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Abstract An improved understanding of atmospheric perturbations within and above a forest during
a wildland fire has relevance to many aspects of wildland fires including fire spread, smoke transport

and dispersion, and tree mortality. In this study, the ARPS-CANOPY model, a version of the Advanced
Regional Prediction System (ARPS) model with a canopy parameterization, is utilized in a series of idealized
numerical experiments to investigate the influence of vertical canopy structure on the atmospheric
response to a stationary sensible heat flux at the ground (“fire heat flux”), broadly consistent in
magnitude with the sensible heat flux from a low-intensity surface fire. Five vertical canopy structures

are combined with five fire heat flux magnitudes to yield a matrix of 25 simulations. Analyses of the
fire-heat-flux-perturbed u component of the wind, vertical velocity, kinetic energy, and temperature show
that the spatial pattern and magnitude of the perturbations are sensitive to vertical canopy structure.
Both vertical velocity and kinetic energy exhibit an increasing trend with increasing fire heat flux that

is stronger for cases with some amount of overstory vegetation than cases with exclusively understory
vegetation. A weaker trend in cases with exclusively understory vegetation indicates a damping of the
atmospheric response to the sensible heat from a surface fire when vegetation is most concentrated near
the surface. More generally, the results presented in this study suggest that canopy morphology should be
considered when applying the results of a fire-atmosphere interaction study conducted in one type of forest
to other forests with different canopy structures.

1. Introduction

Wildland fires, by definition, are nonstructure fires that occur in vegetation or natural fuels, and the fuels can
include but are not limited to forests. Wildland fires communicate heat to the atmosphere via radiation, con-
vection (i.e., sensible and latent heat flux), and conduction, with sensible and latent heat flux the primary
means of perturbing the atmosphere (Jenkins et al., 2001; Kremens et al., 2012). Perturbation of the atmo-
sphere within and above forests by wildland fires has primarily focused on the effects of sensible heat flux
from the fire and has been the subject of field experiments (e.g., Clark et al., 1999; Hiers et al., 2009; Heilman
et al,, 2015) and high-resolution atmospheric modeling studies (e.g., Hoffman et al., 2015; Kiefer et al., 2015,
2016; Pimont et al., 2009, 2011). Numerical modeling studies have found that sensible-heat-induced atmo-
spheric perturbations are sensitive to a number of forest canopy characteristics, including plant area index
(PAI), fuel breaks or gaps, and canopy health. For example, Pimont et al. (2009) simulated higher mean wind
velocity and greater gust intensity inside a fuel break but reduced variability of wind direction, relative to
the surrounding forest, and Kiefer et al. (2015) found that the fireline-normal component of wind and maxi-
mum vertical velocity were both lower in magnitude with a horizontally homogeneous sparse canopy than
with no canopy, although both variables were largely insensitive to further increases in PAl. As pointed out by
Kiefer etal. (2016), an improved understanding of atmospheric perturbations within and above a forest during
a wildland fire has relevance to many aspects of wildland fires including fire spread, smoke transport and dis-
persion, tree mortality, transport of fire embers, and seed dispersal. Note that as in Kiefer et al. (2015, 2016),
the term canopy is used in this study to describe the entire vegetation layer including, but not limited to,
the crown.
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An aspect of the forest canopy that has received relatively little attention is the vertical structure of the forest
canopy. Vertical canopy structure varies widely in the forested environment, from stands dominated by tree
species with dense crowns and tall trunks, such as loblolly (Pinus taeda) and maritime (Pinus pinaster) pine, to
mixed stands with bare deciduous overstory vegetation and evergreen understory vegetation, such as mixed
Pitch Pine (Pinus rigida) and Scrub Oak (Quercus ilicifolia) forests (such as found in parts of the northeastern
United States). Furthermore, even in the same forest, seasonal variations in foliage as well as disease and insect
outbreaks can alter the vertical canopy structure over various time scales. In a study using the FIRETEC model
(Linn & Cunningham, 2005), Hoffman et al. (2015) examined the effect of a multiyear mountain pine beetle
outbreak on the mean and turbulent wind fields and fire rate of spread through a forest. In their study, a series
of simulations were performed with forest biomass successively removed from the crown and transferred to
the surface fuel layer over a 6 year period, to emulate the influence of beetles on tree mortality. Vertical profiles
of wind velocity in the undisturbed region upwind of the fire were shown to evolve from a profile typical
of forested environments, with weak winds in the lowest two thirds of the canopy and maximum vertical
wind shear at and just below canopy top (Finnigan, 2000), to a log wind profile more typical of nonforested
environments, with maximum wind shear near the surface. However, Hoffman et al. (2015) did not examine
atmospheric variables in the vicinity of the fire, choosing instead to focus on mean fire spread rate and relate
that metric to mean wind and turbulence in the undisturbed region upstream of the fire.

In this study, we investigate how the vertical structure of the canopy influences the atmospheric response to
a spatially and temporally invariant sensible heat flux at the ground (hereafter, “fire heat flux”), broadly con-
sistent in magnitude with the sensible heat flux from a low-intensity surface fire. We utilize the ARPS-CANOPY
model (Kiefer et al., 2013), a version of the Advanced Regional Prediction System (ARPS) model (Xue et al.,
2000, 2001) with a canopy parameterization, to systematically examine fire-heat-flux-perturbed atmospheric
variables in forests with vertical canopy structure varying from overstory concentrated (i.e., exclusively crown
vegetation) to understory concentrated (i.e., exclusively surface vegetation). Also, as a broad parameter space
exists with respect to the magnitude of sensible heat fluxes from wildland fires (e.g., Clark et al., 1999; Clements
et al.,, 2007; Heilman et al., 2015), fire heat flux magnitude is varied independently of vertical canopy struc-
ture to determine how trends in the magnitude of fire-heat-flux-induced atmospheric perturbations with
increasing fire heat flux are affected by vertical canopy structure. Lastly, it is important to note that the
fire-atmosphere interactions simulated in this study are one way only; feedbacks from the atmosphere to the
fire, as parameterized in two-way interactive models like FIRETEC, are not accounted for here (see section 2.3
for more details).

The remainder of this paper is organized as follows. A description of the model and experiment design
are presented in section 2, including a brief overview of the ARPS-CANOPY model (2.1), a description of
the model configuration and parameterization (2.2), and a summary of the experiment design (2.3). Results
and discussion of the experiments are presented in section 3, beginning with a brief summary of the anal-
ysis methodology (3.1) and proceeding in a telescoping manner from two-dimensional horizontal cross
sections (3.2), to two-dimensional vertical cross sections (3.3), to one-dimensional profiles (3.4), to summary
statistic line plots (3.5). Finally, the paper is concluded in section 4.

2. Model Description and Numerical Experiment Design

2.1. ARPS-CANOPY Overview

The development of ARPS-CANOPY is described in detail in Kiefer et al. (2013), along with validation of the
model in an orchard environment; for ARPS-CANOPY validation in a forest setting, see Kiefer et al. (2014).
The following is a brief summary of ARPS-CANOPY similar to that presented in Kiefer et al. (2015, 2016)

ARPS-CANOPY is a modified version of the ARPS model in which the effects of vegetation elements (e.g.,
branches and leaves) on drag, turbulence production/dissipation, radiation transfer, and the surface energy
budget are accounted for through modifications to the ARPS model equations. Such changes allow for explicit
simulation of airflow through a multiple grid level forest canopy, as opposed to representing the bulk effect of
a vegetation canopy on the atmosphere within a single layer, beneath the lowest model grid point (as in, e.g.,
the standard ARPS model and the Weather Research and Forecasting model, Powers et al., 2017). Although a
number of metrics may be used to describe how vegetation is vertically distributed in a column (e.g., the ver-
tical profile of canopy bulk density or the vertical profile of biomass), the vertical profile of plant area density
(A,), defined as the one-sided area of plant material per unit volume, is utilized in ARPS-CANOPY to represent
the bulk effects of the canopy on various atmospheric processes (e.g., drag and radiative heating/cooling).
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The ARPS model equations were first modified by Dupont and Brunet (2008) to account for the drag force
of vegetation elements, via a drag force term added to the momentum equation, and the enhancement of
turbulence dissipation in the canopy air space, via a sink term added to the subgrid-scale turbulent kinetic
energy (TKE) equation. Note that subgrid-scale turbulence is parameterized in ARPS-CANOPY via a 1.5-order
TKE-based turbulence closure (Deardorff, 1980; Moeng, 1984).

Building on the work of Dupont and Brunet (2008), Kiefer et al. (2013) further modified ARPS-CANOPY to allow
for simulation of nonneutral canopy flows. Specifically, a term was added to the thermodynamic equation to
represent heating (cooling) of the canopy air spaces resulting from the vertical flux convergence (divergence)
of net radiation intercepted by the canopy, and the ground radiation budget was modified to account for
shading of the ground surface by the overlying vegetation during the day and reduction of outgoing long-
wave ground radiation at night. To account for the impact of foliage on the radiation budget inside the canopy,
a net radiation profile was incorporated that decays downward from canopy top as a function of the cumu-
lative PAl and an empirically determined extinction coefficient (0.6 in this study, as in, e.g., Kiefer et al., 2013;
Dupont & Brunet, 2008). Note that calculation of the net radiation budget at canopy top is otherwise identi-
cal to the standard ARPS ground radiation budget, except a constant value of albedo appropriate for forested
areas is utilized (0.1), and the outgoing longwave component is computed as a function of air temperature
at canopy top, rather than skin temperature. Lastly, a production term was added to the subgrid-scale TKE
equation to represent turbulence production in the wakes of canopy elements.

While necessitated by the choice of model, the use of A, serves an additional purpose: since PAl is simply
vertically integrated A,,, the overall density of the forest canopy (as measured by PAI) may be fixed, while the
vertical distribution of vegetation (as measured by A)) is varied. It is important to note that ARPS-CANOPY
does not resolve the flow around individual trees or the heating/cooling of individual branches or leaves.
It is also important to note that aside from the modifications outlined here, ARPS-CANOPY is identical to
standard ARPS.

2.2. Model Configuration and Parameterization

In addition to the 1.5-order subgrid-scale turbulence closure scheme referenced in the previous section,
the model configuration and parameterization options utilized are as follows. Radiation physics following
Chou, (1990, 1992) and Chou and Suarez (1994) are applied outside of the canopy, with the radiation parame-
terization outlined in section 2.1 applied at points inside the canopy. Fourth-order accurate finite differencing
of the advection terms is used in both the vertical and horizontal directions. Coriolis terms are retained in the
model equations, but the Coriolis force is computed as a function of central latitude only (arbitrarily specified
as 40°N).

Using a model configuration identical to Kiefer et al. (2016), a one-way nesting procedure is utilized with
two three-dimensional computational domains. The outer domain consists of 153 x 103 x 78 grid points
(including points used only for boundary condition calculations), with 50 m horizontal grid spacing and a
periodic boundary condition at the lateral boundaries. The inner domain, centered within the outer domain,
consists of 99x51x 78 grid points, with 10 m horizontal grid spacing and external lateral boundary conditions
(i.e., defined by interpolating variables from the outer-domain grid to the boundaries of the inner domain).
Vertical grid spacing of 2 m is utilized in both domains, up to a height of 84 m, above which vertical stretching
is applied; this vertical grid structure allows for 9 grid points at or below the canopy crown [canopy height (h)
is 18 m]. The top of both model domains is at 3 km, with a rigid lid upper boundary condition and a Rayleigh
damping layer in the uppermost 1 km to prevent reflection of waves from the upper boundary.

The outer-domain simulation is initialized at noon local time and run for a total of 4 h, with a uniform, steady
net radiation flux of 520 W m~2 applied at the canopy top to represent daytime heating typical of 40°N latitude
in early spring. The outer-domain simulation is run with a uniform canopy (see section 2.3) and no-fire heat flux
and is initialized with a base state sounding consisting of uniform wind speed (2.5 m s~, westerly) from the
surface to domain top and neutral static stability below z = 1 km [stable stratification (N = 0.013 s7') above].
At initialization, the ground surface temperature is 290 K and the soil is in equilibrium with the overlying
atmosphere. To promote the development of 3-D turbulent structures following a horizontally homogeneous
initialization, a random perturbation of magnitude 1 K is applied to the potential temperature field at the ini-
tial time (at all model levels). After approximately 3 h a quasi-horizontally homogeneous and quasi-stationary
planetary boundary layer develops, and the inner-domain simulation is initialized at the end of hour three.
The inner-domain simulation is run for 1 h, with uniform net radiation flux applied as in the outer-domain
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Figure 1. Vertical profiles of plant area density (A,) for the five vertical canopy structures explored in this study; note
that for all canopy profiles, plant area index = 2 and h = 18 m. See the main text for a description of the relationship of
each profile to observed forest stands.

simulation, with one-way lateral boundary conditions applied every time step but updated every 5 min
(that is, output files from the outer-domain simulation are read in every 5 min).

2.3. Experiment Design

A total of 25 inner-domain simulations is performed in this study, with five vertical canopy structures, as rep-
resented by A, profiles, and five fire heat flux magnitudes. Note that for each A, profile, the outer-domain
simulation (without fire heat flux) and corresponding inner-domain simulations (with and without fire heat
flux) use the same profile, yielding a grand total of 30 simulations: 5 outer-domain simulations and 25
inner-domain simulations. To represent the range of vertical canopy structures discussed in section 1, five
A, profiles are utilized with letter designations assigned as shown in Figure 1, ordered from most overstory
concentrated (A) to most understory concentrated (E). Of the five profiles examined in this study, three were
originally presented in Dupont and Brunet (2008) (profiles A, B, and C, corresponding to their cases 2, 1, and
3, respectively). Profile A features a dense crown layer and sparse trunk space and is broadly representative of
a maritime or loblolly pine stand, whereas the more uniformly distributed profile B is based on a deciduous
forest stand in Ontario, Canada (Shaw et al., 1988); profile C is a variation on profile A in which two distinct
crown and understory vegetation layers exist. In addition to profiles A-C, two additional profiles (D and E)
are included here to consider forests in which vegetation is concentrated near the ground, such as winter-
time deciduous forests with evergreen understory vegetation. Profile D is a variation on profile C in which
the crown vegetation is removed and redistributed to the understory, but the overall shape of the under-
story profile is retained. Finally, profile E is one in which vegetation density decreases exponentially away
from the surface and is based on Light Detection and Ranging (LiDAR)-derived profiles of A, obtained in a
mixed Pitch Pine-Scrub Oak forest stand in New Jersey (Kiefer et al., 2014). Note that for all five canopy profiles,
PAl=2and h =18 m.
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Complementing the five vertical canopy structures, five fire heat flux magnitudes are examined by vary-
ing sensible heat flux within a 50 m wide strip (hereafter, “fireline”) between 0 kW m~2 (hereafter, “no-fire”)
and 100 kW m~2, with a 25 kW m~2 interval between cases. Values between 25 and 100 kW m~2 fall
within the envelope of 1 min mean sensible heat fluxes reported during field studies of low-intensity fires
(8-155 kW m~2 (e.g., Clements et al,, 2007; Hiers et al,, 2009; Heilman et al., 2015). Surface heat fluxes
in this study are restricted to a range representing low-intensity fires due to uncertainty regarding the
suitability of some of the underlying assumptions in the ARPS model for higher-intensity fire simulations
(e.g., potential temperature perturbations must be small relative to the base state). We include this caution-
ary statement about the small perturbation limitation of the modeling framework out of an abundance of
caution. It is important to keep in mind that ARPS/ARPS-CANOPY have been successfully applied to stud-
ies of the fire-heat-flux-perturbed atmosphere (e.g., Dahl et al., 2015; Kiefer et al., 2009, 2014, 2016), and
other models with more restrictive assumptions than ARPS/ARPS-CANOPY have been utilized extensively
in studying fire-atmosphere interactions (e.g., the Clark coupled fire-atmosphere model, with the anelastic
approximation, Clark et al., 2004). Furthermore, it is worth noting that ARPS-CANOPY was developed primarily
for low-intensity fire applications, wherein transport and dispersion of smoke are especially sensitive to local
vegetation. However, although a heat source has been implemented in ARPS-CANOPY in this and previous
studies (e.g., Kiefer et al., 2016), ARPS-CANOPY was not exclusively designed for fire applications. As an atmo-
spheric model with a canopy parameterization, it has also been applied in nonfire environments (e.g., Kiefer
etal, 2013; Kiefer & Zhong, 2015).

The fireline is positioned 3.2 km downstream of the western boundary and is applied following a 30 min
spin-up period after the inner-domain initialization. The fireline extends the length of the domain in the y
direction (500 m), and the fire heat flux is applied for a total of 30 min. In order to avoid possible unphysical
atmospheric phenomena associated with a single-grid-point-wide fireline, the heat flux is laterally distributed
across the fireline in a step pattern, with 85% of the total heat flux (21.25 kW m~2) applied at the center grid
point, and the fire heat flux in the flanking cells stepping down to zero three cells away. Lastly, note that given
the 2.5 m s~! westerly base state wind, the fireline is oriented perpendicular to the ambient wind.

Before proceeding, it is worthwhile to discuss some possible limitations of the idealized modeling frame-
work used in this study. As pointed out by Kiefer et al. (2016), the heat source from the fire is represented in
ARPS-CANOPY as a static line of enhanced surface sensible heat flux that is independent of temporal and spa-
tial variability of the atmosphere, as well as the overlying forest canopy. The complex interactions between
fire, fuels, and atmosphere represented in coupled fire-atmosphere models like FIRETEC are not accounted for
in ARPS-CANOPY; the only interaction represented in ARPS-CANOPY is the perturbation of the atmosphere
due to the sensible heat flux from the fire. Also, it is important to keep in mind that the horizontally homoge-
neous forest utilized in this study is an idealization of real-world forests in which different species of trees, and
trees in different stages of development, coexist in a complex mosaic of tree stands, isolated trees, and open
spaces. Although the results of this idealized study are expected to have applicability to real-world forests,
the complication of flows due to the horizontal heterogeneity of a real-world forest will likely modulate the
relationships studied herein. Note that temporally and spatially invariant sensible heat fluxes and A, profiles
are representative of an idealized scenario in which a slow-moving low-intensity fire exclusively consumes
dead fuels in a horizontally homogeneous fuel bed, leaving live surface and crown fuels intact. Thus, while
appreciating the advantages of an idealized modeling framework (e.g., reducing complexity and uncertainty
related to fire spread routines), the reader is advised to keep the limitations of such a framework in mind when
interpreting the results of this study.

Here and throughout the remainder of this manuscript, a case-naming convention is utilized wherein the A,
profile and fire heat flux magnitude combination are explicitly indicated in the case name; for example, case
AO refers to profile A and 0 kW m~2 fire heat flux (i.e., no fire), and case E75 refers to profile E and 75 kW m~2
fire heat flux.

3. Results and Discussion

3.1. Analysis Methodology

Five variables are examined in this study: horizontal wind speed (S), u component of the wind (U), vertical
velocity (W), kinetic energy (E), and temperature (T); the v component of the wind (V) is used in intermedi-
ate processing but is not explicitly analyzed in this study. Following Kiefer et al. (2016), perturbation wind
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components are computed by subtracting 30 min mean quantities from the no-fire simulation from the
instantaneous time series output every second,

’r_ m / IV ’ _ W
Up = U — Uye Vi = Ve — Ve Wi =we — Wy (1)

where the prime denotes perturbations, F and NF subscripts refer to simulations with and without fire heat
flux, and the bar denotes a time average. Note that these perturbations should not be confused with turbulent
fluctuations, which are computed by subtracting the time average in the presence of fire heat flux from the
instantaneous time series,

"
F

1

u=u—Up VU =ve -V w/! = wp — W )

where the double prime denotes turbulent fluctuations. Note that turbulence associated with the ambient
wind field also contributes to the turbulent fluctuations that occur in the presence of the fire heat flux. We
define perturbations as in equation (1) because we are interested in examining the total influence of the
fire heat flux on the atmospheric variables. Solving for the instantaneous components in equation (2) and
substituting them into equation (1), it can be shown that

up=up + Up — Uye vi=v + Ve =V wi =wy + W — Wy (3)

Thus, the perturbation as it is defined here is the sum of a turbulent fluctuation part (e.g., uf) and a mean
anomaly part (e.g., Uz — Uyg). Examples of mean anomalies include the stationary updraft (stationary relative
to turbulent fluctuations) and the persistent heated zone above the fireline, both induced by the strong heat
release into the atmosphere. The mean anomaly is the primary metric analyzed in sections 3.3 and 3.4.

The resolved E, computed as % (u’F2 + vf + Wf), is therefore a complete measure of the impact of the sensible
heat released from the fire on the kinetic energy of the resolved flow. The resolved E is subsequently combined
with the subgrid-scale TKE (computed internally in ARPS-CANOPY; section 2.1), to yield total E (hereafter, the
“total” is omitted). Note that £ as it is computed in this study is not equivalent to TKE since the perturbation
wind components used to compute the resolved E contain both turbulent fluctuations and mean anoma-
lies. Also note that although this study of atmospheric perturbations above wildland fires has relevance to
multiple aspects of such fires (e.g., fire behavior and tree mortality), our purpose in presenting E is to charac-
terize changes to both turbulent mixing and mean transport of heat, moisture, and pollutants (e.g., particulate
matter with diameters of 2.5 pm or less, PM, ) due to the sensible heat released from the fire.

Finally, all quantities are averaged over the 30 min period during which the fire heat flux is applied, and with
the exception of S, along the entire y axis as well, excluding the north and south lateral boundary points.
Temporal and spatiotemporal averaging are expressed as 5t and ayt, respectively, where @ is the variable
name and “t” and “y” refer to averaging in time and the y direction, respectively. A telescoping approach
is utilized in which the aforementioned variables are examined in near-surface horizontal cross sections
first (3.2), west-east oriented vertical cross sections second (3.3), vertical profiles third (3.4), and summary
box-and-whisker plots last (3.5).

3.2. Horizontal Cross Sections

In this section, horizontal cross sections of near-surface flow across the fireline are examined in order to both
assess the impact of vertical canopy structure and fire heat flux magnitude on atmospheric flows near the
surface and provide some context for subsequent analyses. Figure 2 contains a 5 x 5 matrix of horizontal cross
sections of§t (shaded), W, (contoured), and U,, V, streamlines at 1 m above ground level (AGL) (five A, profiles;
five fire heat flux magnitudes). It is important to keep in mind that Figure 2 shows the mean flow in each
simulation, not the mean anomaly, as is examined in subsequent figures. First, note that in the absence of fire
heat flux, gt is less than 1 m s~' and exhibits a lack of sensitivity to vertical canopy structure (Figure 2, fifth row).
However, the patterns of converging and diverging flow seen in the streamline fields in each panel, evidence
of turbulent eddies in the convective planetary boundary layer, do differ from case to case. Lastly, note that
V_Vt at 1 m AGL is below the minimum contour threshold (1 cm s~'). The weak and variable near-surface wind
field shown in the no-fire row of Figure 2 is typical of wind fields observed at the bottom of forest canopies
(Finnigan, 2000; Raupach & Thom, 1981).
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interval is used for V_Vt. The location of the fireline is denoted above and below each panel with orange cross symbols, and inset panels depict vertical profiles of
A, for each case (Figure 1). Note that only a subset of the domain is displayed in each panel (in the x direction, 50 m upstream to 150 m downstream of the
fireline center, and in the y direction, 50 m on either side of the center of the y domain).

Proceeding to the 25 kW m~2 fire heat flux row in Figure 2, several points merit discussion. First, a stripe of
stronger §t is present above the fireline, with §t approximately 1 m s~' stronger inside the stripe than outside.
Second, a Wl couplet is evident, approximately centered on the gt stripe, with negative (positive) Wt to the left
(right) of the fireline. Taken together with the pattern ofstrongergt above thefireline, a quasi-two-dimensional
counterclockwise circulation is depicted. Third, a semblance of a convergence zone immediately downwind of
the fireline is present for canopy profiles B—E; however, the U,, V, streamlines depict a wind field only slightly
less disorganized than the no-fire row. For canopy profile A, divergent flow is present downstream of the
fireline.

As fire heat flux magnitude is increased from 25 to 100 kW m~2 (Figure 2, first to fourth rows), gt within the
aforementioned stripe doubles from 1-1.5ms~' to 2-3 ms~', with gt largest in case A100. The convergent
flow, consisting of westerly flow to the left of the fireline and easterly flow to the right, also becomes better
defined as fire heat flux is increased. The convergence zone is located near the right edge of the fireline in each
of the cases, with the exception of canopy profile A, wherein the convergence zone is displaced about 100 m
east of the fireline edge. Although the underlying reason for this displacement is unclear and merits further
analysis, the noticeably broader updraft in cases with canopy profile A versus other canopy profiles may be
related to this displacement; upward motion above the surface extends well east of the fireline in cases with
canopy profile A, as discussed in section 3.3. Changes to Wt with increasing fire heat flux appear more subtle,
although with the exception of canopy profile E, Wt exhibits a steady increase in magnitude in each of the
cases. Recalling that V_Vt is analyzed here at 1 m AGL, where vertical motions are understandably weak, further
discussion of vertical motion is deferred until vertical cross sections ofW),t are presented in section 3.3.

3.3. Vertical Cross Sections

The analysis of vertical cross sections begins with Uyt (Figure 3). Figure 3 contains a 5 x 5 matrix of vertical
cross sections (five A, profiles; five fire heat flux magnitudes) with values for a particular case indicated with
black contours and the difference between the mean for that case and the mean for the no-fire case (i.e., the

KIEFER ET AL.

2561



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027904

100

75

50

25

Height AGL (m) Height AGL (m) Height AGL (m)Height AGL (m) Height AGL (m)

25
2
1.5
1
0.5
0
-0.5
-1
: !
= 0 —5 % — 0.0 = — = :
%ﬂ’:ﬁ-/' :ﬁzx?./ 2 = - D - -15
775 —— —1.75 ~ 175 —]
— 1.78== 1.75 15----1 15 -1 5om=== 15— F—pa="1 EXLEL] -2
: . — 15 ——— 1.5 WOy 1. e N [
—— T Bol | — o — i 73 L] s 2— L — »25"'/_/3&
T 0% T 025 25 —3—+ 0.25 =5 : = -2.5

0

0

50

100 150 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150

Distance from fire center (m) Distance from fire center (m)  Distance from fire center (m) Distance from fire center (m) Distance from fire center (m)

A

B C D E

Figure 3. Vertical cross sections of spatiotemporally averaged U (Uy; m s~1), arranged in a 5 x 5 matrix with vertical canopy structure varying between panels
along the x axis (canopy profiles A—E) and fire heat flux magnitude varying between panels along the y axis (units of kW m~2). In each panel, contours depict the
values for that particular case, and the shading depicts the difference in values between that case and the corresponding no-fire case, that is, the mean anomaly
(0.25 m s~ interval for both contours and shading). The location of the fireline is denoted below each panel with orange cross symbols, the top of the forest
canopy is indicated with a solid green line, and inset panels depict vertical profiles of A, for each case (Figure 1). The averaging zone used to generate the
vertical profiles in Figures 7 and 8 is indicated in each panel with a dashed black line. Note that only a subset of the domain is displayed in each panel (50 m
upstream to 150 m downstream of the fireline center).

mean anomaly, Ug — Uy) indicated with shading (blue: value smaller than no-fire case; red: value greater than
no-fire case). Consider first the influence of vertical canopy structure on Uyt in the absence of fire heat flux
(Figure 3, fifth row). Consistent with the T m AGL horizontal cross sections in Figure 2, Figure 3 shows that
weak flow less than 0.25 m s~! in magnitude is present near the surface for all vertical canopy structures.
Note that although a layer of maximum vertical wind shear is present in all five cases, both the height of the
shear layer above the ground and the strength of the shear are sensitive to the canopy profile. Profiles A-C
yield shear layers centered near canopy top, with stronger wind shear for overstory-concentrated profile A
and weaker wind shear for intermediate profiles B and C; understory-concentrated profiles D and E yield shear
layers located approximately midcanopy, with profiles D and E yielding the overall strongest wind shear of
the five profiles.

Next, consider the influence of the 25 kW m~2 fire heat flux on L_/yt by comparing the bottom two rows of
the matrix; as differences may be difficult to discern when comparing contours between panels, focusing
on the shaded mean anomaly is recommended. Consistent with the analysis of Et in Figure 2, a posi-
tive Uyt mean anomaly develops immediately above the fireline, a manifestation of westerly inflow into a
buoyancy-induced updraft (discussed next in the context onyt), and a negative (_Jyt mean anomaly develops
downstream of the fireline, a manifestation of easterly inflow into the updraft; note also that this pattern exists
regardless of canopy profile. Although the positive Uyt mean anomaly is larger for overstory-concentrated
canopies than understory-concentrated canopies, the primary influence of the vertical canopy structure on
the Uyt mean anomaly field is seen in the vertical depth of the negative mean anomaly. The two cases
with understory-concentrated vegetation (cases D25 and E25) have shallow negative mean anomaly layers
restricted to the lowest few meters of the canopy, whereas the other cases (A25, B25, and C25) exhibit deeper
negative mean anomaly layers extending through the canopy into the atmosphere above. Note that the depth
of the negative mean anomaly layer is roughly proportional to the height AGL of the layer of maximum back-
ground vertical wind shear (compare the depth of the blue shading in the 25 kW m~2 row to the height AGL of
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the more densely packed contours in the bottom row), and in turn approximately proportional to the height
AGL of the maximum A, (Figure 1). These simulations indicate that the presence of vegetation at the bottom of
the forest canopy limits the vertical depth of the easterly inflow. Lastly, note that although the mean anomaly
spatial pattern is largely insensitive to increases in fire heat flux magnitude (compare the first to fourth rows),
the mean anomaly magnitude is not. Mean anomaly magnitude consistently increases with increasing fire
heat flux magnitude; the influence of vertical canopy structure on this trend is further addressed in section
3.5.

Proceeding to V_Vyt (Figure 4), the absence of contours in the no-fire panels (indicative of values smaller than
the 0.1 m s™' contour interval) necessitates comparison of the first to fourth rows only. First, note that intro-
duction of the 25 kW m~2 fire heat flux yields a Wyt mean anomaly pattern broadly similar for all five vertical
canopy structures. A mean anomaly couplet is evident in each column of Figure 4, as first seen in Figure 2, con-
sisting of an upright downdraft with a base located near the upstream edge of the fireline and a forward-tilted
updraft with a base located near the downstream edge of the fireline. Despite the broadly similar pattern, sen-
sitivity of the mean anomaly pattern to vertical canopy structure is evident. As the canopy structure evolves
from most overstory concentrated (case A25) to most understory concentrated (case E25), the updraft and
downdraft cores descend from above to below canopy top, while becoming weaker and more concentrated.
Note that the height AGL of the V_Vyt cores is correlated with the depth of the easterly inflow (cf. Figures 3 and 4),
with the inflow and vertical motion fields related via mass continuity. Furthermore, note that the width of the
updraft is sensitive to vertical canopy structure, with profile A yielding notably broader updrafts than profiles
B-E; the horizontal scale of the downdraft does not appear sensitive to vertical canopy structure. Although
meriting further investigation, the relatively broad updraft bases in the profile A case and relatively narrow
updraft bases in the remaining cases are consistent with the relative strength of within-canopy turbulence
(Figure 5; discussed next). Taken together, the horizontal and vertical motion fields in Figures 3 and 4 depict
a circulation that becomes narrower and less intense and that penetrates further into the canopy, as canopy
structure evolves from overstory concentrated to understory concentrated. Lastly, note that as with Uyt, the
spatial pattern of the V_Vyt mean anomaly does not change as fire heat flux is increased, only the magnitude
(asin Figure 2).

Before proceeding to analysis offyt (Figure 5), a word of caution is in order regarding terminology. For U, W,
and T, the difference in mean values between cases with and without fire heat flux is referred to as the mean
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anomaly, as it refers to changes in the mean flow due to the fire heat flux. In the context of E, such fire-induced
changes are referred to simply as changes (increases or decreases), to minimize confusion, since £ computed
in the no-fire case contains only turbulent fluctuations, and E computed in the cases with fire heat flux contains
both turbulent fluctuations and mean flow anomalies (section 3.1). Recall that our purpose in presenting E is
to characterize combined changes to turbulent mixing and mean transport of heat, moisture, and pollutants
(e.g., PM, ;) due to the sensible heat released from the fire.

Note that in the absence of fire heat flux (Figure 5, fifth row), the atmosphere exhibits both weak mean
flow (2.5 m s~' uniform background flow) and weak turbulence (Eyt values generally at or below 1 m? s72),
Mixing and transport potential is therefore low in the absence of fire heat flux. For all vertical canopy struc-
tures, introduction of the 25 kW m~2 fire heat flux generally yields increased I:_'yt, with an area of decreased Eyt
upstream of the fireline, above the canopy. The largest increases in surface E,, are found with profile A (case
A25), with fire-heat-flux-induced changes to E'yt difficult to distinguish for profiles C-E. The relatively large
impact of the fire heat flux on L?yt in case A25 is explained by the lack of surface vegetation in profile A, with
buoyancy-induced E production largely unopposed by canopy drag. This analysis of fire-heat-flux-induced
changes to Eyt suggests an increase in the potential for turbulent mixing and mean transport of heat, mois-
ture, and pollutants due to the sensible heat flux from the fire. Furthermore, the magnitude and spatial pattern
of this increase is sensitive to vertical canopy structure. As fire heat flux magnitude is increased from 25 to
100 kW m~2, the influence of vertical canopy structure on fire-heat-flux-induced changes to Eyt becomes
more evident. Beginning with the 50 kW m~2 row and moving upward in the matrix, two distinct areas of
greater Eyt increase become evident with overstory-concentrated profile A, with a layer of lesser Eyt increase
near canopy top, in contrast to a more uniform “streak” of Eyt increase from the fireline through the canopy
into the overlying atmosphere downstream of the fireline, with understory-concentrated profiles D and E.
The relative minimum in Eyt change in the upper canopy in the overstory-concentrated cases is the result of
canopy drag (and the resultant E sink) in the dense overstory layer.

Proceeding finally to 'I_'yt (Figure 6), despite daytime near-surface superadiabatic lapse rates (not shown), the
use of a relatively large 10°C contour interval results in contour-free panels in the no-fire cases, necessitating
comparison of the first to fourth rows only. The presence of a 25 kW m~2 fire heat flux yields mainly positive
?yt mean anomalies, with an area of negative Tyt mean anomalies upstream of the fireline (likely the result
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Figure 6. Same as Figure 3 but for T (Tyt; °C); interval is 10°C for contours and shading.

of downward transport of cooler temperatures within the aforementioned downdraft; cf. Figures 4 and 6).
Note that negative T mean anomalies have been observed during real-world fires; for example, Heilman et al.
(2015) reported such phenomena during a prescribed fire experiment in the New Jersey Pine Barrens (see their
Figure 2a). The largest positive mean anomaly is found immediately above the fireline, with an area of
enhanced T'yt extending 50-100 m downstream of the fireline center (as seen in the contoured field). Both
the largest T, mean anomaly (32.2°C) and greatest downstream extent of enhanced T,, occur with profile
E (i.e,, case E25), the result of relatively weak turbulent mixing in the near-surface atmosphere (cf. Figures 5
and 6). As fire heat flux magnitude is increased from 25 to 100 kW m~2, the mean anomaly increases in mag-
nitude, reaching as high as 83.4°C in case E100, with the basic pattern of negative and positive Tyt mean
anomalies persisting.

Before proceeding, a few words are in order regarding possible implications of the results outlined in this
section. The results presented to this point suggest that perturbation of the atmosphere in and above a for-
est canopy by sensible heating from a surface fire is sensitive to vertical canopy structure, as evidenced by
the Uyt, Wyt, Eyt, and Tyt cross sections just presented. However, it is worth noting that vertical canopy struc-
ture is but one aspect of the forest canopy morphology. Previous work by Kiefer et al. (2016) showed that
fire-heat-flux-induced atmospheric perturbations are sensitive to gaps in forest canopies as well as the posi-
tion of the gaps to the fireline itself, and a study by Kiefer et al. (2015) found notable sensitivity of atmospheric
perturbations to PAI, that is, vertically integrated A,. Thus, it appears that canopy morphology should be
accounted for when applying the results of a fire-atmosphere interaction study conducted in one type of

forest to other forests with different canopy structures.

3.4. Vertical Profiles

In order to more fully examine vertical gradients of the fire-heat-flux-perturbed variables, the spatiotem-
poral mean quantities presented in section 3.3 are further averaged in the west-east direction (expressed
as Exyt, where “x" refers to averaging in the x direction). Given the potential applications of a study of
fire-heat-flux-perturbed flow in and above a forest canopy (e.g., fire spread and tree mortality), and in the inter-
est of preserving positive and negative perturbations during the averaging procedure, the averaging zone
is limited to a 50 m wide zone centered on the downstream edge of the fireline and extending vertically to
twice the canopy height (see Figures 3-6 for a depiction of the averaging zone). Furthermore, given the weak
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vertical gradients of W (Figure 4), and the apparent insensitivity of the vertical gradients of T to canopy

structure (Figure 6), analysis of vertical profiles is limited to U and E (nyt and Exyt, respectively).

The vertical profile analysis begins with nyt (Figure 7). In the absence of fire heat flux (0 kW m~2 row), two
distinct classes of vertical U, profile are seen: one class with a layer of maximum vertical wind shear at the
top of the canopy (canopy profiles A-C) and a second class with a layer of maximum vertical wind shear
located in the middle of the canopy (canopy profiles D and E). The height of the vertical wind shear maxi-
mum is closely linked to the height AGL of the uppermost layer of strong A, gradient (compare fifth to sixth
rows of Figure 7). Note that the overall magnitude of vertical wind shear varies little between canopy profiles
A-C, despite considerable differences in the density of overstory vegetation. Finally, note that this evolution
is broadly consistent with that shown in Hoffman et al. (2015), wherein the mean wind profile upwind of the
fire transitioned from one typical of forested environments, with weak winds in the lowest two thirds of the
canopy and maximum vertical wind shear at and just below canopy top, to a log wind profile more typical of
nonforested environments, with maximum wind shear near the surface.

Introduction of the 25 kW m~2 fire heat flux yields greater sensitivity of the vertical L_jxyt profiles to vertical
canopy structure. Specifically, a smooth transition is evident from an “inverse S"-shaped wind profile, with
wind speed strongest at the surface and above the canopy and minimized in the upper canopy, in case
A25, to a linearly increasing wind profile with minimum wind speed at the surface, in case E25. Comparing
the vertical cross sections and profiles of U (Figures 3 and 7, respectively), one can see that as the vertical
canopy structure transitions from overstory concentrated (profile A) to understory concentrated (profile E),
the gradual weakening of the westerly inflow above the fireline (i.e., positive mean anomaly) and the increas-
ing presence of the aforementioned easterly inflow (i.e., negative mean anomaly) in the averaging zone
(Figure 3) serve to yield steadily weaker near-surface mean anomalies in the vertical nyt profiles (red bars
in Figure 7). Introduction of progressively larger fire heat fluxes amplifies the differences between overstory-
and understory-concentrated canopy profiles. A layer of negative wind shear (i.e., wind speed decreasing with
height) inside the canopy is evident in the cases with canopy profile A, with positive wind shear (i.e., wind
speed increasing with height) within the same layer in the cases with canopy profile E. The negative wind
shear layer has been observed and simulated in the absence of fire within the trunk space of forests with
dense overstory vegetation and deep, sparse trunk spaces, and this secondary shear layer has been cited as
a source of turbulence inside the trunk space of deep canopies (Dupont et al., 2011). It is worth noting that
observational (e.g., Clements et al., 2007) and modeling (e.g., Kochanski et al., 2013) studies of grassfires have
revealed similar negative shear layers.

We next examine vertical profiles offth (Figure 8), and note that in the absence of fire heat flux (0 kW m=2 row),
mean E is less than 1 m? s=2 (note that in the absence of fire heat flux, the E presented here is entirely TKE).
A transition in the shape of the Exyt profile is noted as vertical canopy structure shifts from overstory dom-
inated (canopy profile A) to understory dominated (canopy profile E), with in-canopy L_fth maximized at the
surface in the former and overstory in the latter. Addition of the fire heat flux amplifies the sensitivity of Exyt
to vertical canopy structure, with increases in Exyt due to the fire heat flux (i.e., red bars) overall largest with
canopy profile A and smallest with canopy profile E. Overall, I:_'th is largest in case A100, with a value of about
5m? 572, amore than fivefold increase in Exyt over the background state. Furthermore, the layer influenced by
the fire heat flux is also sensitive to vertical canopy structure, with Exyt increases maximized near the surface
but extending through the 36 m deep layer with canopy profiles A and B, approximately equally distributed
through the layer with canopy profile C, and almost entirely limited to below canopy top with canopy profile
E. Note that the limited averaging area utilized in the construction of Figure 8 should be kept in mind when
comparing the vertical cross sections onyt in Figure 5 and the vertical profiles ofExyt in Figure 8 (see dashed
box in Figure 5). Finally, consistent with the vertical cross sections ofL?yt depicted in Figure 5, Figure 8 suggests
that the sensible heat flux from the fire increases the potential for turbulent mixing and mean transport of
heat, moisture, and pollutants, and the pattern and magnitude of this transformation are sensitive to vertical
canopy structure.

3.5. Summary Statistic Line Plots

With analysis of fire-heat-flux-perturbed variables in one- and two-dimensional analyses complete, we now
wish to address the question of how the sensitivity of the atmosphere to increases in fire heat flux is
affected by vertical canopy structure. In this section, three statistical metrics are examined that describe
the fire-heat-flux-perturbed atmosphere within the portion of the domain surrounding the fire: the 10th
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Figure 7. Vertical profiles of U, averaged in time and space as in Figure 3, but further averaged in the x direction

(L_/th; m s~1); see Figure 3 for depiction of averaging zone. The cases are arranged in a 5 x 5 matrix as in Figure 3, with an
additional row of panels depicting vertical profiles of A, included below the matrix. In each panel of the 5 X 5 matrix,
the solid black line corresponds to values in that particular case and the dashed black line corresponds to values

in the no-fire (i.e., 0 kW m~2) case; at each vertical level in the profile, a red horizontal bar indicates an increase in the
variable over the no-fire value (i.e,, positive mean anomaly). The green horizontal line in each panel depicts the top of
the canopy.

percentile, the median, and the 90th percentile (Figure 9). The statistical metrics are computed using all grid
points in the vertical cross sections presented in Figures 3-6 (inside as well as outside of the averaging zone
utilized for the vertical profiles). Figure 9 consists of a series of lines connecting the values of each metric for
cases with the same vertical canopy structure, but with different fire heat fluxes. For each metric, five colored
lines are plotted, corresponding to the five vertical canopy structures examined in this study (canopy profile
A: red; B: orange; C: green; D: teal; E: blue). Thus, the slope of each line indicates changes to the metric with
vertical canopy structure fixed, and fire heat flux varied, and the horizontal spacing between colored symbols
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Figure 8. Same as Figure 7 but for £ (Exyt; m2 s72),

indicates changes to the metric with fire heat flux fixed, and vertical canopy structure varied. Note that
the three metrics were chosen because we are interested in the impact of the sensible heat released by
the fire across the broader area surrounding the fireline (e.g., several canopy heights away; represented by
the median) as well as in a more localized sense (e.g., immediately above the fireline, at the top of the canopy;
represented by the 10th and 90th percentiles).

As a first step, consider the no-fire (0 kW m~2) cases for all four variables (points along the bottom of each
panel). Beginning with Uyt (Figure 9a), similar median and 90th percentile values are seen for canopy profiles
A, B, and C (red, orange, and green lines), with notably higher values for canopy profiles D and E (teal and
blue lines). The stronger wind speeds with canopy profiles D and E can be attributed to the lack of overstory
vegetation, allowing stronger westerly flow to penetrate into the canopy from above (greater number of
points with positive Uyt), and the aforementioned shallow depth of the easterly inflow layer (and thus limited
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Figure 9. Line plots of the 10th percentile (short dashed line; triangle), median (solid line; circle), and 90th percentile
(long dashed line; diamond) values of (a) Uyt (ms™), (b) V_Vyt (ms™), (0 Eyt (m? s2), and (d) Tyt (°Q). In each panel, fire
heat flux (kW m~2) varies on the y axis, and vertical canopy structure is indicated by color; see legend for the
relationship of line color to canopy profile. The inset panel in (c) depicts the median and 90th percentile values for the
0 kW m~2 (no-fire) row, zoomed in for clarity.

number of points with negative Uyt). Ignoring for the moment the V_Vyt panel (Figure 9b), owing to the very
weak nature of vertical motion in the absence of fire heat flux, examination of Ey (Figure 9¢) shows gener-
ally smaller median and 90th percentile values for canopy profiles A and B (red and orange lines), and slightly
larger values for canopy profiles C, D, and E (green, teal, and blue lines). The somewhat higher Eyt values for
canopy profiles C, D, and E are likely due to the absence of dense overstory vegetation, allowing for marginally
stronger turbulence above the canopy to penetrate further toward the surface than for canopy profiles A or
B. Lastly, regarding ?yt (Figure 9d), median values differ only slightly between cases, and the 90th percentile
values increase modestly as vertical canopy structure is varied from overstory dominated (canopy profile A;
red line) to understory dominated (canopy profile E; blue line).

Proceeding to analysis of the remaining cases in Figure 9, we pivot back to one of the motivating questions of
this study: Although the fire-heat-flux-induced atmospheric perturbations are expected to increase in mag-
nitude with increasing heat flux, is the increasing trend sensitive to vertical canopy structure? To help address
this question, we now compare the slope of the 90th percentile lines among cases with different A, profiles
(recall that the slope of the line indicates the change of the metric with vertical canopy structure fixed, but
with increasing fire heat flux). Note that we examine the 90th percentiles rather than the outliers, since outliers
may represent as few as one or two grid points and thus be unrepresentative of the atmospheric response as
a whole. Examining the 90th percentile lines for all four variables, negligible slope differences are found in the
L_/yt (Figure 9a) and Tyt (Figure 9d) panels, but noticeable differences are apparent in the Wyt (Figure 9b) and

E, (Figure 9¢) panels. For both Wyt and E

yu the increasing trend with increasing fire heat flux is stronger for
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the cases with some degree of overstory vegetation (canopy profiles A, B, and C; red, orange, and green lines)
than for cases with exclusively understory vegetation (canopy profiles D and E; teal and blue lines) [for Wyt,
0.2m s~ versus 0.1 m s~ per 25 kW m~2 increase, respectively; and for E,,, 0.6 m* s=2 versus 0.4 m? s per
25 kW m=2 increase, respectively]. The differences in trends between overstory- and understory-concentrated
canopy profiles suggest a damping of the atmospheric response to the sensible heat released by a surface

fire when vegetation is most concentrated near the surface.

4. Summary and Conclusions

In this study, ARPS-CANOPY has been utilized in a series of numerical experiments designed to address the
question of how vertical canopy structure, as inferred from vertical profiles of A, influences the atmospheric
response to the sensible heat released by a low-intensity surface fire. To this end, experiments with a spa-
tially and temporally invariant surface sensible heat flux (25 kW m~2 magnitude) were conducted with vertical
canopy structure varying from overstory concentrated (i.e., exclusively crown vegetation) to understory con-
centrated (i.e., exclusively surface vegetation), using five A, profiles exhibiting different shapes but identical
PAI. Furthermore, in addition to examining the broader question of the influence of vertical canopy struc-
ture on the atmospheric response, the question of whether trends in the magnitude of fire-heat-flux-induced
atmospheric perturbations with increasing fire heat flux magnitude are sensitive to vertical canopy struc-
ture was also considered. Thus, fire heat flux was varied independently of vertical canopy structure, from 0 to
100 kW m~2, every 25 kW m~2, yielding a total of 25 cases (five A, profiles and five fire heat fluxes). In ana-
lyzing the simulations, a telescoping approach was utilized in which variables were examined in near-surface
horizontal cross sections first, west-east oriented vertical cross sections second, west-east averaged vertical
profiles third, and summary statistic line plots last.

After examining the flow across the fireline via horizontal cross sections of temporally averaged wind speed,
the influence of vertical canopy structure on the atmospheric response to the fire heat flux was explored
via vertical cross sections and vertical profiles of the u component of the wind, vertical velocity, kinetic
energy, and temperature. Analysis of the vertical cross sections largely focused on mean anomalies, that is,
fire-heat-flux-induced changes to the mean variables, and analysis of the vertical profiles largely focused on
the influence of the fire heat flux on vertical gradients of the mean variables. Beginning with the analysis of
vertical cross sections of atmospheric variables, averaged along the fireline and during the time period the
fire was engaged, sensitivity of the pattern and magnitude of mean anomalies to vertical canopy structure
was noted, with little change to the pattern with increasing fire heat flux. Regarding the u component of the
wind, vertical canopy structure was shown to impact the magnitude of the positive mean anomaly [larger
(smaller) mean anomalies for overstory- (understory-) concentrated canopies] and, in particular, the vertical
depth of the negative mean anomaly layer downstream of the fire. The depth of the negative mean anomaly
layer was shown to be approximately proportional to the height above the ground of maximum A, (smallest
depth for understory-concentrated vertical canopy structures). Furthermore, as the canopy structure was var-
ied from most overstory concentrated to most understory concentrated, (i) the cores of fire-heat-flux-induced
updrafts and downdrafts descended from above to below canopy top, while becoming weaker and more con-
centrated, (i) the fire-heat-flux-induced increase in kinetic energy at the surface became weaker in magnitude
and less detached from the area of fire-heat-flux-induced kinetic energy increase above the canopy, and (iii)
the temperature mean anomalies became larger and the downstream extent of fire-enhanced temperatures
became greater.

Examination of vertical profiles, constructed with additional west-east averaging of the variables in the vicin-
ity of the downstream fireline edge, further revealed the impact of vertical canopy structure and fire heat flux
on vertical gradients of the u component of the wind and kinetic energy. In the absence of fire, sensitivity of
the wind profile to vertical canopy structure was limited to the height of the layer of maximum wind shear;
however, introduction of the fire yielded differences in both the overall shape of the wind profile and the sign
of vertical wind shear inside the canopy, between cases with different canopy profiles. As the vertical canopy
structure was varied from overstory to understory concentrated, a transition in the shape of the wind pro-
file was noted, from an “inverse S”-shaped wind profile to a linearly increasing wind profile. Notably, a layer
of negative wind shear (i.e., wind speed decreasing with height) was found inside the canopy in cases with
predominately overstory vegetation, with positive wind shear (i.e., wind speed increasing with height) found
within the same layer in cases with predominately understory vegetation. Furthermore, a gradual transition
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in the shape of the kinetic energy profile was noted as the vertical canopy structure shifted from overstory
concentrated to understory concentrated, with in-canopy kinetic energy maximized at the surface in the
former and overstory in the latter.

The second question of how trends in the magnitude of fire-heat-flux-induced atmospheric perturbations
with increasing fire heat flux are impacted by vertical canopy structure was answered mainly via analysis of line
plots of the median and 10th and 90th percentile values in each of the cases. The line plots, constructed using
all grid points in the vertical cross sections, showed little sensitivity of trends to vertical canopy structure for
the u component of the wind and temperature, but notable sensitivity for vertical velocity and kinetic energy.
For both vertical velocity and kinetic energy, the increasing trend with increasing fire heat flux was stronger
for the cases with some degree of overstory vegetation (profiles A-C) than the cases with exclusively under-
story vegetation (profiles D and E). The differences in trends between overstory- and understory-concentrated
canopies suggests a damping of the atmospheric response to the sensible heat released by a surface fire when
vegetation is most concentrated near the surface. Note that it is unclear how the differences in atmospheric
perturbations between cases revealed in this study might translate to differences in aspects of wildland fires
like fire behavior and tree mortality; exploration of potential impacts is left to future work.

More generally, the results presented in this study suggest that canopy morphology should be accounted
for when applying the results of a fire-atmosphere interaction study conducted in one type of forest to other
forests with different canopy structures. Perturbation of the atmosphere by the sensible heat released from a
surface fire, both in terms of pattern and magnitude, is sensitive to the vertical canopy structure. However, the
idealized nature of this study must be emphasized. The only interaction represented in ARPS-CANOPY is the
perturbation of the atmosphere due to sensible heat flux from the fire. The use of a spatially and temporally
invariant surface heat flux neglects the complex interplay between fire, fuels, and atmosphere that occurs
in wildland fires. Thus, the results of this study are most directly applicable to low-intensity, slow-spreading
surface fires in horizontally homogeneous fuels; in situations that deviate from such conditions, the rela-
tionships between sensible heat flux, vertical canopy structure, and atmospheric perturbations revealed in
this study may be overwhelmed by other processes. Furthermore, since latent heat release from the fire is
neglected in this study, the impact of the fire on buoyancy is likely underestimated compared to real-world
fires. Lastly, the use of 10 m wide grid cells precludes the simulation of microscale phenomena like fireline
vortices and ejection/sweep events in the forest canopy that can further complicate conditions at the fireline.

Despite the progress documented herein, much work remains. Future efforts planned include implementing
a moving fire, accounting for the impact of spatial heterogeneity of forest canopy vegetation on fire heat flux,
and examining potential impacts of moisture production from combustion and fuels drying on these and
previous ARPS-CANOPY findings. Furthermore, given the aforementioned potential application of the results
of this study to studies of tree mortality, future work will also include analysis of fire-heat-flux-perturbed
atmospheric variables restricted to the canopy layer only.
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