generated
by the fire was found to be four to five times greater than the ambient
atmospheric turbulence. Furthermore, turbulent fluxes demonstrated a
downward transfer of high momentum downstream of the fire-front.
Heilman et al. (2021a) took the analysis further with their study
of sweep-ejection-like events, which also included results from the
three prescribed fires in the New Jersey Pinelands described above.
Their focus was on examining how the frequencies of occurrence of
sweep-ejection-like events and their contributions to the mean verti-
cal turbulent fluxes of heat and momentum were modulated by the
vicinity or presence of the fire. Contrary to conditions in the absence
of surface fires, it was found that ejections were completely dominant
in their contribution to heat-flux events and outward interaction events
substantially overshadowed the contribution of sweeps and ejections to
momentum-flux events in both environments. The most frequent events
during FFP were heat-flux inward interaction events (flux of warmer air
towards the surface) and momentum-flux outward interaction events
(explained above) in grassland and forested environments, respectively.

As seen above, previous empirical and semi-empirical studies (Kiefer
et al., 2015; Heilman et al., 2017) have taken a keen interest in
exploring turbulent fluxes and terms of TKE budget equation pre-,
during, and post-FFP for insights into the dominant physical processes
characterizing fire-induced turbulence. However, the interpretation of
coherent structures inferred from the turbulent fluxes and the TKE
budget terms is sensitive to the averaging scheme employed to de-
compose turbulent signals into the mean and turbulent fluctuations
from the mean. Additionally, the effect of the fire on the mean kinetic
energy (MKE) budget terms remains to be explored using the existing
data. Furthermore, several differences in the fire-turbulence behavior
between surface fires in forested and grassland environments remain
to be articulated. For instance, we expect the nature of the turbulent
transport term to be different, considering that it assumes different
levels of importance within the canopy and in the open atmospheric
boundary layer in no-fire conditions (Raupach et al., 1996). Heilman
et al. (2019) also reflected on the need to understand differences in the
behavior of turbulent fluxes for backing and heading fires across all the
measurement heights in the canopy. Evidently, there is a need to unify
and synthesize observations from burn experiments that have already
been conducted via an inter-comparison to develop an over-arching
description of the process involved.

The analyses presented by Clements et al. (2007, 2008) and Heilman
et al. (2015, 2017, 2019, 2021a,b) for four experimental management-
scale burns (one grassland fire; two understory backing fires; one
understory heading fire) conducted in Texas in 2006 (FireFlux), in
the New Jersey Pinelands National Reserve in 2011 and 2012, and
in the New Jersey Pinelands National Reserve in 2019 (SERDP) are

synthesized and re-investigated in this study. Here, we aim to fill the
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gaps in the previous analyses on these data regarding the coherent mo-
tions arising out of fire-atmosphere interaction when juxtaposed with
the background canopy (canopy-scale) turbulence or open atmospheric
turbulence, depending on the surface-fire environment. High-frequency
10 Hz measurements in the case of the sub-canopy fires and 20 Hz mea-
surements in the case of the grassland fire for velocity and temperature
are utilized. We first introduce the data by exploring the slowly-varying
parts of the velocity components and temperature for changes occurring
in the flow over relatively longer time scales. We then investigate pre-,
during, and post- FFP wind-rose statistics for a visual representation of
the combined changes induced by the presence of the fire and ambient
wind shifts. Finally, we compute the turbulent fluxes and terms of
the TKE budget equation; we comment on the effect of the former
on the latter and on the physical significance of both. From these
quantities, computed at different heights above ground level (AGL),
we seek insights into the more persistent coherent structures, the key
fire-spread mechanisms, and the dominant turbulence generation and
TKE redistribution processes, along with the relevant vertical length
scales. Another important and relatively unexplored question of interest
is the effect of FFP on the terms of the MKE budget equation, which is
investigated here for the sub-canopy surface fires. We aim to draw a
comparison of insights among all the three scenarios considered here:
heading surface fire beneath the canopy, backing surface fire beneath
the canopy, and heading surface fire in a grassland. We set up the
analysis in Section 2 and provide a brief background on the data sets
in Section 3. In Section 4.1, we compare results from the sub-canopy
fires and in Section 4.2, we highlight the attributes that distinguish the
grassland fire from the sub-canopy surface fires, thereby synthesizing
the key insights from each of the three scenarios considered here.
As with most data collected from prescribed burns, the current data
were also occasionally influenced by wind variability. We take the
opportunity to comment on the effect such variability may have on the
fire while simultaneously attempting to summarize the general features
that broadly characterize each scenario.

2. Theory

All components of the velocity (𝑢𝑖 in the index notation) and the
temperature (𝑇 ) are decomposed into a relatively slowly-varying com-
ponent and a fluctuating component: 𝑢𝑖 = 𝑢𝑖 + 𝑢′𝑖 and 𝑇 = 𝑇 + 𝑇 ′. Here,
he overbar represents time averaging and the quantities marked with
rime are the fluctuating terms. The overbar is chosen to represent
hour moving averages in the case of the sub-canopy surface fires,
hile it is chosen to represent 1 minute moving averages in the case
f the grassland fire. We represent the streamwise (𝑥), cross-stream (𝑦),
nd vertical (𝑧) components of velocity at height ℎ by 𝑢h, 𝑣h, and 𝑤h,
espectively. We define the streamwise direction (𝑥) as the direction
n which the fireline propagates in the case of a heading fire and
he direction opposite to fireline propagation in the case of a backing
ire. Notwithstanding noticeable variability in the streamwise winds (as
xpected during a management-scale burn), the wind speeds are the
ighest in the streamwise direction for the most part, especially at the
eginning of each experiment. While the direction of the ambient wind
ay change (relative to the cardinal directions), both the streamwise

nd cross-stream directions remain fixed over the course of a burn
xperiment. Similarly, 𝑇h represents the temperature at height ℎ. No
enetration and no-slip conditions at the surface imply that 𝑤0 = 𝑢0 =
0 = 0. Also, ℎc denotes the approximated mean canopy height in the
ase of the sub-canopy surface fires (ℎc = 20 m).

Next, the TKE budget equation is written as follows (Stull, 2012):

𝜕𝑒
𝜕𝑡

+ 𝑢𝑗
𝜕𝑒
𝜕𝑥𝑗

= 𝛿𝑖3
𝑔
𝜃v

𝑢′𝑖𝜃
′
v − 𝑢′𝑖𝑢

′
𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

−
𝜕𝑢′𝑗𝑒

𝜕𝑥𝑗
− 1

𝜌

𝜕𝑢′𝑗𝑝′

𝜕𝑥𝑗
− 𝜀, (1)

here 𝑒 is the TKE, 𝜃v is the virtual potential temperature of air
approximated here as the moving mean of the temperature, 𝑇 ), 𝑝′ is

the pressure perturbation, and 𝜀 is the TKE dissipation rate. The first,
3

second, and third terms on the right-hand side are the buoyant pro-
duction (𝑇𝐾𝐸bp), shear production (𝑇𝐾𝐸sp), and turbulent transport
erms (𝑇𝐾𝐸tr), respectively. The fourth term on the right-hand side is
he pressure correlation term (not computed in this analysis). Due to
he absence of data varying along the streamwise (𝑥) and cross-stream
𝑦) directions for most of the datasets in this study, we cannot compute
he following terms: (i) −𝑢′𝑤′ 𝜕𝑤

𝜕𝑥 − 𝑣′𝑤′ 𝜕𝑤
𝜕𝑦 in 𝑇𝐾𝐸sp and (ii) − 𝑢′𝑒

𝜕𝑥 − 𝑣′𝑒
𝜕𝑦

in 𝑇𝐾𝐸tr. However, it must be noted that horizontal gradients may be
substantial near the fire-fronts. As seen from term (ii), these gradients
may drive turbulent transport in the horizontal direction, which can
affect fire spread and the interaction between different points along
the fire-front (as seen by Desai et al., 2022 in small-scale surface fires).
These gradients may also capture the effects arising from horizontal
heterogeneity in the fuel (and, thereby, in fuel combustion). Given the
limitations of the current data, we can only compute the 𝜕∕𝜕𝑧 terms in
𝑇𝐾𝐸bp, 𝑇𝐾𝐸sp, and 𝑇𝐾𝐸tr.

Since the passage of the fire-front causes a shift in the mean velocity
component as well (𝑢𝑖), we also study the terms of the MKE budget
equation in this work. The MKE budget equation is written as Stull
(2012):

𝜕(0.5𝑢2𝑖 )
𝜕𝑡

+𝑢𝑗
𝜕(0.5𝑢2𝑖 )
𝜕𝑥𝑗

= −𝑔𝑤+𝑢′𝑖𝑢
′
𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

−
𝜕(𝑢′𝑖𝑢

′
𝑗𝑢𝑖)

𝜕𝑥𝑗
−
𝑢𝑗
𝜌

𝜕𝑝
𝜕𝑥𝑗

+𝜈𝑢𝑖
𝜕2𝑢𝑖
𝜕𝑥2𝑗

, (2)

where the first term on the right-hand side represents the increase in
MKE due to gravitational acceleration of vertical motions, the second
term represents the interaction between TKE and MKE through shear
(−𝑇𝐾𝐸sp) and accounts for the loss of MKE to TKE and vice versa,
and the third term represents transport of turbulent fluxes by the mean
velocity. It must be noted that the transport term in Eq. (2) represents
the transport of turbulent fluxes by the mean velocity rather than the
transport of MKE by turbulent fluctuations. The fourth and fifth terms
on the right-hand side (not computed in this analysis) represent the
production of MKE due to the acceleration of the mean flow by pressure
gradients and the molecular dissipation of mean motions (Stull, 2012),
respectively. Again, due to the absence of streamwise and cross-stream
data resolution, we shall only compute the vertical partial derivatives
(𝜕∕𝜕𝑧) in each of these terms (where applicable).

We take this opportunity to comment on the choice of 1 hour
moving averages in the analysis of the sub-canopy surface fires. Moving
averages are computed in this work, instead of block averages, in
order to preserve the resolution of the data and the smoothness of
the signal. The selection of a 1 hour time period for computing the
moving averages can be explained as follows. It has been documented
in the literature (Lee et al., 2004) that relatively long time periods (up
to an hour) are reasonable in computing eddy fluxes. To quote from
Chapter 2 of the Handbook of Micrometeorology (Lee et al., 2004):
‘‘Eddy fluxes need to be formed over a sufficiently long time that any
motions that contribute to the transport can be sampled adequately. In
practice, this has meant that eddy fluxes have been calculated over time
periods up to an hour in duration, sufficient for several of the largest
planetary–boundary–layer (PBL) scale to be sampled by the measuring
system.’’ While this argument was made in the context of turbulence in
the absence of a fire, it provides a reasonable estimate for the choice
of the time period of averaging in the present study. Furthermore, for
the backing fires of 2011 and 2012 discussed in this study, it was found
that while the time required for the firelines to pass the tower locations
was of the order of minutes, the influence of the turbulence induced by
the firelines at the towers lasted for approximately an hour (Heilman
et al., 2015). One-hour moving averages generate a sufficiently smooth
slowly-varying component for the velocity and temperature signals,
which can be treated as the larger-scale atmospheric flow upon which
the fire-induced fluctuations (𝑢′𝑖 , 𝑇

′) ‘‘ride’’. However, it is later seen
from the MKE budget terms that the fire noticeably affects the mean
flow even if we use a time window as conservative as 1 hour to separate
the effects of the fire from the ambient flow. This, incidentally, gives
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us the advantage of being able to track the ‘‘new’’ mean state during
FFP.

Note that, in contrast to the present study, previous studies have
computed block averages on the scale of a minute. Furthermore, they
computed perturbations during the FFP period based on pre-FFP block
means. That approach, in effect, treated all the coherent high- and low-
frequency velocity and temperature variations during the FFP period as
fire-induced turbulence, thereby presuming no change in the ambient
atmospheric conditions during the FFP period. Moreover, the overbar
terms can be very sensitive to the averaging scheme and time window.
We have, therefore, included some information on the possible differ-
ences arising from using different averaging time windows in the form
of a sensitivity analysis in the attached Supplementary Information.

The analysis of the grassland fire requires a slightly different ap-
proach. Only 1 hour of experimental data are available for the grassland
fire. This makes it difficult to compute the slowly-varying parts (1 hour
moving means) of the velocity components and temperature as done
for the sub-canopy surface fires, which is in turn used to compute the
turbulent fluctuations. Another approach to compute the fluctuations
would be to remove the 1 hour block mean obtained from the entire
time series. However, as seen in Table 1, the spread-rate and intensity
of the grassland fire is one to two orders of magnitude higher than the
spread-rates and intensities of the sub-canopy surface fires. Moreover,
the fire-induced turbulence intensity was found to be four to five
times greater than the ambient atmospheric turbulence (Clements et al.,
2008). Removing the 1 hour block mean to obtain the fire-induced
turbulent fluctuations would have resulted in their underestimation
during FFP. The relatively high intensity and spread-rate of the grass-
land fire suggests that the time scale of the influence of the fire at
the measuring tower is comparatively much shorter (presumably by
one to two orders of magnitude), so that fire-induced changes can
be considered entirely as turbulence without attributing any change
to the mean state of the atmosphere. Therefore, in the analysis of
the grassland fire, mean quantities are obtained by taking a block
average of the first 40 minutes (pre-ignition time duration) of velocity
and temperature data, as opposed to taking a 1 hour block average.
Turbulent fluctuations are obtained by subtracting these pre-fire means
(denoted by 𝑈 , 𝑉 , 𝑊 , and 𝑇m for the streamwise velocity, cross-stream
elocity, vertical velocity, and temperature, respectively) from the time
eries for each corresponding physical quantity discussed here: 𝑢′ =
𝑢−𝑈 , 𝑣′ = 𝑣− 𝑉 , 𝑤′ = 𝑤−𝑊 , and 𝑇 ′ = 𝑇 − 𝑇m. Note that the absence
of 1 hour moving means of the velocity and temperature data in this
case hinders us from computing the MKE budget terms for the grassland
fire, which could have been useful for comparison with the sub-canopy
surface fires. Next, we recast Eq. (1) (the TKE budget equation) for the
grassland fire as follows:

𝜕𝑒
𝜕𝑡

+ 𝑈𝑗
𝜕𝑒
𝜕𝑥𝑗

= 𝛿𝑖3
𝑔
𝑇m

𝑢′𝑖𝑇 ′ − 𝑢′𝑖𝑢
′
𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

−
𝜕𝑢′𝑗𝑒

𝜕𝑥𝑗
− 1

𝜌

𝜕𝑢′𝑗𝑝′

𝜕𝑥𝑗
− 𝜀, (3)

ere, 1 hour moving means of the velocity components and temper-
ture, i.e. 𝑢𝑖 (𝑢, 𝑣, 𝑤) and 𝑇 , of Eq. (1) have been replaced by the

pre-fire means, i.e. 𝑈𝑖 (𝑈 , 𝑉 , 𝑊 ) and 𝑇m, in Eq. (3). Furthermore, the
overbar in Eq. (3) represents 1 minute moving means. Moving means
are computed as opposed to block averages to smoothen the time series
associated with each term in order to facilitate drawing inferences on
coherent structures. Moreover, for the high-spread-rate, high-intensity
grassland fire (one to two orders of magnitude higher than those for the
sub-canopy surface fires as seen from Table 1) a sufficiently short time
scale must be defined for the averaging process to isolate the influence
of the fire at the measuring tower. Since the time duration pre-, during,
and post-FFP is 2 minutes each, a time scale longer than say, 4 minutes,
would obfuscate the details of the turbulence pre-, during, and post-FFP
upon averaging. The averaging time scale is chosen to be 1 minute in
order to be consistent with an earlier publication by Clements et al.
4

(2008).
3. Data overview

As mentioned above, tower-based data from four experimental fires
are used in this study. We refer to the 2011 and 2012 backing surface
fires beneath the canopy in the New Jersey Pinelands National Reserve
(NJPNR) as NJ2011 and NJ2012, the 2019 heading surface fire beneath
the canopy in the NJPNR as NJ2019, and the heading surface fire from
the FireFlux experiment in the grasslands of Texas (Houston Coastal
Center) as TX2006. The 2019 burn unit is located at the Silas Little
Experimental Forest within NJPNR, New Lisbon, New Jersey. For the
sub-canopy burns, averaged half-hourly ambient wind velocity data
in the streamwise and cross-stream directions are taken from nearby
AmeriFlux towers: the Cedar Bridge Tower for NJ2011 and the Silas
Little Experimental Forest Tower for NJ2012 and NJ2019. These data
are provided by Clark (2016a,b) and Heilman et al. (2021b); they are
shown in Fig. 1 for reference and comparison with the 1 hour moving
means of the measured horizontal velocity components.

For NJ2011, NJ2012, and TX2006, experimental burn data ob-
tained from a single meteorological tower are studied in each case.
For NJ2019, data obtained from two meteorological towers, i.e. the
West Tower and a Control Tower, are studied for the entirety of this
paper. The Control Tower is located outside the burn unit, 185 m
away from its northern edge (Heilman et al., 2021b). This can also be
seen in Fig. 1 of ref. Heilman et al. (2021b), which describes the burn
unit and the location of the measurement towers. Measurement heights
for each burn are shown in Table 1. It must be noted that the fuel
consumption during the forest (sub-canopy) burns differed from each
other. While NJ2011 occurred in a pine-dominated region, NJ2012 and
NJ2019 occurred in an oak-dominated region. Although fuel loading of
the forest floor was similar in both cases, consumption was relatively
low in the oak-dominated burns. This is typical of hardwood-dominated
forests: fuel consumption is usually less than that in forests with more
pine trees and saplings.

For a complete description of the burn experiments, including but
not limited to detailed illustrations of the burn plots, their ignition
lines, and the respective directions of fireline propagation relative to
the ambient winds, we refer the reader to the works of Clements et al.
(2007, 2008), and Heilman et al. (2015, 2017, 2019, 2021a,b). Most
of the important features of these four sets of data are summarized
in Table 1. Note that although the pre-, during, and post-FFP periods
indicated in Table 1 bear some similarity to the corresponding periods
defined in the works mentioned above, they are not exactly the same.

4. Results

4.1. Surface fires under a tall vegetation canopy

4.1.1. Mean velocity and temperature
We first focus on the mean velocity components of the backing

surface fires, NJ2011 and NJ2012 (Figs. 1(a)–(b)). In both years,
𝑢20 follows similar patterns as the ambient streamwise wind velocity
(Figs. 1(a)(i) and 1(b)(i)). In 2011, it is seen that 𝑢10 and 𝑢3 are
of similar magnitude during the daytime before FFP (Fig. 1(a)(ii)),
since the canopy elements provide a momentum sink to the ambient
wind. The average plant area density in the lower half of the canopy
was much higher for the 2011 burn plot as compared to the 2012
burn plot (Heilman et al., 2017), making this effect stronger in 2011.
Moreover, the mean streamwise shear (𝜕𝑢∕𝜕𝑧) is the highest at ℎ = 20 m

here 𝑢 is the highest among the three heights. The high mean stream-
wise shear and the inflection point near the canopy top should lead to
the formation of canopy-scale eddies at ℎ = 20 m, the most dominant
of which are known to be sweep-like momentum-flux events (Raupach
et al., 1996). This is also true for NJ2012. The intermittent increase
in 𝑢20 is attributed to intermittent gusts for both years; however, the
magnitude of 𝑢20 throughout the day is higher in 2012 than in 2011,
which is conducive to the higher spread-rate observed for NJ2011.
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Table 1
Summary features for the prescribed sub-canopy backing fire experiments (NJ2011, NJ2012), prescribed sub-canopy heading fire experiment (NJ2019), and the prescribed heading
grassland fire or FireFlux experiment (TX2006) analyzed in this study Clements et al. (2007, 2008), Heilman et al. (2019, 2021a).

Feature NJ2011 NJ2012 NJ2019 TX2006
(FireFlux)

Date 20 March 2011 6 March 2012 13 March 2019 23 February 2006
Location New Jersey Pinelands New Jersey Pinelands New Jersey Pinelands Houston Coastal Center
Plot Size 107 ha 97 ha 11 ha 40 ha
Overstory Vegetation Pitch Pine, Mixed Oak Pitch/Shortleaf Pine, Mixed

Oak
Mixed Oak, Pitch/ Shortleaf
Pine

–

Measurement Heights (AGL) 3 m, 10 m, 20 m 3 m, 10 m, 20 m 3 m, 10 m, 20 m 2 m, 10 m, 28 m, 42 m
Overstory Vegetation Height 18–23 m 18–23 m ≈ 19 m –
Understory/ Grass Vegetation Blueberry, Huckleberry, Scrub

Oak
Blueberry, Huckleberry, Scrub
Oak

Blueberry, Huckleberry, Bear,
Blackjack, Oak sedges, Mosses

Tall-grass prairies: Big and
Little Bluestem, Long Spike
Tridens

Understory/ Grass Vegetation
Height

1.0 m 0.7 m 1.5 m 1.5 m

Surface Fuel Loading 1.485 kg/m2 1.104 kg/m2 1.347 kg/m2 1.08 kg/m2

Ambient Wind Direction NE-SE (45–135◦) SW-NW (225–315◦) SW (228 ◦) NE (45◦)
Fire Intensity 325 kW/m 52 kW/m 179 kW/m 3200 kW/m
spread-rate 1.50 m/min 0.33 m/min 1.7 m/min 40.8 m/min
Flame Length 1.0 m 0.5 m < 2 m 5.1 m (2 m near tower base)
Fuel Consumption 696 g/m2 507 g/m2 337.7 g/m2 972 g/m2

Time of ignition 08:55 EST (09:55 EDT) 09:30 EST 14:45 LT 12:43 LT
Stipulated pre-FFP time 13:35–14:05 EST (14:35–15:05

EDT)
14:52–15:22 EST 14:50–15:20 LT 12:44:00–12:46:00 LT

Fire-front-passage (FFP) time 14:05–14:35 EST (15:05–15:35
EDT)

15:22–15:52 EST 15:20–15:50 LT 12:46:00–12:48:00 LT

Stipulated post-FFP time 14:35–15:05 EST (15:35–16:05
EDT)

15:52–16:22 EST 15:50–16:20 LT 12:48:00–12:50:00 LT
a
1
1

Next, note the pronounced increase in the mean cross-stream wind
speed at all heights during and after FFP (1405 EST onwards) in
2011. This increase is most pronounced at ℎ = 20 m (in 𝑣20), where
ross-stream wind speeds exceed 2.5 m/s. According to Heilman et al.
2015), ambient winds (with magnitudes less than 2.5 m/s during
he experiment) varied between northeasterly and southeasterly (while
he cross-stream direction is N-S), suggesting higher energy in the
treamwise (westward) direction. Moreover, the ambient cross-stream
ind velocity (Fig. 1(a)(i)) shows a decreasing trend pre-, during and
ost-FFP at the measurement tower. This suggests that the increase in

𝑣20 is affiliated with the fire, as opposed to ambient wind conditions.
Additionally, it is worth mentioning that there was some pine crown
torching scattered throughout the stand during the NJ2011 burn, which
was evident from a post-burn visual inspection. In particular, there was
an area dominated by pitch pine within 15–20 m of the measurement
tower that crowned in addition to surface combustion. This would
have induced strong horizontal velocity gradients, contributing to the
observed increase in 𝑣20 during and after FFP in 2011.

In 2012, 𝑢20 demonstrates the presence of intermittent gusts (as
mentioned above) from the late morning through early evening. Inter-
mittent gusts are also observed in 𝑣20 during the early and late evening
(after 1400 LT). We shall allude to this again in Section 4.1.3. Unlike
in NJ2011, the mean cross-stream wind velocity (𝑣) does not exhibit
a very obvious response to the fire-presence (1522 EST onwards).
Rather, 𝑣20 follows the ambient cross-stream wind velocity pattern
s seen in Fig. 1(b)(i). This is due to the lower intensity of NJ2012
ompared to the NJ2011 and lack of crown torching in the former.
ther observations regarding the mean streamwise and cross-stream
ind for both backing fires have already been documented in previous
orks (Heilman et al., 2015, 2017, 2019).

In both years, the mean vertical velocity (𝑤) during the daytime
before FFP is an order of magnitude lower than the magnitudes of
𝑢 and 𝑣 (Figs. 1(a)(iv) and 1(b)(iv)); this is expected because of no
subsidence (or no penetration at the surface). However, for the more
intense NJ2011, 𝑤20 shows a marked increase during FFP, followed by
a marked decrease to the negative side after FFP. The mean vertical
wind is also seen to sink at ℎ = 3 m and 10 m after FFP. This is
indicative of the strong effects of fire-induced buoyancy causing an
outflux of hot air into the atmosphere aloft, followed by a compensatory
5

influx of air from above the canopy that gathers sufficiently high
momentum under gravitational acceleration for the mean vertical wind
to sweep through the upper canopy (from ℎ = 10 m to 20 m) before
slowing down near the surface (ℎ = 3 m). An influx of ambient air is
also seen near the canopy top (𝑤 < 0) during and post-FFP in 2012
without being preceded by a strong outflux, due to the lower intensity
of NJ2012.

We now present our observations on the sub-canopy heading fire,
i.e. NJ2019 (Figs. 1(c)–(d)). Peaks are observed in 𝑢 at the West Tower
(Fig. 1(c)(ii)), at all heights during FFP (between 1520 and 1550 LT).
A similar peak is observed for 𝑢20 at the Control Tower (Fig. 1(d)(ii))
around that time. However, the peak in 𝑢20 is higher at the West tower,
indicating that some increase is attributed to FFP. This is followed
by a decreasing trend in 𝑢20 during FFP as the mean streamwise
wind interacts with the ambient westward-moving sea breeze from
the Atlantic coast (as noted by Heilman et al., 2021b), which has a
component in the negative streamwise direction. This decrease in 𝑢20 is
lso observed at the Control tower during that time (after 1520). After
600 LT, the ambient winds undergo a southerly shift (Figs. 1(c)(i) and
(d)(i)). Following this shift, 𝑢20 becomes very low in magnitude at

both the West and Control Towers, and increased magnitudes of the
mean cross-stream wind velocity (𝑣) are seen at all heights, at both
towers, after 1600 LT, i.e. sometime after FFP at the West Tower.

Again, the mean vertical velocity at both, the Control and West
towers is an order of magnitude lower than the horizontal components
(Figs. 1(c)(iv) and 1(d)(iv)); however, an increase in magnitude is
seen for 𝑤3 at the West tower both during FFP (downward between
1520 and 1550 LT) and after FFP (upward after 1600 LT). Since the
magnitudes of 𝑤10 and 𝑤20 are relatively low during those times, we
expect this to represent a redistribution of mean kinetic energy within
the canopy itself. The air seems to accelerate under gravity as it sinks
to ℎ = 3 m during FFP (1520 to 1550 LT). This is followed by strong
updrafts, as seen from the larger magnitude of 𝑤3, due to buoyancy
from residual fuel combustion after FFP (after 1600 LT and onward).
Contrarily, the mean vertical wind accelerates downward under gravity
at the Control Tower after 1600 LT, following an influx of ambient wind
from the atmosphere aloft. We will revisit the mean vertical velocity

when we discuss the MKE budget terms in Section 4.1.3.
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Fig. 1. (i) Ambient wind velocity recorded by nearby AmeriFlux towers. One-hour moving means of the measured (ii) streamwise velocity (𝑢), (iii) cross-stream velocity (𝑣), (iv)
vertical velocity (𝑤), and (v) temperature (𝑇 ) for the following cases: (a) NJ2011, (b) NJ2012, (c) West Tower (NJ2019), and (d) Control Tower (NJ2019). Vertical dotted lines
indicate ignition times. Vertical dashed lines delineate FFP times in (a), (b), and (c), and the West Tower FFP time in (d).
4.1.2. Wind-rose statistics
While the 1 hour moving means explored in the previous section

are useful in studying the evolution of the slowly-varying mean, a
first-order statistical analysis of the horizontal velocity components is
required for insights into the frequency and direction of the strongest
turbulent fluctuations a few minutes before, during, and after FFP.
This is achieved with the help of a 2D histogram plotted on a wind
compass, plotted using WindRose in MATLAB (Pereira, 2022). This
function groups velocity data from a time series into classes based on
6

their magnitude, while preserving their direction relative to the positive
streamwise direction. Note that zero degrees (along �̂�) represents the
positive streamwise direction on the wind rose in each scenario.

Interesting observations can be made from the wind-rose statistics
for the backing surface fires. As seen from Figs. 2(a)–(b), a shift is seen
at ℎ = 20 m in 2011 from high streamwise variability pre-FFP (1335
to 1405 LT) to high cross-stream variability during FFP (1405 to 1435
LT) and post FFP (1435 to 1505 LT). This corroborates well with the
increase in the magnitude of 𝑣 as seen in Fig. 1(a)(iii). In fact, the
20
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Fig. 2. Total horizontal velocity (𝑢�̂� + 𝑣𝐣) wind-rose statistics for (i) pre-FFP, (ii) FFP, and (iii) post-FFP times at (a) ℎ = 20 m and (b) ℎ = 3 m for NJ2011, and for (c) ℎ = 20 m
and (d) ℎ = 3 m for NJ2012. Colors represent classes of wind speed, while 0◦ represents the positive streamwise direction.
cross-stream winds show considerable variability in the range of 6 to
12 m/s during FFP as opposed to post-FFP (Fig. 2(a)(ii)–(iii)) suggesting
that this effect is due to the presence of the flame. Comparison with
the ambient cross-stream wind velocity (Fig. 1(a)(i)), which shows a
decreasing trend during and after FFP at the measurement tower, also
emphasizes that the increased cross-stream variability is attributed to
7

fire-induced entrainment. We can also attribute this to the diversion
of momentum into the cross-stream direction as the streamwise wind
(from the side of the unburnt fuel) competes with the air entrained
by the fire from the burnt region. Additionally, crown torching in the
stand, especially within 15–20 m of the measurement tower, would
have also induced strong horizontal velocity gradients near the canopy
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Fig. 3. Total horizontal velocity (𝑢�̂�+ 𝑣𝐣) wind-rose statistics for (i) pre-FFP, (ii) FFP, and (iii) post-FFP times at (a) ℎ = 20 m and (b) ℎ = 3 m at the West Tower for NJ2019, and
at (c) ℎ = 20 m and (d) ℎ = 3 m, during the each of those durations, at the Control Tower for NJ2019. Colors represent classes of wind speed, while 0◦ represents the positive
streamwise direction.
top, leading to fire-induced entrainment in the cross-stream direction

near ℎ = 20 m. Note that the shift in the cross-stream direction happens

late at ℎ = 3 m (post-FFP) since it takes a while for the cross-stream

wind near the canopy top to force the wind near the ground surface.
8

At both ℎ = 3 m and 20 m in 2012, we see a noticeable shift from
high variability in the cross-stream direction pre-FFP (1452 to 1522
LT) to high variability mostly in the streamwise direction during FFP
(1522 to 1552 LT) and post FFP (1552 to 1622 LT). This is attributed
to the high ambient mean streamwise wind velocity as observed in
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Section 4.1.1. Furthermore, the relatively lower fire intensity in 2012
does not cause noticeable entrainment in the cross-stream direction
during (and post-) FFP. Contrast this with the FFP period in 2011
(Figs. 2(a)(ii) and 2(b)(ii)) during which the cross-stream winds attain
speeds in the range of 6 to 12 m/s.

We now focus on the wind-rose statistics for the heading fire,
i.e. NJ2019. At the West Tower, the pre-FFP, FFP, and post-FFP times
are 1450 to 1520 LT, 1520 to 1550 LT, and 1550 to 1620 LT, respec-
tively (Table 1). An increase in streamwise variability is seen at the
expense of cross-stream variability at ℎ = 20 m from pre-FFP to FFP
times (Fig. 3(a)) possibly because of entrainment of air from the upwind
side of the fire at the West Tower. The considerable variability in
the cross-stream direction post-FFP is, again, attributed to the ambient
wind, which undergoes a southerly shift from the FFP time to post-
FFP time and has a strong cross-stream component. However, we
expect the strong ambient cross-steam wind to also divert some of the
streamwise eddies and momentum into the cross-stream direction. This
would mean that while the cross-stream gust adds its own momentum
to the canopy from aloft, it also potentially diverts some of the fire-
induced turbulence near the canopy top into the cross-stream direction.
Moreover, the wind statistics near the surface (ℎ = 3 m in Fig. 3(b))
seems to mimic that of the higher height (ℎ = 20 m) suggesting a strong
forcing by the ambient post-FFP cross-stream wind.

We now compare this with the wind-rose statistics at the Control
Tower (Figs. 3(c)–(d)) obtained for the pre-, during, and post-FFP
times at the West Tower. In the absence of the fire, the wind rose
at ℎ = 20 m captures only the effects of the westward-moving sea
breeze and southerly shift in the ambient wind, as evident from the
increasing variability in the cross-stream wind, from pre-FFP time to
post-FFP time at the West Tower (Figs. 3(c)(ii)–(iii)). It is important to
distinguish the Control Tower wind-rose statistics at ℎ = 3 m (Fig. 3(d))
as more disorganized from the wind-rose statistics at the West Tower
for ℎ = 3 m (Fig. 3(b)), especially in the post-FFP period. It seems
that the presence of the flame (as it passes by and departs) at the West
Tower organizes the turbulence better near the surface. For this reason,
we see the wind behavior for ℎ = 3 m at the West Tower mimicking
that for ℎ = 20 m at the West Tower post-FFP; however, at the Control
Tower, the wind behavior at ℎ = 3 m during this time is much more
diffused compared to that at ℎ = 20 m despite the strong ambient cross-
stream forcing near the canopy top. Furthermore, the flame accelerates
the flow near the surface as depicted by the increased streamwise wind
variability in the 1.5 to 3 m/s range at ℎ = 3 m, at the West Tower
(Fig. 3(b)). Contrarily, the strongest wind speeds near the surface, i.e. at
ℎ = 3 m, at the Control Tower seldom exceed 1.5 m/s (Fig. 3(d)).

4.1.3. Turbulent and mean kinetic energy budget terms
TKE Budget Equation Terms: Fig. 4 summarizes the TKE budget

terms for the sub-canopy surface fires along with the turbulent fluxes
(𝑢′𝑤′ and 𝑣′𝑤′, where 𝑢′ and 𝑣′ represent streamwise and cross-stream
velocity perturbations, respectively). With reference to Figs. 4(a)–(b),
we draw inferences for the backing fires first. We focus first on the
higher-intensity fire, i.e. NJ2011 (Fig. 4(a)). At ℎ = 20 m, 𝑇𝐾𝐸bp is
higher than 𝑇𝐾𝐸sp during FFP (1405 to 1435 EST), while both attain
similar magnitudes and post-FFP (1435 to 1505 EST). While the effects
of fire-induced buoyancy are relatively short-lived, shear production
persists for a few hours after FFP. The higher-intensity fire accounts
for increased buoyancy along with an increase in shear production
(from pre-FFP patterns) high above the surface, i.e. near the canopy
top, during FFP. Note that 𝑇𝐾𝐸sp at ℎ = 20 m largely follows the
pattern displayed by 𝑣′𝑤′ (Fig. 4(a)(ii)) at that height during FFP
(1405 to 1435 EST)) and after FFP (1435 EST onwards), leading us
to believe that it is this component of the turbulent flux that does
most of the work against the mean cross-stream wind shear (𝜕𝑣∕𝜕𝑧),
hereby contributing the most to shear production near the canopy top.
his is important in the context of the increase in mean cross-stream
ind speeds at ℎ = 20 m (magnitude of 𝑣 ) after FFP as observed
9

20 (
in Section 4.1.1. Again, crown torching near the tower may also have
some contribution in the increased magnitude of −𝑣′𝑤′, and hence, in
the increase of 𝑇𝐾𝐸sp. Streamwise momentum eddies (𝑢′𝑤′) also play a
part in modifying the fire spread. Since it is a backing fire, fluctuations
given by 𝑢′ > 0 impede the fire spread. At ℎ = 20 m, sweep-like patterns,
composed of perturbations given by 𝑤′ < 0 and 𝑢′ > 0 (contributing to
𝑢′𝑤′ < 0) lead to an import of streamwise fluctuations that impede
the fire spread (𝑢′ > 0) into the canopy towards the lower heights.
Moreover, eddies associated with 𝑢′𝑤′ < 0 also act as a momentum
sink for ambient wind near the canopy top. Therefore, the streamwise
turbulent eddies of the canopy scale (i.e. near the canopy top) work
to extract kinetic energy from the mean streamwise wind above the
canopy, while also resisting the spread of the fire against the mean
streamwise wind within the canopy. It must be noted here that while
we may have discussed the roles of the streamwise and cross-stream
momentum eddies separately, they are coupled to each other through
the shear production term: the work done by one set of momentum
eddies increases turbulence through shear production, which may ener-
gize another set of momentum eddies; therefore, both have an influence
on each other, albeit indirectly. At ℎ = 10 m (Fig. 4(a)(iv)), 𝑇𝐾𝐸bp is
he most dominant, while 𝑇𝐾𝐸sp is minimal during FFP. This suggests
hat the mid-canopy region (in this case, the 10 m height) is a ‘‘conduit’’
or the vertical motion of energy during FFP, experiencing minimum
ire-induced shear. At ℎ = 3 m, both 𝑇𝐾𝐸bp and 𝑇𝐾𝐸sp increase during
FP, while shear production persists for a few hours after FFP (similar
atterns to those observed at ℎ = 20 m).

Patterns observed for the lower-intensity 2012 fire are remarkably
ifferent. At all heights, buoyancy production increases in the afternoon
pre-FFP) due to incoming solar radiation. At ℎ = 20 m, there is a
urther but only slight increase in 𝑇𝐾𝐸bp during FFP (1522 to 1552
ST), while 𝑇𝐾𝐸sp does not change much from the (atmospheric)
aytime pattern in the canopy. This is because the effect of the lower-
ntensity fire is minimally experienced near the canopy top. Instead,
e observe a pattern in 𝑇𝐾𝐸sp attributed to the intermittent ambient
usts near the canopy top, as evidenced by the fact that 𝑇𝐾𝐸sp is
atterned on 𝑢′𝑤′ at ℎ = 20 m, and the well-documented knowledge

that turbulence is imported via sweeps from above the canopy, which
are energized by ambient gusts (Raupach et al., 1996). There is a
noticeable increase in 𝑇𝐾𝐸bp at both ℎ = 3 m and 10 m during FFP
(1522 to 1552 EST). However, not much fire response is seen in 𝑇𝐾𝐸sp
possibly since the understory/surface vegetation provides a momentum
sink to the horizontal turbulent motion induced by the lower-intensity
fire. Again, the mid-canopy region (10 m height, in this case) acts like
a ‘‘conduit’’ for the motion of energy in the vertical direction.

We make the following observations for 𝑇𝐾𝐸tr in 2011. With
increase in 𝑤′ as the fire-front approaches, which results from increased
uoyancy, there is an increased loss of TKE to the above-canopy flow
ield via the vertical turbulent transport term. Energy loss due to this
erm is highest at the 20 m height, possibly due to its proximity to the
bove-canopy atmosphere, followed by a slightly lesser loss at the 10 m
eight, and finally, the least loss at the 3 m height (Fig. 4(a)). This
s followed by a gain in energy at all three heights via the transport
erm, possibly by a reversal process after FFP. Again, the energy gained
hus is highest at the 20 m height, lesser at the 10 m height, and least
t the 3 m height. In contrast, in 2012, no loss to the above-canopy
egion is observed, since the fire intensity is lower and the increase in
uoyancy (or in 𝑤′) is not as pronounced as in NJ2011. There is a gain
n 𝑇𝐾𝐸tr pre-FFP, but a loss does not follow it, suggesting a vertical flux
f TKE that stays within the canopy. The difference in the behavior of
he vertical turbulent transport term between NJ2011 and NJ2012 is
ttributed to the higher intensity of the NJ2011 fire.

We now focus on the TKE budget for the heading fire, i.e. NJ2019
Figs. 4(c)–(d)). During FFP at the West Tower, we see an increase in
𝐾𝐸sp that is comparable with the increase in 𝑇𝐾𝐸bp at ℎ = 20 m
Fig. 4(c)(iii)). Owing to the lower intensity of the fire compared to
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Fig. 4. (i) 𝑢′𝑤′, (ii) 𝑣′𝑤′, TKE budget terms for (iii) ℎ = 20 m (iv) ℎ = 10 m, and (v) ℎ = 3 m for the following cases: (a) NJ2011 (b) NJ2012 (c) West Tower (NJ2019), and (d)
Control Tower (NJ2019). Vertical dotted lines indicate ignition times. Vertical dashed lines delineate FFP times in (a), (b), and (c), and West Tower FFP time in (d).
NJ2011, both 𝑇𝐾𝐸sp and 𝑇𝐾𝐸bp at ℎ = 20 m are of lesser magni-
tudes compared to those for NJ2011, but higher compared to those
for NJ2012. The peak in 𝑇𝐾𝐸sp is patterned on the peak in −𝑢′𝑤′

during FFP (1520 to 1550 LT) and is, hence, attributed to the work
done by the streamwise momentum flux against the mean streamwise
shear (𝜕𝑢∕𝜕𝑧). The shear production starts to increase again, 1600 LT
onwards; however, this is patterned on −𝑣′𝑤′ (work done by the cross-
stream turbulent flux against the mean cross-stream shear, 𝜕𝑣∕𝜕𝑧) at
10
ℎ = 20 m after 1600 LT. The increase in the magnitude of −𝑣′𝑤′ is
in turn due to the strong increase in the overall cross-stream velocity
associated with the ambient wind, which must have led to an influx
of turbulence into the canopy from the top. Such an increase in −𝑣′𝑤′

(and in 𝑇𝐾𝐸sp) is also observed at the Control Tower, reinforcing the
attribution to the ambient wind as opposed to fire-induced turbulence,
contrary to the case of the NJ2011 fire. Another point to note is the in-
crease in 𝑇𝐾𝐸 at ℎ = 3 m during FFP at the West Tower (Fig. 4(c)(v)).
sp
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It is seen that 𝑇𝐾𝐸sp at ℎ = 3 m is slightly higher compared to that
at ℎ = 20 m (West Tower) and is attributed to the presence of the
fire. In the absence of a fire, shear production is typically insubstantial
near the ground surface in a canopy environment compared to that
at the canopy height. As seen from Fig. 1(c), the presence of the fire
causes an increase in the mean streamwise velocity at this height (𝑢3)
resulting in an increase in the mean streamwise shear (𝜕𝑢∕𝜕𝑧) near
he surface. Therefore, the work done by the fire-induced streamwise
ddies against the mean streamwise shear (𝜕𝑢∕𝜕𝑧) is relatively high

near the fuel-bed surface resulting in the increased shear production.
This shear production associated with the fire presence acts to increase
turbulence at ℎ = 3 m at the West tower during FFP. Contrast this with
the low-magnitude loss through 𝑇𝐾𝐸sp at the Control Tower during
this time, which suggests that shear weakly acts to decrease turbulence
at ℎ = 3 m.

We notice here, similar to the case of the backing fires, that 𝑇𝐾𝐸bp
is considerably higher compared to 𝑇𝐾𝐸sp at ℎ = 10 m (length scales of
ℎc∕2). Again, this indicates that the mid-canopy level acts like a conduit
of energy in the vertical direction during FFP. Moreover, note the loss
in the turbulent transport term at ℎ = 10 m at the West Tower around
the time of FFP (1520 to 1550 LT). Contrast this with the weak gain
in turbulent transport at the Control Tower at this height from 1520 to
1550 LT followed by a considerable gain thereafter. The loss in 𝑇𝐾𝐸tr
at the West Tower is largely because of the expulsion of TKE to the air
column above ℎ = 10 m, facilitated by the introduction of fire-induced
turbulence from the surface (bottom of the canopy). On the other hand,
the gain in 𝑇𝐾𝐸tr at the Control Tower is because of the influx of
turbulence from the top of the canopy energized by the ambient wind
from the SE. For both towers, the turbulent fluxes responsible for the
increased 𝑇𝐾𝐸tr are of the scale of ℎc∕2.

The behavior of the transport term is also notable at ℎ = 3 m
and 20 m. During FFP at ℎ = 20 m, 𝑇𝐾𝐸tr is relatively insubstantial.
However, we see a gain in the transport term (𝑇𝐾𝐸tr > 0) some time
after FFP, which persists for a considerable time. This is attributed
to influx of air and TKE from the atmospheric boundary layer aloft
(𝑤′𝑒 < 0), following the southerly shift in the ambient wind that has
a strong cross-stream component during that time. More interestingly,
we see a gain in the transport term (𝑇𝐾𝐸tr > 0) at ℎ = 3 m during FFP.
This is because of the sinking of cooler air to this height (downward
flux of turbulent kinetic energy, i.e. 𝑤′𝑒 < 0) to compensate for the
pward flux of warmer air due to fire-induced buoyancy (𝑤′𝑇 ′ > 0),
esulting in a gain in TKE at this height. Overall, the turbulent transport
erm goes from a gain near-surface, to a loss mid-canopy, followed by
nactivity near the canopy top. We expect that different heights of the
ir column within the canopy interact with each other through the
urbulent transport term in the presence of the fire.
Mean Kinetic Energy Budget Equation Terms: The MKE shear

roduction term (−𝑇𝐾𝐸sp), the transport term (𝑀𝐾𝐸tr), and the MKE
uoyancy production term normalized by the numerical value of accel-
ration due to gravity (𝑀𝐾𝐸bp/9.81) are depicted for the sub-canopy
acking and heading fires in Fig. 5. Figs. 5(a) and 5(b) depict the MKE
udget equation terms for NJ2011 and NJ2012, respectively. For both
ears, it is observed that the transport term (𝑀𝐾𝐸tr) and the shear
roduction/loss term (−𝑇𝐾𝐸sp) in the MKE equation follow a similar
attern while having opposite signs at all heights. At ℎ = 20 m, both
𝐾𝐸tr and −𝑇𝐾𝐸sp are patterned on the magnitude of 𝑣′𝑤′ at all times

in 2011, including during and after FFP (after 1405 EST) and on the
magnitude of 𝑢′𝑤′ at all times in 2012, including during and after FFP
(after 1522 EST). The magnitude of 𝑀𝐾𝐸tr increases during FFP in
2011 and increases with height for both years. At ℎ = 3 m, 𝑀𝐾𝐸tr
nd −𝑇𝐾𝐸sp terms cancel each other out precisely (assuming no slip
t the surface). Next, we focus on 𝑀𝐾𝐸bp∕9.81 (which, essentially, has

the numerical value of −𝑤) as shown in Fig. 5. This must be multiplied
y 9.81 to obtain the actual numerical value of 𝑀𝐾𝐸bp, which would

be an order of magnitude higher; however, useful observations can be
11

made from 𝑀𝐾𝐸bp∕9.81 as well. During FFP, we see a loss in this term d
in 2011, due to upward flux induced by the presence of the fire, at
ℎ = 20 m, while there is a gain at ℎ = 3 m around the same time (1405
to 1435 EST) due to sinking of air under the influence of gravity. At
ℎ = 10 m, this term is not very active during FFP. However, there is a
gain in this term at all heights sometime after FFP (after 1500 EST),
due to the influx of sinking air into the canopy. In 2012, however,
there is no loss in mean kinetic energy at any height due to this term
during FFP. Rather, we see a gain at ℎ = 10 m and 20 m during FFP
(1522 to 1552 EST) with a pronounced peak at ℎ = 20 m due to
increased influx of air into the canopy from the atmosphere aloft. Since
NJ2012 is less intense compared to NJ2011, mean vertical updrafts are
expected to be relatively weaker during FFP in 2012. Instead, there is
more of a tendency for cooler ambient air to sink into the canopy via
gravitational acceleration when there is an ambient gust, manifesting
as a gain through 𝑀𝐾𝐸bp at ℎ = 10m and 20 m.

Observations regarding 𝑀𝐾𝐸tr and −𝑇𝐾𝐸sp at the West and Con-
trol Towers for NJ2019 are very similar to those for NJ2011 and
NJ2012. At the West Tower (Fig. 5(c)), 𝑀𝐾𝐸tr and −𝑇𝐾𝐸sp follow
a similar pattern while having opposite signs. At ℎ = 20 m, both
terms are of lower magnitude when compared to their counterparts
at this height for NJ2011, owing to the comparatively lower intensity
of NJ2019. Furthermore, both 𝑀𝐾𝐸tr and −𝑇𝐾𝐸sp at ℎ = 20 m are
patterned on the magnitude of 𝑢′𝑤′ during FFP (1520 to 1550 LT) and
on the magnitude of 𝑣′𝑤′ after FFP (after 1600 LT). 𝑀𝐾𝐸tr is highest
in magnitude at ℎ = 20 m and lowest at ℎ = 10 m, where −𝑇𝐾𝐸sp is
also of the lowest magnitude. At ℎ = 3 m, 𝑀𝐾𝐸tr and −𝑇𝐾𝐸sp cancel
each other out precisely (assuming no slip at the surface). Next, we
observe that 𝑀𝐾𝐸bp∕9.81 has the highest variability at ℎ = 3 m during
nd after FFP (1520 LT onward). During FFP (1520 to 1550 LT), an
ncrease is seen corresponding to sinking of air at a relatively high
ertical speed near the surface. This is followed by a persistent updraft
fter FFP (after 1600 LT) and hence, a persistent loss in 𝑀𝐾𝐸bp. This

loss near the surface can be attributed to residual combustion after
FFP, which must induce a persistent, low-frequency updraft after FFP.
A similar pattern, though with lesser variability is seen at ℎ = 20 m.
At ℎ = 10 m, the variability in 𝑀𝐾𝐸bp∕9.81 (and hence in 𝑤) is least,
suggesting either a potential interception of, removal of energy from, or
horizontal diversion of the sinking or rising mean wind at this height.

At the Control Tower (Fig. 5(d)), 𝑀𝐾𝐸tr is patterned on the magni-
tude of 𝑢′𝑤′ before 1600 LT, and on the magnitude of 𝑣′𝑤′ after 1600
T. The variability in 𝑀𝐾𝐸tr increases with height and is lowest at
= 3 m, unlike at the West Tower, where it is minimal at ℎ = 10 m.

This shows that the transport of turbulent fluxes by the mean velocity
(𝑀𝐾𝐸tr) decreases with proximity to the surface, as would be expected
in the canopy in the absence of a fire since canopy-scale eddies give way
to smaller-scale eddies near the surface. Contrary to the West Tower, we
see sinking motion at ℎ = 3 m and 10 m after 1600 LT. We understand
this to be the result of the sinking of ambient air from above the canopy
(strong ambient winds as seen in Fig. 1(d)(i)) under the influence of
gravity.

Here, we provide some additional insights on the terms of the MKE
budget equation. First, we comment on the net effect of 𝑀𝐾𝐸tr and
−𝑇𝐾𝐸sp. For all the canopy surface fires discussed here, 𝑀𝐾𝐸tr is
lightly higher in magnitude than −𝑇𝐾𝐸sp and opposite in sign, so
hat the sum of the two terms is very close to zero. This suggests
he following. While the MKE and TKE exchange kinetic energy via
hear production/loss (∓ 𝑇𝐾𝐸sp), the energy gained or lost by the MKE
ia this term is compensated by the transport of turbulent momentum
luxes by the mean velocity (𝑀𝐾𝐸tr). Therefore, the overall MKE
endency due to turbulent momentum fluxes becomes relatively insub-
tantial. Indeed, among 𝑀𝐾𝐸bp, 𝑀𝐾𝐸sp, and 𝑀𝐾𝐸tr, the buoyancy
roduction term has the most variability: it is an order of magnitude
igher than the other two (because of the multiplication with 9.81).
herefore, it must be noted that the mean vertical velocity, and hence
𝐾𝐸bp, shows a noticeable response to the presence of the fire, both

uring and post-FFP. Moreover, while the combined contribution of
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Fig. 5. MKE budget equation terms for (a) NJ2011, (b) NJ2012, (c) West Tower (NJ2019), and (d) Control Tower (NJ2019), at ℎ = (i) 20 m, (ii) 10 m, and (iii) 3 m. Vertical
dotted lines indicate ignition times. Vertical dashed lines delineate FFP times in (a), (b), and (c), and West Tower FFP time in (d).
𝑀𝐾𝐸tr and 𝑀𝐾𝐸sp to the overall MKE tendency is relatively low, the
contribution of 𝑀𝐾𝐸bp is considerably higher. Thus, changes in the
MKE due to variation in 𝑤 cannot be ignored during a fire. Again, it
must be remembered that we are limited to drawing inferences from
only the terms involving vertical derivatives (𝜕∕𝜕𝑧) in the MKE budget
equation (Eq. (2)) due to lack of data collection in the horizontal
direction. Another important observation is the consistently muted
behavior of the MKE budget terms at ℎ = 10 m (mid-canopy height)
in all three cases, i.e. NJ2011, NJ2012, and NJ2019. This helps us
envision scales for potential circulation patterns in the mean flow as
the mean wind travels in and out of the canopy during the fire.
12
4.2. Grassland surface fire

4.2.1. Mean velocity and temperature
Fig. 6 depicts profiles of the pre-fire means (𝑈 , 𝑉 , 𝑊 , 𝑇m) men-

tioned in Section 2 along with the mean kinetic energy (MKE = 0.5(𝑈2+
𝑉 2+𝑊 2)) profile. The mean streamwise wind (𝑈) increases with height
(increasing profile), suggesting that 𝜕𝑈∕𝜕𝑧 > 0 throughout. However,
at lower heights (ℎ = 2m and 10 m), 𝜕𝑈∕𝜕𝑧 is more substantial
compared to higher up (ℎ = 28m and 42 m) where 𝜕𝑈∕𝜕𝑧 is relatively
much lower. Furthermore, the mean streamwise wind magnitudes are
higher compared to those for the canopy fires discussed above, which



Agricultural and Forest Meteorology 338 (2023) 109501A. Desai et al.
Fig. 6. Pre-ignition vertical profiles of the (a) mean streamwise velocity (𝑈), (b) mean cross-stream velocity (𝑉 ), (c) mean temperature (𝑇m), and (d) Mean Kinetic Energy
((𝑈 2 + 𝑉 2 +𝑊 2)∕2) for TX2006.
is expected to affect the rate of spread and fire intensity accordingly.
In contrast, the pre-fire cross-stream wind profile appears to be near-
uniform (i.e. 𝜕𝑉 ∕𝜕𝑧 ≈ 0) for ℎ > 2 m up until the fire-front reaches the
measuring tower. However, 𝜕𝑉 ∕𝜕𝑧 is relatively high near the surface,
i.e. for ℎ ≤ 2 m. Moreover, the near-uniform pre-fire mean temperature
profile suggests a near-neutral atmosphere during the burn hour. We,
therefore, expect pre-ignition convective turbulence to be relatively
minimal.

4.2.2. Wind-rose statistics
Fig. 7 shows the wind-rose statistics for all four measurement

heights, constructed from the pre-FFP (1244 to 1246 LT), FFP (1246 to
1248 LT), and post-FFP (1248 to 1250 LT) time intervals at the tower.
We notice that the flow seems to accelerate near the surface during
FFP as evidenced by the considerable variability in the 6 to 12 m/s
speed range accompanied by a little variability in the 12 to 15 m/s
speed range at ℎ = 2 m in Fig. 7(d)(ii), which is absent in the pre-FFP
time duration (Fig. 7(d)(i)). Again, this is expected to be a consequence
of fire-induced entrainment from the upwind side of the flame, which
accelerates the flow predominantly in the streamwise direction. This
is emphasized by the fact that the variability in the 6 to 12 m/s
speed range decreases noticeably post-FFP at ℎ = 2 m (Fig. 7(d)(iii)),
suggesting that these wind speeds attained during FFP are unlikely to be
associated with ambient conditions. Similar observations can be made
for ℎ = 10 m (Fig. 7(c)), due to its proximity with the fire plume. In
other words, the fire flame and the hot air column above it acts like a
pump that accelerates the flow. Another point to note is that although
the wind was known to have a detectable cross-stream component
during the burn experiment (Clements et al., 2007) (also corroborated
by the pre-FFP wind-rose statistics at ℎ = 2 m and 10 m), the wind
is dominantly aligned in the positive streamwise direction pre-FFP,
during FFP, and post-FFP at the higher heights, i.e. ℎ = 28 m and 42 m
(Figs. 7(a)–(b). We expect this to be a consequence of entrainment by
the flame from the upwind side of the fire in the streamwise direction.
This entrainment is experienced pre-FFP at the higher heights since the
tilting of the fire plume in the direction of the wind induces strong
temperature fluctuations (a high pressure differential) at the higher
heights before the arrival of the fire-front at the base of the tower.

4.2.3. Turbulent and mean kinetic energy budget terms
Turbulent Kinetic Energy Budget Terms: Before drawing on the

TKE budget terms for inferences, we assess the 1 minute moving mean
of the TKE (𝑒) and of the fraction of the vertical TKE (𝑟 = 0.5𝑤′2∕𝑒)
from Fig. 8(a)(i)–(ii). Note that the increase in 𝑒 at ℎ = 28m and 42 m
is seen earlier than at ℎ = 2m and 10 m as the fire-front approaches the
tower due to tilting of the flame in the direction of the wind as observed
by Clements et al. (2007, 2008). At ℎ = 2m and 10 m, 𝑒 during FFP is
higher than that for ℎ = 28m and 42 m, due to proximity with the fire
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plume, the source of the increased turbulence. In fact, 𝑒 is the highest
at ℎ = 2 m. Since fuels were removed around the base of the tower,
ℎ = 2 m represents the local flame height near the tower. The high
value of 𝑒, in conjunction with the low value of 𝑟 at ℎ = 2 m (𝑟 ≈ 0.1)
in Fig. 8(a)(ii), is noteworthy. This suggests that the horizontal fraction
of TKE at ℎ = 2 m is considerably higher during FFP. While this could be
because of the attenuation of 𝑤′ due to the proximity with the ground
surface, it could also be representative of the horizontal acceleration
of the flow past the flame (Fig. 7(d)) or increased entrainment from
the upwind side. This horizontally accelerated flow causes the forward
advection of hot gases onto unburnt fuel, which is responsible for the
fire spread (also observed on laboratory scales by Finney et al., 2015).
At ℎ = 10m, 28m, and 42 m, the values of 𝑟 are higher than 0.3 pre-
FFP, followed by values of 𝑟 less than 0.2 during FFP. This is explained
as follows. The tilting of the flame in the direction of the wind increases
the variability in the vertical direction at the higher heights pre-FFP by
virtue of buoyancy effects. During FFP, the effect of buoyancy at the
higher heights, at the tower location, is greatly reduced and much of
the variability is found to be in the horizontal velocity.

Let us now examine the streamwise turbulent flux (𝑢′𝑤′) closely
(Fig. 8(b)(i)). An increase in the magnitude of the turbulent flux
pre- and during FFP, caused by the presence of the fire, is seen in
Fig. 8(b)(i). Typically, negative 𝑢′𝑤′ (𝑢′𝑤′ < 0) in the atmospheric
boundary layer (ABL) represents a momentum sink. Two possible cases
that contribute to negative 𝑢′𝑤′ (Fig. 8(b)(i)) are considered: sweep-like
patterns, i.e. 𝑤′ < 0 and 𝑢′ > 0 and ejection-like patterns, i.e. 𝑤′ > 0 and
𝑢′ < 0. At all heights AGL, eddies associated with sweep-like patterns
send streamwise fluctuations assisting in fire spread (𝑢′ > 0) to the
lower heights, i.e. towards the flame at the surface (𝑤′ < 0). Therefore,
the streamwise turbulent flux associated with sweep-like events at these
heights assists in the fire spread, while also providing a momentum
sink to the ambient mean wind. The effect of eddies associated with
ejection-like patterns is explained as follows: in-drafts of air from the
downwind side (𝑢′ < 0) are diverted away from the fire flame near the
surface (𝑤′ > 0) so that they play more of a role in vertical transport
rather than impeding the fire spread.

Next, we explore the influence of the streamwise turbulent flux on
the TKE budget terms as shown in Fig. 8(c). First, we note that the
shear production term (𝑇𝐾𝐸sp) at ℎ = 2m and 10 m is patterned on
−𝑢′𝑤′ at those heights. During FFP, the increase in 𝑇𝐾𝐸sp is highest
at ℎ = 2 m, followed by ℎ = 10 m. At both heights, this increase
is higher than that at the higher heights AGL (ℎ = 28m and 42 m).
This is because shear production is a consequence of work done by the
turbulent fluxes (in this case, mostly 𝑢′𝑤′) against the mean wind shear
(in this case, 𝜕𝑈∕𝜕𝑧). In a grassland environment, the mean streamwise
wind shear is higher closer to the ground surface, as opposed to near the
top of the canopy in a forested environment as discussed in Section 4.1.
This accounts for the high increase in 𝑇𝐾𝐸 at ℎ = 2 m. From ℎ =
sp
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Fig. 7. Total horizontal velocity (𝑢�̂�+ 𝑣𝐣) wind-rose statistics for (i) pre-FFP, (ii) FFP, and (iii) post-FFP times at ℎ = (a) 42 m, (b) 28 m, (c) 10 m, and (d) 2 m for TX2006. Colors
represent classes of wind speed, while 0◦ represents the positive streamwise direction.
2 m to 10 m, the shear production decreases with height despite the
increase in −𝑢′𝑤′ since 𝜕𝑈∕𝜕𝑧 decreases with height. Higher up, both
−𝑢′𝑤′ and 𝜕𝑈∕𝜕𝑧 decrease with height; therefore, the work done by
the streamwise turbulent flux against the mean streamwise wind shear
is low. This suggests that shear production is associated with work
done against the mean streamwise shear by the streamwise turbulent
eddies that assist in pushing the flame towards the unburnt fuel, as
14
discussed in the previous paragraph. Since the shear production is
positive (𝑇𝐾𝐸sp > 0), the work done serves to remove energy from
the MKE and provide it to the TKE. The resulting increase in TKE helps
in sustaining the turbulent eddies that assist in the fire spread.

We also take this as an opportunity to comment on 𝑣′𝑤′. Similar to
the NJ2011 fire, cross-stream eddies do seem to strengthen in response
to the fire presence during FFP. However, such strengthening is only
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Fig. 8. For TX2006: (a)(i) One-minute moving means of the TKE and (ii) the vertical fraction of TKE (𝑟); (b) turbulent fluxes, i.e. (i) 𝑢′𝑤′, (ii) 𝑣′𝑤′, and (iii) 𝑢′𝑣′ at all four
heights; (c) TKE budget terms at ℎ = (i) 42 m, (ii) 28 m, (iii) 10 m, and (iv) 2 m. Black dotted vertical line indicates ignition time; black dashed vertical lines delineate FFP time.
seen at ℎ = 10 m. Furthermore, since the mean cross-stream wind
shear is minimal (𝜕𝑉 ∕𝜕𝑧 ≈ 0) at this height (Fig. 6(b)), the work
done by the cross-stream eddies in overcoming the mean cross-stream
shear is insubstantial. Consequently, the majority of shear production
is associated with the work done by the streamwise eddies against the
mean streamwise wind shear. Since shear production itself results in
an increase in turbulence, it is possible that the cross-stream turbulent
eddies at ℎ = 10 m germinate from this increase in turbulence. In this
manner, the cross-stream eddies appear to be coupled to the streamwise
eddies at this height. Moreover, the presence of strong cross-stream
turbulent eddies at ℎ = 10 m is an important observation in the context
of laboratory experiments documented in the literature that suggested
that cross-stream eddies are vital to the advection of hot gases from
the burned fuel to the unburned fuel, which effectually causes the fire
to spread (Finney et al., 2015). Considering that cross-stream eddies
weaken beyond this height, an estimate of the length scale associated
with such eddies can also be obtained from this height. Furthermore, it
is worth noting the increase in −𝑣′𝑤′ at ℎ = 28 m pre-FFP (Fig. 8(b)(ii)),
which suggests a strengthening of the cross-stream eddies at the higher
heights pre-FFP possibly due to the effects of flame tilting.

Additionally, we observe an increase in −𝑢′𝑣′ during FFP
(Fig. 8(b)(iii)) for the grassland fire. This indicates an increase in the
15
strength of horizontal turbulent eddies induced by the presence of the
flame. It is known that horizontal eddies are formed as a consequence
of fire-induced entrainment in the horizontal plane (Tohidi et al.,
2018), which is expected to be relatively intense in an open grassland
environment. We further expect these to contribute to the formation of
fire-whirls or dust devils, as discussed later in this section. The increase
in strength of the horizontal eddies is particularly noticeable at ℎ = 2 m
and 10 m and is highest at ℎ = 10 m. This provides a perspective on
the length scale associated with horizontal turbulent eddies during FFP,
with respect to the given flame height, in a grassland environment.

Fig. 8(c) shows that shear production is more substantial as com-
pared to buoyancy production during FFP at the lower heights AGL,
i.e. at ℎ = 2m and 10 m. While the reasons for increased 𝑇𝐾𝐸sp have
been discussed above, the decreased 𝑇𝐾𝐸bp is associated with the
attenuation of the vertical velocity fluctuations (𝑤′) at these heights
even during FFP due to proximity with the ground surface. However,
buoyancy production is more significant compared to shear production
at the higher heights AGL, i.e. ℎ = 28m and 42 m pre-FFP (Fig. 8(c)).
This suggests that while the tilting of the flame in the direction of
wind induces strong vertical fluctuations at the higher heights pre-FFP,
thereby causing an increase in 𝑇𝐾𝐸 , it does not result in increased
bp
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𝑇𝐾𝐸sp at these heights despite the increase in the strength of the cross-
tream eddies pre-FFP. Shear production at the higher heights remains
nsubstantial pre-FFP.

Some interesting inferences can be drawn from the very active tur-
ulent transport term (𝑇𝐾𝐸tr ≠ 0) before and during FFP. Typically, in

the ABL, the turbulent transport term is not very active and equilibrium
exists between viscous dissipation (𝜀) and shear production (𝑇𝐾𝐸sp). At
= 42 m, the turbulent transport term remains relatively insubstantial

nd the buoyancy production term remains the only active source of
urbulence generation pre-FFP. At ℎ = 10m and 28 m we observe a loss
n 𝑇𝐾𝐸tr pre-FFP (and for some time during FFP), which is associated
ith an average upward flux of TKE caused due to buoyant updrafts

nduced by the tilted flame. This is followed by a gain at ℎ = 10 m
nd a persistent loss at ℎ = 28 m during FFP. The gain at ℎ = 10 m is
ttributed to an incoming flux of TKE from higher heights as the effects
f fire-induced buoyancy weaken at the higher heights (ℎ = 28 m) along
ith an incoming flux of TKE from ℎ = 2 m where fire-induced buoyant
pdrafts are still active during FFP. At ℎ = 2 m, we see a similar pattern
f loss in 𝑇𝐾𝐸tr followed by a gain in 𝑇𝐾𝐸tr.

So far, we have analyzed the turbulent fluxes and terms of the
KE budget equation for the primary burn in the domain. Let us
ow focus on the turbulent fluxes and TKE budget 6 to 10 minutes
fter FFP. Some increase in 𝑒 is observed at the higher heights AGL
ℎ = 28m and 42 m) followed by a considerable increase at the lower

heights (ℎ = 2m and 10 m) around this time (Fig. 8(a)(i)). The increase
n 𝑒 at each of these heights coincides with a drop in 𝑟 to values
elow 0.1, indicating that it is associated with stronger horizontal
urbulent fluctuations (𝑢′, 𝑣′). We also see an increase (peaks) in −𝑢′𝑣′

etween 1254:30 and 1257:30 LT at ℎ = 2m and 10 m (marked by
ray dash-dotted vertical lines in Fig. 8(b)(iii)), while 𝑢′𝑤′ and 𝑣′𝑤′

emain relatively low in magnitude at these heights emphasizing the
mportance of the horizontal turbulent eddies over the vertical eddies
n this time duration. This corroborates well with the observations
y Clements et al. (2008) that associated the increase in 𝑒 with the

appearance of a dust devil along with horizontal turbulent eddies
arising from a secondary burn of a small section of the grassland
immediately upwind of the experimental plot that was ignited after the
experimental (primary) burn was completed. Moreover, an increase in
buoyancy production (𝑇𝐾𝐸bp > 0) is also seen at ℎ = 2 m between
1252:30 and 1254:30 LT (marked by gray dash-dotted vertical lines in
Fig. 8(c)(iv)) despite relatively weak 𝑤′; this is because of intense fluc-
tuations in temperature (stronger 𝑇 ′ than during FFP for the primary
burn!) around this time at ℎ = 2 m. It appears that the combined effect
of residual combustion from the primary burn, including but not limited
to smoldering, and flaming combustion from the secondary burn may
be responsible for the increase in 𝑇𝐾𝐸bp at the base of the 43 m tower
between 1252:30 and 1254:30 LT, while the observed dust devil (and
horizontal turbulent eddies caused by the secondary burn) is mainly
responsible for the increase in 𝑒 at this point between 1254:30 and
257:30 LT. Additionally, signatures of buoyancy production, such as
hose seen at ℎ = 2 m, are not seen at ℎ = 10m, 28m, and 42 m from

1252:30 to 1254:30 LT, possibly because fluctuations in the vertical
velocity (𝑤′) are weaker compared to those during flaming combustion
from the primary burn. Furthermore, although horizontal wind shear
leads to the increase in 𝑒 from 1254:30 to 1257:30, as suggested
y Clements et al. (2008), the increase in shear production (𝑇𝐾𝐸sp)
t ℎ = 2 m is relatively inappreciable (Fig. 8(c)(iv)) during that time.
his is despite the increased strength of horizontal turbulent eddies
s evident from the increase in the −𝑢′𝑣′ (Fig. 8(b)(iii)). A possible

explanation lies in the fact that we have not considered the contribution
of the work done by the horizontal eddies towards 𝑇𝐾𝐸sp due to lack
of data collection in the horizontal plane, which impedes mean wind
shear calculations in the horizontal plane (𝜕∕𝜕𝑥 and 𝜕∕𝜕𝑦).
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5. Discussion

Fire-atmosphere interaction comprises several simultaneous com-
plex phenomena including but not limited to the entrainment of am-
bient air, the formation of strong turbulent eddies, the introduction of
fire-induced turbulence (buoyancy production, shear production) from
the surface and its redistribution in the air column above (turbulent
transport), the injection of ambient turbulent fluxes from the canopy
top, and the redistribution of mean kinetic energy in the air column. In
this section, we integrate the key processes and events that have been
inferred and elaborated on in the previous section. Figs. 9, 10, and 11
present brief summary pictures of the sub-canopy backing surface fire
(high intensity), the sub-canopy heading surface fire, and the heading
surface fire in a grassland, respectively.

Comparison with a no-fire situation suggests that the presence of
an approaching flame (e.g., at the West Tower for NJ2019) tends to
organize the turbulence near the surface in the streamwise direction, in
contrast to the more disorganized flow in the absence of fire (e.g., at the
Control Tower). The presence of the flame also leads to the entrainment
of ambient air from both the upstream and downstream side of the
fire. In some cases, wind entrained from the upwind side of the fire
interacts with that from the downwind side and diverts momentum in
the cross-stream direction as well. In the grassland fire, we see that the
horizontal wind near the ground surface accelerates during FFP due
to the presence of the flame, with high variability in the streamwise
direction (Fig. 11). In other words, the flame acts like a pump for
the wind in the streamwise direction. Acceleration of the wind past
the hot air column above the flame is also seen in the case of the
sub-canopy surface fires (Figs. 9 and 10). Moreover, the increase in
mean streamwise wind speed past the hot air column above the flame
at higher heights in the case of the sub-canopy heading surface fire
(NJ2019) suggests some coupling between fire-induced buoyancy and
the corresponding mean velocity components.

In all sets of sub-canopy surface fires, turbulent eddies (either
streamwise or cross-stream) are found to be strongest near the canopy
top (Figs. 9 and 10): strong streamwise turbulent flux is accompa-
nied by relatively weaker cross-stream turbulent flux and vice-versa.
Furthermore, it must be noted that both are coupled with each other
through shear production. The highest shear production amongst the
different heights in the air column is near the canopy top, attributed to
the strong turbulent flux there. For the more intense sub-canopy surface
fires, shear production near the canopy top is attributed to the fire and
can persist for a few hours post FFP. For the relatively lower intensity
sub-canopy surface fires (e.g. NJ2012), shear production is dictated by
intermittent gusts and the background canopy-scale turbulence (work
done by strong turbulent eddies against the mean shear). Sub-canopy
surface fires seem to be affected considerably by the turbulence near
the canopy top. The injection of turbulence into the canopy via sweep-
like eddies (𝑢′𝑤′ < 0) near the canopy top has different connotations
for backing and heading fires: the associated streamwise eddies resist
the fire spread in the case of backing fires, while they assist fire
spread in the case of heading fires. For the relatively more intense
sub-canopy surface fires (e.g. NJ2011), cross-stream turbulent fluxes
become prominent. In the grassland fire, both cross-stream and stream-
wise eddies strengthen with height before attaining a maximum (in this
case, at the 10 m height) and starting to weaken with height (Fig. 11).
The strengthening of cross-stream eddies is important in the context
of recent laboratory-scale experiments that suggested that cross-stream
eddies advect hot gases forward onto unburnt fuel (Finney et al., 2015).
Albeit on a management-scale, the strong cross-stream eddies seen here
could similarly participate in fire spread in the grassland environment
and the height at which these eddies are the strongest provides the
associated vertical length scale (relative to the flame height). Further-
more, we infer that the downwash from strong streamwise eddies of
this scale (𝑢′𝑤′ < 0) also participates in the fire spread by pushing
hot gases onto the unburnt fuel (𝑤′ < 0 and 𝑢′ > 0). This is in
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Fig. 9. A brief summary of the turbulent processes in the 2011 sub-canopy backing surface fire (NJ2011) along with profiles of the TKE budget terms for a time instant in the (i)
post-FFP period and (iii) pre-FFP period. Arrows are not to scale. (Vector figures of the pine tree, black bush, and green bush, on one hand, and flame, on the other, taken from
www.vecteezy.com/free-vector/nature and www.vecteezy.com/free-vector/flame, respectively).
consonance with the results of Desai et al. (2022) pertaining to a
small-scale grassland fire, which suggested that vortices generated from
the entrained air push hot gases outward away from the flame. The
near-surface wind also seems to accelerate past the flame: also an
observation that matches with those from Desai et al. (2022). It is
noteworthy that the phenomena seen in the grassland fire from this
paper, while pertaining to a large-scale prescribed burn, conform to
those from a small-scale burn experiment on grassland fires. Contrary to
the case of the sub-canopy surface fires, shear production in grassland
fires is highest near the surface. This shear production is correlated to
the forward advection of hot gases and the upwash of indrafts from the
downwind side. Shear production then decreases with height (Fig. 11),
despite the increase in the strength of the streamwise eddies; this is
because the mean streamwise wind shear reduces with height so that
the work done by the streamwise turbulent eddies against the mean
streamwise wind shear is low.

In the absence of a fire, the shear length scale for a canopy is
typically of the order of ℎc∕2 (Raupach et al., 1996). Our analysis
shows that shear production increases with height in the absence of
a fire (at the Control Tower in 2019). However, at length scales of
half the canopy height in the presence of a surface fire, the buoyancy
production far exceeds the shear production. This makes us envision the
mid-canopy height as a channel for vertical transport of kinetic energy
during FFP and further emphasizes the importance of length scales of
ℎc∕2. In the grassland environment, vertical length scales are dictated
by the height at which the turbulent eddies become the strongest during
FFP (ℎ = 10 m in this case) as evidenced by the increased magnitude of
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the turbulent fluxes (−𝑢′𝑤′ and 𝑣′𝑤′), seen in Fig. 11. The grassland
fire data also show the presence of horizontal turbulent eddies that
increase in strength (increase in magnitude of −𝑢′𝑣′) up to ℎ = 10 m.
We would expect this height to vary depending on the fire intensity,
flame height, and wind speed. Another measure for the shear length
scale in a grassland environment during FFP can be obtained from the
height at which the shear production begins to drastically reduce with
height; in this case, this is achieved at a height above ℎ = 10 m.

It is easy to see that buoyancy production increases with height
in both environments due to the increased variability in the vertical
wind velocity fluctuations (𝑤′) with height. However, the height to
which the buoyancy production continues to increase is determined by
the fire intensity. Another notable aspect is the role of the turbulent
transport term. It is a well-documented observation that the turbulent
transport term is active within the canopy as opposed to the ABL aloft
where equilibrium generally exists between viscous dissipation and
shear production (Raupach et al., 1996). This is also demonstrated by
the active turbulent transport term (gain) at a height of ℎc∕2, at the
Control Tower in 2019. Much like how sweeps inject turbulence into
the canopy from the ABL aloft, fire injects turbulence into the canopy
from the surface. For more intense surface fires beneath the canopy, it
seems that while there is a gain in TKE through buoyancy production,
there is a loss in TKE (mid-canopy and/or at other heights) due to
expulsion of TKE to the ABL aloft via the turbulent transport term
(pre- and post-FFP profiles in Figs. 9 and 10). Such an expulsion is
compensated by a reversal process where there is an influx of TKE via
the turbulent transport term. The transport term in the grassland fire
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Fig. 10. A brief summary of the turbulent processes in the 2019 sub-canopy heading surface fire (NJ2019) along with profiles of the TKE budget terms for a time instant in the
(i) post-FFP period and (iii) pre-FFP period. Arrows are not to scale. (Vector figures of the pine tree, black bush, and green bush, on one hand, and flame, on the other, taken
from www.vecteezy.com/free-vector/nature and www.vecteezy.com/free-vector/flame, respectively).
mimics this behavior up to a certain height above the surface (ℎ = 10 m
in this case) relative to the flame height (Fig. 11). Thus, the turbulent
transport term actively participates in the vertical redistribution of TKE
in the air column and its behavior can be used to determine important
vertical length scales. However, it must be noted that we have not been
able to include the effects of the turbulent transport terms involving
horizontal gradients (𝜕∕𝜕𝑥 and 𝜕∕𝜕𝑦), which necessitates the collection
of data in the horizontal direction, both streamwise and cross-stream.

We have also investigated the typically unexplored terms of the
MKE budget equation. The MKE budget terms within the canopy in-
dicate that the sum of the shear production term (which is the term
through which the MKE and TKE interact with each other) and trans-
port of turbulent fluxes by mean momentum is relatively inconse-
quential to the MKE tendency. Rather, it is the sinking of air under
gravitational acceleration or the rising of air due to buoyancy that
accounts for most of the variability in the MKE tendency (Figs. 9 and
10). This also indicates that the mean vertical velocity responds to the
presence of a fire and cannot be assumed to be the same as the pre-FFP
mean vertical velocity.

6. Conclusions and future work

Studies on turbulence during management-scale experimental burns
conducted in differing conditions of wind and vegetation are relatively
isolated. The integrated contextual framework provided in this work
represents a major stride towards the synthesis of and comparison
18
among such studies. Through the comparison, we have reinvestigated
fire-induced turbulence dynamics with the backdrop of canopy tur-
bulence (forested environments) or ABL turbulence (grassland envi-
ronment) from a fundamental standpoint. The effects of changes in
ambient wind conditions on the measured data have been taken into
account because of their linkage to fire behavior. While the inferences
drawn here have also been informed by local meteorological conditions
at the time of the burn experiments, we have successfully encapsulated
the coherent patterns that broadly characterize fire-induced turbulent
flow in the two environments primarily by examining turbulent fluxes
and the TKE budget terms. We have also examined the terms of the
MKE budget equation for all of the sub-canopy surface fire experiments.
The sinking of air under gravitational acceleration or the rising of air
due to buoyant updrafts accounts for most of the variability in the
MKE tendency during and after fire-front passage. The ‘‘slowly-varying’’
mean flow responds noticeably to the presence of the fire and cannot
be equated to the pre-FFP mean flow.

In this study, major differences among three scenarios of surface
fires have been highlighted: sub-canopy heading fires, sub-canopy
backing fires, and heading grassland fires. Differences in the relative
strength and role of the streamwise and cross-stream turbulent eddies
in fire spread and the relative importance of some terms of the TKE
budget over others at each of the measurement heights have been
discussed, based on fire intensity and the surface-fire environment.
Shear production and buoyancy production in sub-canopy surface fires
are found to be more substantial near the canopy top for more intense
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Fig. 11. A brief summary of the turbulent processes in the 2006 grassland fire (TX2006) along with profiles of the TKE budget equation terms for a time instant in the (i)
FFP period and (iii) pre-FFP period. Note that post-FFP profiles are not shown here. Arrows are not to scale. (Vector figures of the green grass and the flame taken from
www.vecteezy.com/free-vector/grass and www.vecteezy.com/free-vector/flame, respectively).
fires, while their magnitudes decrease with decreasing fire intensity.
For low-intensity sub-canopy fires, the buoyancy production is consid-
erably lower than the shear production near the canopy top, though
the latter is mostly attributed to the background canopy turbulence.
In a heading grassland fire, shear production dominates buoyancy
production close to the surface and appears to be inconsequential
beyond a certain height relative to the flame length, while buoyancy
production increases with height thereby becoming substantial further
away from the surface. In all sub-canopy fires, buoyancy production
seems to dominate shear production at the mid-canopy height. The
turbulent transport term appears to follow a coherent pattern during
fire-front passage when the fire intensity is higher, both within the
canopy and in a grassland environment. For intense sub-canopy surface
fires, a noticeable loss in TKE due to its expulsion to the atmospheric
boundary layer aloft via the transport term is compensated by a gain
due to TKE influx via the transport term. In the grassland fire, the
transport term shows similar behavior until a certain height. These
differences also inform the vertical length scales associated with fire-
induced turbulent flow in their respective environments. While such
length scales have been quantified and studied in no-fire conditions
in previous studies (Raupach et al., 1996), this study takes a step in
the direction of quantifying length scales in the presence of a fire,
which can inform smoke dispersion in different environments. The
system of equations that governs fire dynamics is very complex. Model
developers can utilize the knowledge of relatively important or less
important terms associated with each height (relative to the vertical
19
length scale) to simplify their models or adjust their model complexity
depending on the vegetative environment. This will lead to decreased
model computational costs without loss of physical understanding. In
conjunction with simplified models, the turbulence dynamics presented
in this study can also be applied towards understanding the physics
of ember transport (Koo et al., 2010; Fernandez-Pello, 2017; Thurston
et al., 2017; Thomas et al., 2020) and estimating the horizontal distance
covered by embers lofted by the fire plume before they land to generate
spot fires.

Another step in the direction of simplifying the governing equations
would involve parameterizing fire-atmosphere interactions via a modi-
fied flux-gradient approach (K theory). The authors plan on using this
data to obtain better estimates of the eddy diffusivity in the presence
of a fire that will account for the non-local turbulence in the canopy
and the coupling between shear and buoyancy. Furthermore, it must be
noted that there are limitations associated with the averaging scheme
used for examining coherent motions: a larger averaging window delo-
calizes the coherent motions in time, while a smaller window makes it
difficult to separate the mean terms from the turbulent fluctuations. The
findings of this study could be augmented by inferences drawn from a
wavelet transform on the temperature and velocity signals, which the
authors are currently working on. With the help of a suitable window in
the time domain, a wavelet transform could disassemble the signal into
its component frequencies while achieving the best localization in time,
thereby providing insights into the corresponding coherent motions and
their temporal evolution.
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