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ABSTRACT: Broadly speaking, prediction of the negative impacts of prescribed fire on air quality is limited by gaps in
our understanding of the underlying fire, fuels, and atmospheric processes. These knowledge gaps hinder our ability to ac-
curately predict smoke concentration distributions, leading to unintended smoke intrusions into nearby communities and
subsequent threats to public health and safety. In this study, numerical simulations are performed using the Flexible Parti-
cle Weather Research and Forecasting (FLEXPART-WRF) Model, a Lagrangian particle dispersion model, with particle
motion driven by output from a full-physics atmospheric model with a forest canopy submodel and 10-m horizontal grid
spacing [Advanced Regional Prediction System (ARPS)-CANOPY], to address two research questions. First, what is the
relationship between near-fire (within ;50–150 m of fire) smoke concentration distribution and (i) vertical canopy struc-
ture and (ii) fire heat source strength? Second, what roles do mean transport (i.e., transport by the mean wind) and turbu-
lent diffusion play in shaping the near-fire smoke concentration distribution? To address these questions, simulations are
run with 25 combinations of plant area density profile and fire sensible heat flux magnitude, and smoke is represented by
particles with diameters # 2.5 mm (PM2.5). Results show that near-fire PM2.5 concentration distribution is primarily con-
trolled by vertical canopy structure, with fire heat source strength primarily controlling the PM2.5 concentration magnitude.
Analysis of the underlying ARPS-CANOPY variables driving the FLEXPART-WRF particle dispersion helps elucidate
the roles of mean transport and turbulent diffusion. In total, the study findings suggest that the vertical distribution of can-
opy vegetation and fire heat source strength are important factors influencing PM2.5 dispersion and concentration distribu-
tion near low-intensity fires.

KEYWORDS: Atmosphere; Forest canopy; Dispersion; Turbulence; Forest fires; Air quality

1. Introduction

Prescribed fire is a tool used by public and private land
managers to accomplish forest and agricultural land manage-
ment goals (e.g., hazardous fuel reduction, forest health and
restoration, and wildlife habitat management). Between 2000
and 2019, more than 1 million prescribed fires burning more
than 24 million ha were conducted in the United States (U.S.)
(National Interagency Fire Center 2019). Furthermore, a re-
cently released 10-yr strategy calls for the U.S. Forest Service
(USFS) to treat up to an additional 8 million ha of national
forests and grasslands (using prescribed fires and mechani-
cal thinning) and to support treatment of up to an additional
12 million ha of other Federal, State, Tribal, private, and family
lands (USFS 2022).

A by-product of fire is smoke generated from incomplete
combustion (van Wagtendonk 2006). Although smoke from
high-intensity wildfires can have impacts on regional and con-
tinental scales, smoke from low-intensity prescribed fires does
not generally have such large-scale impacts; nevertheless, on

the local scale, the effects can be substantial. Smoke from pre-
scribed fires can have a direct effect on public health and
safety in nearby communities, as well as the health and safety
of operational fire management personnel, mainly through air
quality and visibility degradation (Lahm 2020). In fact, nega-
tive public perception of smoke impacts has been identified as
a possible impediment to prescribed fire use on public lands
(Ryan et al. 2013; Engebretson et al. 2016). Because air qual-
ity and visibility issues occur more often when smoke concen-
trations are high, smoke prediction products (e.g., particulate
concentration forecasts) are an important component of the
suite of tools used by land management personnel for deci-
sion-making regarding planned burns [e.g., BlueSky (Larkin
et al. 2009); QUIC-Fire (Linn et al. 2020)].

Broadly speaking, the prediction of the negative impacts of
prescribed fire on air quality is limited by gaps in our under-
standing of the underlying fire, fuels, and atmospheric pro-
cesses, and their complex interactions (Hiers et al. 2020; Jaffe
et al. 2020). The lack of understanding of these processes con-
tributes to inaccurate predictions of smoke concentration dis-
tributions and in some cases unintended smoke intrusions
into nearby communities, threatening public health and safety
(Miller et al. 2019). Predicting the local distribution of smoke
from low-intensity prescribed fires is challenging because the
underlying dispersion processes are sensitive to environmen-
tal factors such as near-surface meteorological conditions (includ-
ing fire-induced meteorological conditions), local topography,
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forest overstory vegetation, and atmospheric turbulence within
and above vegetation layers, in addition to fuels, the time of day
when the fire is ignited, and the pattern of ignition (Liu et al.
2018, 2019; Hiers et al. 2020). As a point of clarification, the term
“dispersion” is used herein to refer to the movement of particles
or gases by a combination of mean transport (i.e., transport by
the mean wind) and turbulent diffusion [in the context of this nu-
merical study, diffusion by a combination of grid-resolved and
subgrid-scale (SGS) turbulent eddies].

This study aims to address two research questions regarding
the distribution of smoke from low-intensity prescribed fires
in forested environments. First, what is the relationship be-
tween near-fire smoke concentration distribution and (i) verti-
cal canopy structure and (ii) fire heat source strength? The
term “near-fire” is used in this study to refer to the area of the
overlying atmosphere within about 50–150 m (;3–10 canopy
heights) of a low-intensity surface fire. This is the same area
of the atmosphere analyzed in the Kiefer et al. (2018) study of
atmospheric perturbations induced by the sensible heat re-
leased from low-intensity surface fires. Second, what roles do
mean transport and turbulent diffusion play in shaping the
near-fire smoke concentration distribution? To help answer
these questions, the Flexible Particle Weather Research and
Forecasting Model (FLEXPART-WRF, version 3.3; Brioude
et al. 2013), a Lagrangian particle dispersion model, is used to
simulate particulate matter dispersion using meteorological
output from a full-physics atmospheric model with a forest
canopy submodel [Advanced Regional Prediction System
(ARPS)-CANOPY, version 5.2.12; Kiefer et al. 2013, 2018].

Knowledge of the distribution of smoke concentration in
the near-fire area, particularly the tendency of smoke to either
remain within the forest canopy or move out of the canopy,
may help inform studies of smoke concentration distribution
across deeper layers of the atmosphere and the associated
local- to regional-scale dispersion. Thus, although this study
focuses on smoke distributions over smaller distances than
those generally separating prescribed fires from nearby com-
munities (on the order of kilometers or more), the study find-
ings are expected to have implications beyond the near-fire
area. Near-fire smoke dispersion and concentration distribu-
tion are pieces of a much larger puzzle of smoke plume dy-
namics that includes, for example, smoke emissions, plume
rise, plume entrainment and detrainment, and moist thermo-
dynamics (Liu et al. 2022). The focus on near-fire smoke con-
centration distribution [as opposed to distribution through
the planetary boundary layer (PBL) and overlying free atmo-
sphere] is further motivated by the use of ARPS-CANOPY
output from Kiefer et al. (2018), with physical domain dimen-
sions on the order of 1 km3 and a horizontal grid spacing of
10 m, to drive particle dispersion in FLEXPART-WRF. Addi-
tionally, the application in Kiefer et al. (2018) of a fire sensible
heat source extending the length of the model domain in the
south–north direction necessitates our focus on cross-fireline
(as opposed to along-fireline) horizontal smoke concentration
distribution.

The study is organized as follows: section 2 describes the study
methodology, including descriptions of the ARPS-CANOPY
model and FLEXPART-WRF Model (section 2a), the model

configurations and design of numerical experiments (section 2b),
and the analysis methodology (section 2c); section 3 presents the
study results and discussion, consisting of the analysis of the
simulated FLEXPART-WRF particulate matter concentration
(section 3a) and ARPS-CANOPYmeteorological variables driv-
ing FLEXPART-WRF particle dispersion (section 3b), and the
paper is concluded in section 4.

2. Materials and methods

a. Model description

1) ARPS-CANOPY

ARPS-CANOPY is a version of the ARPS model (Xue
et al. 2000, 2001) that includes a canopy submodel in which
the effects of vegetation elements on drag, turbulence produc-
tion/dissipation, radiation transfer, and the surface energy
budget are accounted for through modifications to the origi-
nal ARPS model equations and physical parameterizations
(Kiefer et al. 2013). Such changes allow for the explicit simu-
lation of the mean and turbulent airflow through a multilevel
forest canopy. At each grid point, a vertical profile of plant
area density Ap, defined as the one-sided area of plant mate-
rial per unit volume, is utilized to represent the bulk effects of
the canopy on atmospheric processes (e.g., canopy drag and
ground shading). For a more complete description of ARPS-
CANOPY, see Kiefer et al. (2013).

A 1.5-order local turbulence parameterization (Deardorff
1980; Moeng and Wyngaard 1989) is utilized in ARPS-
CANOPY, with a prognostic equation for SGS turbulent kinetic
energy (TKE) that includes canopy source and sink terms. In all
simulations, the original ARPS anisotropic turbulence option is
used in which both horizontal and vertical components of eddy
viscosity and diffusivity are computed; this option is recom-
mended when vertical grid spacing is considerably smaller than
horizontal grid spacing (Xue et al. 2000). This SGS turbulence
parameterization has been tested extensively and has been
found to produce the correct vertical structure of mean variables
and turbulent statistics with and without a forest canopy (e.g.,
Dupont and Brunet 2008; Kiefer et al. 2013, 2014, 2022). Fur-
thermore, ARPS-CANOPY utilizes a land surface model based
on Noilhan and Planton (1989) and Pleim and Xiu (1995) and
radiation physics following Chou (1990, 1992) and Chou and
Suarez (1994), with the addition of canopy shading effects on
the surface energy budget in the former and a canopy heat
source/sink term in the latter.

2) FLEXPART-WRF

FLEXPART-WRF (Brioude et al. 2013) is a version of the
Lagrangian particle dispersion model FLEXPART (Stohl
et al. 2005; Pisso et al. 2019), originally developed for use with
global weather models, that has been adapted for use with
limited-area models, specifically the WRF Model (Powers
et al. 2017). Although we refer to the model by its proper
name “FLEXPART-WRF,” in this study, the meteorological
variables used by FLEXPART-WRF originate from the
ARPS-CANOPY model output, as in Charney et al. (2019).
In that study, the authors concluded from a comparison of
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smoke plume simulations and field observations during a low-
intensity fire that the model was capable of reproducing some,
but not all, of the spatiotemporal variability of observed sur-
face smoke concentrations and plume heights, with differ-
ences attributed to shortcomings of the model representation
of the fire sensible heat source as well as unresolved smoke gra-
dients. Additionally, FLEXPART-WRF simulations driven by
the output from the original ARPS have been used to study
smoke dispersion in complex terrain in eastern Pennsylvania
(Kiefer et al. 2019) and southwestern Colorado (Kiefer et al.
2020). Although the aforementioned FLEXPART-WRF studies
have utilized horizontal grid spacing in the range of 100–400 m,
Solomos et al. (2015) argued that FLEXPART-WRF has no in-
herent spatial-scale limitations and can be driven by output from
a meteorological model with horizontal grid spacing as fine as
several meters. As will be discussed in section 2b(1), the ARPS-
CANOPY simulations used to drive FLEXPART-WRF particle
motion in this study utilize 10-m horizontal grid spacing, approx-
imately an order of magnitude finer than that of Kiefer et al.
(2019, 2020) and closer to the lower range of grid spacing sug-
gested by Solomos et al. (2015).

FLEXPART-WRF uses a Lagrangian reference frame, track-
ing individual particles and updating particle position at every
time step based on grid-resolved and parameterized wind
components. The grid-resolved wind component ingested by
FLEXPART-WRF drives particle motion via mean transport
and, for meteorological model grid spacing fine enough to re-
solve at least some scales of turbulence, grid-resolved turbu-
lent diffusion. The parameterized wind component consists
entirely of SGS turbulence and drives particle motion via SGS
turbulent diffusion. The three-dimensional components of the
grid-resolved wind (u, y , and w) are ingested from the meteoro-
logical model, with the user given the choice of using instanta-
neous winds, time-averaged winds, or instantaneous horizontal
wind components with a diagnostic calculation of vertical velocity.
Since ARPS-CANOPY does not output time-averaged winds
(as in WRF versions 3.3 or higher), instantaneous winds are uti-
lized in this study to drive FLEXPART-WRF particle motion.

The parameterized wind component is computed in
FLEXPART-WRF via either the Hanna turbulence parameteri-
zation (Hanna 1982) or as a function of SGS TKE read in from
the meteorological model. Brioude et al. (2013) recommended
the former, based on their assessment that the ingested TKE
option violates the well-mixed criterion, which dictates that an
initially uniform distribution of particles in an incompressible
flow should remain uniform during the Lagrangian model simu-
lation (Bahlali et al. 2020). Although Charney et al. (2019) and
Kiefer et al. (2019, 2020) followed the recommendation of
Brioude et al. (2013) and used the Hanna turbulence formula-
tion, we choose here to use the SGS TKE read in from ARPS-
CANOPY to compute the parameterized wind component for
three reasons. First, the incompressibility constraint (Brioude
et al. 2013; Bahlali et al. 2020) is unquestionably violated in this
study, given the focus on atmospheric phenomena with spatial
scales on the order of 10–100 m and surface sensible heat fluxes
in the range of 25–100 kW m22. Second, the WRF simulations
cited by Brioude et al. (2013) in arguing against the ingested
TKE option utilized 4-km horizontal grid spacing, necessitating

the parameterization of all scales of turbulence, whereas the
ARPS-CANOPY simulations in Kiefer et al. (2018) utilized
10-m horizontal grid spacing, implying that only turbulent
eddies smaller than about 10 m in scale were parameterized.
Third, sensitivity tests using the ARPS-CANOPY meteoro-
logical output and the FLEXPART-WRF Hanna formulation
yielded unrealistically strong and rapid dispersion of particles
throughout the model domain (not shown), similar to Cornwell
et al. (2021).

The FLEXPART-WRF parameterized wind component is
partitioned into its three-dimensional subcomponents (u′, y ′,
and w′) via an internal routine that uses three PBL parame-
ters ingested from the meteorological model: mixed-layer height,
friction velocity, and surface heat flux. An alternate FLEXPART-
WRF option to partition the parameterized wind component as-
suming a balance of TKE production and dissipation was deemed
unsuitable since turbulent mixing of TKE is expected to be nonne-
gligible in the fire-perturbed atmosphere (Heilman et al. 2015). As
shown in section 3b, the chosen partitioning method yields the
largest parameterized wind components in the horizontal dimen-
sion. This outcome is consistent with the finding of Heilman et al.
(2015) that the within-canopy turbulence regime during a low-
intensity surface fire is dominated by horizontal perturbations (i.e.,
is anisotropic) before, during, and after fire passage.

b. Model configuration and experiment design

1) ARPS-CANOPY

In this study, FLEXPART-WRF particle dispersion is
driven by the meteorological output from ARPS-CANOPY
simulations presented in Kiefer et al. (2018). Therein, a total
of 25 ARPS-CANOPY simulations were conducted with five
vertical canopy structures, as represented by Ap profiles
(Fig. 1), and five fire heat source strengths, as represented
by sensible heat flux magnitudes in the range of 0–100 kW m22.
A brief summary of the Kiefer et al. (2018) model configuration
and experimental design is provided here; full details may be
found in the original paper.

The Kiefer et al. (2018) ARPS-CANOPY model configura-
tion featured two three-dimensional computational domains
and a one-way nesting procedure. The outer (inner) domain
simulation was initialized at 1200 (1500) local time (LT) and
run for a total of 4 (1) h, with 53 3 103 3 78 (99 3 51 3 78)
grid points, 50-m (10-m) horizontal grid spacing, and a peri-
odic (one-way) lateral boundary condition. Both domains
contained the same vertically stretched grid, with 40-m aver-
age and 2-m minimum vertical grid spacing at the surface, and
both featured a uniform, steady net radiation flux of 520 W m22

at the top of a horizontally homogeneous canopy to represent
daytime heating typical of 408N latitude in March. The primary
purpose of the outer-domain simulation was to allow a quasi-
horizontally homogeneous and quasi-stationary daytime con-
vective boundary layer to develop in the absence of a fire
sensible heat source. It is important to keep in mind that all
simulations, with and without fire sensible heat flux, feature
shear- and buoyancy-generated turbulence in the background
(i.e., nonfire) atmosphere. The outer-domain simulation was
initialized with a base state sounding with uniform wind
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speed (2.5 m s21, westerly) from the surface to the domain
top and neutral static stability below z 5 1 km [stable stratifi-
cation with the Brunt–Väisälä frequency (N) 5 0.013 s21

above]. Note that although a uniform westerly wind is used
to initialize the outer-domain ARPS-CANOPY simulation, a
combination of surface and forest canopy drag yields mean
wind speeds less than 1 m s21 at or below about one-half can-
opy height [see Fig. 7 in Kiefer et al. (2018)]. The reader is
urged to keep in mind that the smoke–canopy–fire relationships
examined in this study may be sensitive to the magnitude and
vertical variability of the background wind; exploration of this
important degree of freedom is left to future work. One-way lat-
eral boundary conditions for the inner domain were applied ev-
ery time step but updated every 5 min (i.e., output files from the
outer-domain simulation were read in every 5 min).

Five Ap profiles were utilized to represent a range of verti-
cal canopy structures, ranging from overstory-concentrated
shape A, broadly representative of maritime or loblolly pine
stands with dense crown layers and sparse trunk spaces, to
understory-concentrated shape E, derived from light detection
and ranging (lidar) measurements in a mixed pitch pine–scrub

oak forest stand in New Jersey (Skowronski et al. 2011; Kiefer
et al. 2014). Along with the five vertical canopy structures,
five fire sensible heat flux magnitudes were applied within a
50-m-wide strip (“fireline”) in the inner domain (Fig. 2a), with
magnitudes varying from 0 kW m22 (“no-fire”) to 100 kW m22,
with a 25 kW m22 interval between cases. As stated in Kiefer
et al. (2018), these nonzero heat flux magnitudes fall within the
envelope of 1-min mean sensible heat fluxes reported during
field studies of low-intensity fires [8–155 kWm22 (e.g., Clements
et al. 2007; Hiers et al. 2009; Heilman et al. 2015, 2021)]. The
fireline was positioned 3.2 km downstream of the western lateral
boundary and was applied following a 30-min spinup period.
The fireline extended the length of the domain in the y direction
(500 m), with the fire sensible heat flux applied for a total of
30 min and laterally distributed across the fireline in a stair-step
pattern (85% of the total heat flux in the center grid point, with
the remainder in the flanking cells stepping down to zero three
cells away); note that the fireline was oriented perpendicular to
the westerly ambient wind. The reader is urged to keep in mind
that the 50-m-wide heat source utilized in Kiefer et al. (2018) is
wider than what is typically found in low-intensity pre-
scribed fires wherein the actively burning area is on the or-
der of a few meters wide (e.g., Heilman et al. 2015) and was
necessitated by the use of 10-m model grid spacing. Also,
the static nature of the heat source in Kiefer et al. (2018) de-
viates from that of spatiotemporally varying real-world fires
and was implemented to limit the degrees of freedom in that
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dashed lines denote the near-fire area displayed in subsequent fig-
ures, and the horizontal arrow in (a) denotes the initial-state verti-
cally invariant wind speed and direction in Kiefer et al. (2018).
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sensitivity study. The reader is encouraged to keep the limita-
tions of the Kiefer et al. (2018) idealized modeling framework in
mind when interpreting the results of the present study.

2) FLEXPART-WRF

A total of 25 FLEXPART-WRF simulations are performed
in this study, with particle motion driven by the meteorologi-
cal output from the Kiefer et al. (2018) ARPS-CANOPY sim-
ulations. The FLEXPART-WRF simulations are initialized at
1525 LT and run for 35 min, with a total of 300000 particles
released within the 2-m-deep lowest grid layer at a constant
rate between 1530 and 1600 LT. The FLEXPART-WRF grid
is consistent with the Kiefer et al. (2018) inner-domain grid,
with the same horizontal and vertical grid spacings. However,
the FLEXPART-WRF grid only extends to 1054.3 m above
ground level (AGL), corresponding approximately to the top
of the neutrally stratified atmosphere in the Kiefer et al.
(2018) initial sounding, as the atmosphere above that level is
omitted from most ARPS-CANOPY output files to constrain
file size. ARPS-CANOPY variables are read in once every
second from NetCDF files that are generated from ARPS2-
FLEX, a routine that transforms the output from ARPS-
CANOPY into the suite of variables that FLEXPART-WRF
is designed to read in from the WRF output. Every second,
three-dimensional particle position is updated and subse-
quently written out to an ASCII file, and particle concentra-
tion is computed within the FLEXPART-WRF grid cells.
Once every minute, concentration is averaged over the last 60
instantaneous values and written out to a NetCDF file.

The 300 000 particles are released within the fireline using
the same stair-step pattern used for fire sensible heat flux in
Kiefer et al. (2018) (Fig. 2b), while the initial particle position
within each fireline grid cell is specified randomly. The parti-
cle diameter is restricted to the range of 2.5 mm or smaller
(i.e., PM2.5), with geometric mean and minimum particle di-
ameters of 0.5 and 0.1 mm, respectively, and a unimodal log-
normal mass distribution. Given the absence of forest canopy
deposition in FLEXPART-WRF, ground deposition pro-
cesses are disabled. It is important to keep in mind that the
particle release strategy employed in this study is idealized in
nature and is not intended to represent actual emissions. The
number of particles is chosen to ensure adequate particle
counts for robust statistical analysis. Note that the number of
particles released in FLEXPART-WRF will impact the over-
all magnitude, but not distribution, of particle concentration.

Before proceeding, a few words are in order regarding the
purpose of the no-fire simulations in this study of PM2.5 dis-
persion from low-intensity fires. The same particle release
strategy is employed in the five no-fire simulations as in the
20 simulations with fire sensible heat flux. The no-fire simula-
tions can be interpreted as depicting simulated PM2.5 disper-
sion and concentration distribution in a hypothetical scenario
in which the fire is weak enough that the uniform, steady net
radiation flux intercepting the canopy top [section 2b(1)] is
the dominant convective forcing for particle dispersion. In
other words, the no-fire simulations serve as reference simula-
tions in which the sensible heat flux from the fire is weak

enough that the contribution of the fire to plume rise can be
neglected.

c. Analysis methodology

Five variables are examined in this study: FLEXPART-
WRF PM2.5 concentration C and ARPS-CANOPY u compo-
nent of the windU, vertical velocityW, TKEE, and temperature
T; the y component of the wind V is used internally by
FLEXPART-WRF but is not explicitly analyzed in this study.
The grid-resolved, SGS, and total components ofE are expressed
as ER, ES, and ET, respectively. Recall that the FLEXPART-
WRF parameterized wind component is derived in this study
fromARPS-CANOPYES [section 2a(2)]. As a point of clarifica-
tion, ES is part of the standard suite of ARPS-CANOPY output
variables, whereas ER is computed from instantaneousU, V, and
W as part of the postprocessing of the ARPS-CANOPY output,
as in Kiefer et al. (2018):

ER 5
1
2
[(U 2 U)2 1 (V 2 V)2 1 (W 2 W)2], (1)

where symbols with and without bars indicate 30-min time
averages and instantaneous values, respectively, and differ-
ences represent perturbations from the mean flow.

However, caution is urged when comparing ER in Kiefer
et al. (2018) to ER presented herein: Kiefer et al. (2018) com-
puted ER for each case using time averages from a no-fire sim-
ulation, regardless of whether the fire sensible heat flux was
applied in that particular case or not. They argued that their
ER was not equivalent to TKE, apart from values in the no-
fire simulation because the perturbations used to compute ER

(e.g., U 2U) contained a turbulent fluctuation component and
a mean anomaly component (associated with quasi-steady fire-
induced phenomena such as the updraft and surface inflow).
Whereas the stated purpose of the Kiefer et al. (2018) ER meth-
odology was to characterize the bulk effect of the fire sensible
heat flux on the hypothetical dispersion of heat, moisture, and
pollutants, our aim in this dispersion modeling study is to con-
sider the mean transport and turbulent diffusion of PM2.5 sepa-
rately. Thus, ER is computed for each case using time averages
and instantaneous values from the same simulation, yielding a
quantity that contains only turbulent fluctuations (the mean
anomaly is contained in the time average and is therefore re-
moved). It is important to note that there is currently no consen-
sus in the fire weather research community as to whether these
quasi-steady phenomena should be classified as coherent turbu-
lent structures (e.g., Seto et al. 2013) or as fire-induced modifica-
tions to the ambient mean flow (e.g., Kiefer et al. 2018). As this
study closely follows Kiefer et al. (2018), we choose to classify
these phenomena as part of the mean flow and leave further ex-
amination of this issue to future work.

All quantities are averaged over a 30-min period, encompass-
ing the duration of fire heat flux and/or particle release. The av-
eraging is also performed along the entire y axis, excluding the
lateral boundary points in the north and south directions. This
approach is justified by the quasi-two-dimensional nature of the
fireline, our desire to average out individual convective bound-
ary layer eddies, and the stated focus of this study on the cross-
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fireline and vertical distribution of C. For corresponding 1-min
mean quantities, see Tables S1 and S2 and Movies S1–S3 in
the online supplemental material. The spatiotemporal aver-
aging is expressed as Fyt, where F is the variable name and
“t” and “y” refer to averaging in time and the y direction,
respectively.

Following the methodology employed in Kiefer et al. (2019,
2020), the particle residence time (RT) within a given radius
or depth is used as a quantitative measure of particle disper-
sion in the horizontal and vertical dimensions, respectively:
larger (smaller) RT corresponds to weaker (stronger) disper-
sion. RT was computed for each of the 300 000 particles re-
leased during the FLEXPART-WRF simulations. For each
particle, horizontal RT (HRT) was computed within a dis-
tance of 50, 100, and 150 m from the center of the fire heat/
PM2.5 release zone (x direction only) and vertical RT (VRT)
was computed within the forest canopy (z # 18 m). For con-
sistency, the term “in canopy” is used to refer to the lowest
18 m of the atmosphere, regardless of the canopy profile
shape or the height AGL where Ap diminishes to zero (Fig. 1).
Finally, regarding directional references, the reader is re-
minded that the simulations in this study utilize a model
domain with the x axis aligned west–east, a fireline extend-
ing south–north, and a westerly background wind; the terms
“x axis,” “x direction,” “west/east,” and “upstream/down-
stream,” with the corresponding terms for the y axis, are
used interchangeably.

3. Results and discussion

a. PM2.5 concentration

Examination of the spatial distribution of PM2.5 concentra-
tion begins with an analysis of 30-min mean Cyt vertical cross
sections (Fig. 3), supported by tables of maximum Cyt at
heights # 18 m AGL (Table 1) and .18 m AGL (Table 2).
For corresponding 1-min mean Cyt animations and supporting
statistics, see Movie S1 and Tables S1 and S2, respectively.
Figure 3 contains a 5 3 5 matrix of vertical cross sections with
five Ap profiles, labeled A–E below the panels, and five fire
sensible heat flux magnitudes, labeled 0–100 (kW m22) to the
left of the panels. First, consider the hypothetical no-fire cases
in the bottom row (labeled “0” in Fig. 3), included as a refer-
ence for comparisons with the cases with fire sensible heat
flux. The reader is reminded that the no-fire simulations de-
pict simulated PM2.5 dispersion and concentration distribution
in a hypothetical scenario in which the fire is weak enough
that the uniform, steady net radiation flux intercepting the
canopy top [section 2b(1)] is the dominant convective forcing
for particle dispersion. In the absence of fire heat flux, PM2.5

generally stays within the canopy, there is no preferred disper-
sion direction (west or east), and panel-maximum Cyt values
increase as vertical canopy structure progresses from over-
story-concentrated (shape A) to understory-concentrated
(shape E). The lack of a preferred dispersion direction reflects
the weak nature of Uyt in the forest canopy (30-min mean

1 2 3 4 5

0 
18
36
54 73

1 2 3 4 5
83

1 2 3 4 5
96

1 2 3 4 5
102

1 2 3 4 5
110

0 
18
36
54 78 90 102 110 119

0 
18
36
54

H
ei

gh
t A

G
L 

[m
]

87 100 113 123 133

0 
18
36
54 100 117 134 150 163

0 50 100 150
0 

18
36
54 244

0 50 100 150

400

0 50 100 150

Distance from fire center [m]

501

0 50 100 150

674

0 50 100 150

693

0.5

1.5

2.5

3.5

4.5

5.5

6.5

7.5

8.5

[ gm -3 ]

x10 3

100

75

50

25

0

A B C D E
FIG. 3. Vertical cross sections of spatiotemporally averaged C [Cyt (y: y direction, t: 30-min); shaded] in the near-fire area (denoted by

dashed lines in Fig. 2), arranged in a 5 3 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 (kW m22). Cross-sectional maximum Cyt is depicted in the
upper-left corner of each panel. To conserve space, Cyt values are divided by 103. Horizontal line at 18 m denotes the canopy top, the thick
black bar at the bottom of the panel depicts the fireline, and the green-filled shape to the right of the panel depicts the plant area density
profile. Numbers above the top row denote the vertical profile positions for Fig. 5.
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values are in the range of60.5 m s21 in the bottom half of the
layer; section 3b), the direct result of canopy drag. There is ap-
parently a greater vertical dispersion of PM2.5 out of the canopy
with shapes B and C, possibly associated with individual large
eddies in the convective boundary layer with time scales too
long for the 30-min averaging procedure to completely elimi-
nate. The greater penetration of large eddies into the canopy
may be related to stronger canopy drag and weaker above-
canopy Uyt, with the more evenly distributed shape B and C
plant area density profiles (section 3b). Nevertheless, above-
canopy Cyt values with shapes B and C are less than 2% of the
in-canopy maximum values (cf. Tables 1 and 2).

Proceeding to all rows in Fig. 3, two distinct changes from the
bottom (no-fire) row are evident. First, the panel-maximum Cyt
values are 58.8%–77.7% smaller in the 25 kW m22 row com-
pared to the no-fire row, indicating that the fire sensible heat
source considerably increases particle dispersion compared to
the background atmosphere. Further increases in fire sensible
heat flux lead to further decreases in panel-maximum Cyt, but
the changes are smaller than seen between the no-fire and
25 kWm22 rows. This relationship between fire sensible heat flux
and PM2.5 dispersion is supported by the ensemble-mean VRT
and HRT values in Tables 3 and 4, respectively. The ensemble-
mean VRT at or below 18 m AGL (HRT within 100 m of the
release zone center) varies from 143.3–264.7 (194.6–316.7) s for
the no-fire row to 48.3–82.6 (96.5–112.8) s for the 25 kW m22

row to 33.3–54.8 (69.4–85.1) s for the 100 kW m22 row; see

Tables S3 and S4 for RT particle counts and Tables S5–S8 for
additional HRT distances. The other distinct change is the pres-
ence of a distinct PM2.5 plume in the cases with fire sensible heat
flux. Unlike the no-fire panels, Cyt in the cases with a nonzero
fire sensible heat flux is not necessarily maximized near the
ground surface, as it is in the no-fire panels. That said, the over-
all distribution ofCyt exhibits little sensitivity to further increases
in fire sensible heat flux. Note that the examination of the
changes to Cyt as fire sensible heat flux is increased incremen-
tally from 0 to 25 kWm22 (i.e., in-between the bottom two rows
in Fig. 3) is left to future work.

The consistent increasing trend in panel-maximum Cyt from
shape A to shape E (proceeding from left to right in Fig. 3 and
Table 1), first identified in the no-fire row analysis, indicates that
as Ap progressively shifts from the overstory to the understory,
the PM2.5 dispersion decreases and near-fire concentration in-
creases. This statement is supported by the ensemble-mean
VRT values in Table 3, wherein the ensemble-mean VRT con-
sistently increases from left to right, regardless of fire sensible
heat flux magnitude. The relationship between the canopy pro-
file shape and the ensemble-mean HRT is less straightforward,
as the shortest (longest) HRT is found with the canopy profile
shape A (C); this relationship is discussed further in section 3b.
Regarding the Cyt distribution, shapes A, B, and C exhibit
plumes tilted approximately 50% from vertical, with PM2.5

spreading upward through the canopy into the overlying atmo-
sphere, and shapes D and E exhibit plumes tilted about 80%–

90% from vertical, with PM2.5 largely remaining within the can-
opy. The tilt of the plume has implications for within-canopy Cyt

TABLE 1. Maximum spatiotemporally averaged C [Cyt (y:
y direction, t: 30-min)] in the near-fire area (denoted by dashed
lines in Fig. 2), for z # 18 m (mg m23). Units of heat flux are
kilowatts per square meter. See Fig. 1 for plant area density
profiles and Table S1 for corresponding 1-min mean C. As in
Fig. 3, Cyt values are divided by 103.

Heat flux

Canopy profile shape

A B C D E

100 73.3 83.0 95.9 102.2 110.4
75 78.4 89.9 101.9 110.2 118.9
50 87.5 100.1 113.0 122.8 132.7
25 100.5 116.6 133.9 150.2 163.2
0 244.2 400.1 501.5 674.0 692.5

TABLE 2. Maximum spatiotemporally averaged C [Cyt (y:
y direction, t: 30-min)] in the near-fire area (denoted by dashed
lines in Fig. 2), for z . 18 m (mg m23). Units of heat flux are
kilowatts per square meter. See Fig. 1 for plant area density
profiles and Table S2 for corresponding 1-min mean C. As in
Fig. 3, Cyt values are divided by 103.

Heat flux

Canopy profile shape

A B C D E

100 3.8 4.9 6.7 4.9 4.7
75 4.0 5.2 6.8 5.2 4.9
50 4.2 5.7 7.4 5.7 5.3
25 4.2 6.4 8.0 6.2 6.1
0 3.4 7.8 7.1 5.2 4.6

TABLE 3. Ensemble mean VRT inside the canopy (z # 18 m) (s).
Units of heat flux are kilowatts per square meter. See Fig. 1 for
plant area density profiles and Table S3 for the number of par-
ticles in ensemble.

Heat flux

Canopy profile shape

A B C D E

100 33.3 35.4 40.2 48.0 54.8
75 35.8 37.5 42.7 51.3 59.8
50 39.5 42.5 47.8 58.0 67.2
25 48.3 52.8 58.2 73.4 82.6
0 143.3 185.8 213.8 261.7 264.7

TABLE 4. Ensemble mean HRT within 100 m of release zone
center (x 6 100 m) (s). Units of heat flux are kilowatts per
square meter. See Fig. 1 for plant area density profiles, Table S4
for the number of particles in ensemble, and Tables S5–S8 for
HRT values (and ensemble particle counts) for 50- and 150-m
distances.

Heat flux

Canopy profile shape

A B C D E

100 69.4 76.0 85.1 77.1 76.5
75 74.1 80.1 89.1 81.1 81.1
50 81.7 88.9 97.3 87.2 88.1
25 96.5 104.6 112.8 102.5 103.6
0 194.6 270.5 288.7 316.7 293.4
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at distances of 100 m or more to the east (downstream) of the
heat source/particle release zone center. At those distances, in-
canopy Cyt is 70%–80% lower with shape A than with shape E
(for Cyt farther downstream, see Fig. S1). Broadly speaking, this
pattern becomes more pronounced as the fire sensible heat flux
increases. However, caution is recommended when examining
in-canopy Cyt away from the release zone, as particle deposition
on vegetation and ground surfaces is not considered in this
study.

Lastly, note that there is a sharp western edge to the PM2.5

plume above or just upwind of the fire heat source, with Cyt
values west of this edge less than 1% of the cross-sectional
maximum (cf. color-fill threshold in Fig. 3 to cross-sectional
maximum depicted in the upper-left corner of each panel).
The notable exception is the lowest few levels of the canopy
atmosphere where weak flow allows particles to drift west-
ward, and nonnegligible Cyt values extend 50 m or more up-
stream (i.e., west) of the release zone. Before proceeding, a
few words are in order regarding the potential impact of the
2.5 m s21 background wind speed (reduced through drag to
less than 1 m s21 in the lower canopy) on the broader applica-
bility of our results. The relationships between PM2.5 concentra-
tion distribution, canopy profile shape, and fire sensible heat flux
identified in this study may not apply to cases with stronger back-
groundwind speeds and/or winds that exhibit considerable vertical
variability. The reader is urged to keep this important limitation in
mindwhen considering the broader applicability of study results.

To further explore the distribution of Cyt, we next consider
horizontal (Fig. 4) and vertical (Fig. 5) profiles extracted from
the 30-min mean Cyt cross sections in Fig. 3 (near-fire area)
and Fig. S1 (full domain). Given the orders of magnitude dif-
ferences in Cyt across the near-fire area and the broader
model domain, semilog axes are utilized (Fig. 4: log y axis;
Fig. 5: log x axis). Considering horizontal profiles of 0–2 m
AGL Cyt first (Fig. 4), values are shown to vary five or more
orders of magnitude across the entire west–east domain di-
mension (Fig. 4a) and two or more orders of magnitude across
the near-fire area alone (Fig. 4b). Focusing specifically on the
near-fire area (Fig. 4b), it is apparent that the application of
the fire sensible heat source yields a more rapid decline in Cyt
with the horizontal distance from the release zone, compared
to the no-fire case. Using the shape E cases as a collective ex-
ample, the slope in the semilog plot is approximately one order of
magnitude per 50-m distance downstream (i.e., eastward) without
the fire sensible heat source but about one and one-half orders of
magnitude per 50-m distance with the fire sensible heat source.
Generally speaking, theCyt horizontal gradient increases inmagni-
tudewith increasing fire sensible heat flux.

Finally, we consider the five vertical profiles denoted by
vertical dashed lines in Fig. 3, one upstream (i.e., west) of the
release zone (P1), one centered on the release zone (P2), and
three downstream (i.e., east) of the release zone (P3–P5) (Fig. 5).
Over and upstream (west) of the release zone (profiles P1–P2),
one finds decreasing Cyt with height, regardless of the canopy
profile shape or fire sensible heat flux magnitude. Such a result is
not unexpected, given the 0–2 m AGL particle release layer in
FLEXPART-WRF. However, the Cyt vertical distribution at
profiles P1 and P2 does exhibit some sensitivity to the control

parameters. At profile P1, for the cases with nonzero fire sensible
heat flux, the vertical gradient within the canopy increases in
magnitude as the vegetation profile becomes increasingly under-
story-concentrated (i.e., shape A " shape E); however, for the
no-fire reference cases, the vertical gradient is largely insensitive
to changes to the canopy profile shape. For cases with the same
canopy profile shape, increasing the fire sensible heat flux from
25 to 100 kW m22 yields progressively weaker vertical gradients
ofCyt (a reflection of stronger vertical mixing with stronger sensi-
ble heat sources). At profile P2, directly above the release zone,
a two-layer “hockey stick” Cyt profile shape is found in all cases,
with the strongest vertical gradient across the lowest 2–3 grid lev-
els and a weaker gradient above. Unlike at profile P1, a consis-
tent relationship between the Cyt vertical distribution and either
canopy profile shape or fire sensible heat flux magnitude is diffi-
cult to discern. Although the Cyt vertical distribution is sensitive
to these parameters, a readily identifiable pattern is lacking.
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At profile positions increasingly farther downstream (i.e.,
east) of the release zone (profiles P3–P5), the maximum val-
ues of the Cyt shift from the surface to a position midcanopy
or higher, in the cases with fire sensible heat flux, but remain
anchored at the surface in the no-fire cases. At profiles P4 and
P5, with the exception of the no-fire reference cases, a midca-
nopy Cyt maximum is found with understory-concentrated
canopy profile shapes D and E and an above-canopy Cyt max-
imum is found with the other canopy profile shapes (shapes B
and D not shown; recall from section 2c that “in canopy” re-
fers to the lowest 18 m of the atmosphere). In other words,
there is a tendency in the FLEXPART-WRF simulations for
Cyt downstream (i.e., east) of the release zone to be maxi-
mized closer to the surface with understory-concentrated can-
opy profiles than with overstory-concentrated canopy profiles.

b. Meteorological variables

We now proceed to the analysis of the ARPS-CANOPY
meteorological variables directly driving the PM2.5 dispersion
in FLEXPART-WRF: U, W, and ES; recall from section 2c
that V is used internally by FLEXPART-WRF but is not ex-
plicitly analyzed because of the study focus on the vertical
and cross-fire distribution of PM2.5 concentration (hence the y
axis averaging of C). In addition to the ARPS-CANOPY vari-
ables ingested into FLEXPART-WRF, ER [derived from in-
stantaneous U, V, and W; Eq. (1)] is also analyzed. The
purpose of this analysis is to gain insight into the dispersion

processes yielding the Cyt distribution documented in Figs. 3–5:
mean transport and turbulent diffusion (achieved through a
combination of grid-resolved and SGS turbulent eddies). Due to
the difficulty in partitioning total dispersion into mean transport,
grid-resolved turbulent diffusion, and SGS turbulent diffusion,
this analysis is generally qualitative in nature.

Before proceeding to the analysis, it is important to clarify
that the vertical cross sections of the 30-min mean Uyt and
Wyt, E

R
yt, and ES

yt communicate information about mean
transport, grid-resolved turbulent diffusion, and SGS turbu-
lent diffusion, respectively. In addition to vertical cross sections
of ER

yt, the grid-resolved turbulent diffusion is discussed in
the context of the corresponding animations of 1-min mean
Cyt, Uyt, and Wyt included in Movies S1–S3. The reader is re-
minded that the ARPS-CANOPY simulations driving the
FLEXPART-WRF particle dispersion were initialized with a
2.5 m s21 background wind speed (reduced via drag to 1 m s21

or less in the lower canopy).
Analysis begins with vertical cross sections of 30-min mean

Uyt (Fig. 6) and Wyt (Fig. 7). As in the earlier discussion of
Cyt (Fig. 3), we start with the no-fire cases in the bottom row
of each figure. In the absence of fire sensible heat flux, Uyt
near and above canopy top (18 m AGL) is 1–2.5 m s21 (di-
minished via canopy drag from the 2.5 m s21 initial state), and
below canopy top is 20.1–2 m s21. The negative Uyt below
canopy top is limited to the lowest model level in the case
with canopy profile shape A and appears to be associated
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with transient turbulent eddies not completely eliminated by
the 30-min averaging procedure (see 1-min mean Uyt and Wyt
in Movies S2 and S3). Overall, the weakest (strongest) above-
canopy Uyt is found with shapes B and C (D and E); the rela-
tively weak Uyt with shapes B and C is likely a reflection of
stronger overall drag associated with the more evenly distrib-
uted nature of Ap compared to the other canopy profile
shapes (broadly consistent with Dupont and Brunet 2008). As
expected in the convective boundary layer, Wyt is smaller
than 60.1 m s21 (Stull 1988). The overall weak nature of
mean transport implied by within-canopy Uyt andWyt (Figs. 6
and 7), combined with the steady PM2.5 particle release rate,
contributes to the large Cyt in the no-fire cases (Figs. 3–5,
Table 1).

As noted by Kiefer et al. (2018) and as seen in the bottom
two rows of Figs. 6 and 7, the introduction of the fire sensible
heat flux drastically alters Uyt and Wyt. With the fire sensible
heat flux, an eastward-tilted updraft and flanking downdraft
are anchored inside the canopy (Fig. 7), with corresponding
near-surface westerly and easterly inflow and above-canopy
westerly outflow (Fig. 6). This overall pattern remains unchanged
as fire sensible heat flux increases from 25 to 100 kW m22, al-
though the magnitudes ofUyt andWyt steadily increase. Notably,
the depth of the easterly inflow (to the east of the fire sensible
heat source in Fig. 6) decreases as Ap progressively shifts from
the overstory (shape A) to the understory (shape E). Comparing

the patterns of Cyt with those of Uyt and Wyt (i.e., contours and
shading in Figs. 6 and 7), it appears that mean transport via the
tilted updraft is a primary dispersion mechanism with shapes
A–C but not shapes D and E. Recall that quasi-steady fire-
induced phenomenon such as the updraft is classified in this
study as part of the mean flow, as in Kiefer et al. (2018). The Cyt
pattern in the cases with shapes D and E appears to closely align
with the layer of strongest verticalUyt shear in Fig. 6. The role of
vertical wind shear in the dispersion of PM2.5 will be discussed
shortly in the context of resolved and SGS turbulent diffusion.

Proceeding from the analysis of mean transport to the anal-
ysis of grid-resolved and SGS turbulent diffusion, ER

yt and
ES

yt are shown in Figs. 8 and 9, respectively. Beginning with
the bottom row in Fig. 8, ER

yt magnitudes in the absence of
fire sensible heat flux vary from as small as 0.125 m2 s22 or
less in the lower canopy with shapes D and E, to as large as
about 1 m2 s22 above the canopy with shapes C and D. The
presence of near-surface ER

yt on the order of 0.5 m2 s22 with
canopy shape A suggests a nonnegligible contribution of grid-
resolved turbulent diffusion to particle dispersion in the
sparsely vegetated lower canopy (where canopy drag is mini-
mized, relative to the upper canopy); the relatively small
panel-maximum Cyt seen in Fig. 3 (bottom-left panel) is con-
sistent with enhanced turbulent diffusion in the lower canopy.
Taking together the no-fire ER

yt and ES
yt values in Figs. 8 and 9,

respectively, the above-canopy ET
yt values (;0.5–1 m2 s22,
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not shown) are suggestive of a weakly turbulent background
atmosphere (;2–3 m2 s22 is indicative of a substantially tur-
bulent lower PBL; Stull 1988).

Introduction of the 25 kW m22
fire sensible heat flux yields

ER
yt values as large as 1–1.5 m2 s22, with the canopy shape A

and B cases exhibiting two distinct maxima (near-surface and
above-canopy) and the other three cases exhibiting a single
maximum near or above the canopy top. Further increases
in sensible heat flux from 25 to 100 kW m22 have a minimal

impact on the ER
yt pattern, with ER

yt magnitude increasing to

about 2–3 m2 s22 in the 100 kW m22 row, largest with canopy
shape C. It is worth noting the overall pattern similarity be-
tween Uyt (Fig. 6) and ER

yt (Fig. 8), with the above-canopy
ER

yt maximum generally positioned downstream (east) of
and groundward of the corresponding Uyt maximum. The ap-
proximate collocation of the above-canopy ER

yt maxima and
the layer of strongest vertical Uyt shear suggests the important
role of shear production in the downscale energy transfer
from the mean flow to turbulent eddies (Stull 1988). The pres-
ence of a near-surface ER

yt maximum near and immediately
downstream of the fire sensible heat source in cases with can-
opy shapes A and B indicates the role of buoyancy production
in the generation of enhanced ER

yt; see Tyt in Fig. S2. An
ER

yt budget analysis is beyond the scope of this study; how-
ever, analysis of ER production terms in previous ARPS-
CANOPY simulations of low-intensity fires (Kiefer et al.
2014, 2015) supports the argument that both buoyancy and
shear production are important sources of ER

yt in this study.
However, the absence of a near-surface ER

yt maximum in the
other three cases (Fig. 8) points to the strong damping role
of canopy drag on the near-surface ER production in the

presence of understory Ap maxima. Finally, the finding from
section 3a that HRT is smallest (largest) with canopy profile
shape A (C) (Table 4) is explained by the presence of near-
surface Uyt and ER

yt maxima with canopy profile shape A
(cf. Figs. 6 and 8), yielding a relatively strong horizontal dis-
persion, and the presence of the strongestWyt (and thus more
vertical particle trajectories) with canopy profile shape C
(Fig. 7), yielding a relatively weak horizontal dispersion.

For further analysis of grid-resolved turbulent diffusion, the
reader is invited to review animations of 1-min mean Cyt, Uyt
andWyt in Movies S1–S3. In Movies S1–S3, large eddies man-
ifest in the near-fire area as alternating periods of stronger
and weaker 1-min mean Uyt (Movie S2) and Wyt (Movie S3),
enhanced and suppressed PM2.5 dispersion, and lower and
higher 1-min mean Cyt (Movie S1). In the no-fire cases, only
transient eddies are present, whereas in the cases with fire
sensible heat flux, transient features are superimposed on a
pulsating fire-induced circulation (e.g., see fluctuating up-
draft). It is worth noting that Heilman et al. (2021) found evi-
dence of periodicity in fire-induced coherent structures within
and near the fire environment during a low-intensity pre-
scribed fire in the New Jersey Pine Barrens; further examina-
tion of this phenomenon is left to future work. Finally, the
juxtaposition of the area of fire-induced ER

yt and the Cyt
plume (Fig. 8) indicates that grid-resolved turbulent eddies
are playing an important role in the dispersion of PM2.5 par-
ticles upward through the canopy and downstream (east) of
the surface sensible heat source.

Proceeding to ES
yt (Fig. 9), it is evident that in the absence of

the fire sensible heat source, ES is small (ES
yt�0:05m2 s22).

The only ES
yt values exceeding the 0.05 m2 s22 color-fill
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threshold in the bottom row of Fig. 9 occur in the simulations
with canopy shapes D and E; note the correspondence be-
tween the layer of strongest vertical Uyt shear in Fig. 6 and
the layer with ES

yt exceeding 0.05 m2 s22 in Fig. 9 (near 9 m
AGL). Introduction of the fire sensible heat source yields a

ES
yt maximum 1–2 grid points above the fire-induced Tyt

maximum for all canopy profile shapes (cf. Fig. 9 and Fig. S2).
ES

yt is also enhanced near 18 m AGL (shapes A–C) and 9 m
AGL (shapes D–E), corresponding approximately to the heights
of maximum verticalUyt shear in Fig. 6. The overallES

yt pattern
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is unchanged as fire sensible heat flux is increased, with the
magnitude of ES

yt increasing to a maximum of ;0.8 m2 s22 in
the case with the shape E canopy profile and 100 kW m22

fire
sensible heat flux. Close comparison of the magnitudes of
ER

yt and ES
yt (cf. Figs. 8 and 9) leads to the conclusion that

although the largest ES
yt value is about four times smaller

than the largest ER
yt value, the ratio of ES

yt to ET
yt is as large

as 0.85 immediately above the fireline and generally exceeds
0.1 in the areas of Fig. 9, where ES

yt exceeds the 0.1 m2 s22

color-fill threshold. In the cases with canopy profile shapes D
and E, FLEXPART-WRF appears to partition the ES-derived
random wind components such that the horizontal SGS turbu-
lent diffusion dominates midcanopy (;9 m AGL). It is impor-
tant to keep in mind that the ES variable in ARPS-CANOPY is
computed from a prognostic equation that includes canopy
source and sink terms (Xue et al. 2000; Kiefer et al. 2013).
Finally, the collocation of the PM2.5 plume indicated by the
Cyt contours and the areas of fire-enhanced ER

yt (Fig. 8)
and ES

yt (Fig. 9) suggests that grid-resolved (SGS) turbulent
diffusion is playing an important role in the dispersion of
PM2.5, mainly outside (inside) of the canopy.

4. Summary and conclusions

In this study, a Lagrangian particle dispersion model
(FLEXPART-WRF) was used to address two research ques-
tions concerning the distribution of smoke from low-intensity
prescribed fires in forested environments. First, what is the rela-
tionship between near-fire smoke concentration distribution and
(i) vertical canopy structure and (ii) fire heat source strength?
Second, what roles do mean transport and turbulent diffusion
play in shaping the near-fire smoke concentration distribution?
To help answer these questions, FLEXPART-WRF was used to
simulate PM2.5 dispersion from low-intensity surface fires using
the meteorological output from a full-physics atmospheric model
with a forest canopy submodel (ARPS-CANOPY). Simulations
were run with 25 combinations of Ap profiles and fire sensible
heat flux magnitudes. Among the 25 cases, a set of five no-fire
simulations served as a reference for the 20 simulations with
fire sensible heat flux. The no-fire simulations depicted PM2.5

dispersion and concentration distribution in a hypothetical
very-weak-fire scenario in which the uniform, steady net radi-
ation flux intercepting the canopy top [section 2b(1)] was the
dominant convective forcing for particle dispersion. The analysis
focused on the near-fire area and included vertical cross sections
and profiles of PM2.5 concentration, vertical cross sections of
the ARPS-CANOPY variables driving PM2.5 dispersion, and
summary statistics relating PM2.5 concentration distribution,
PM2.5 dispersion, vertical canopy structure, and fire heat source
magnitude.

Results showed that PM2.5 concentration distribution in the
near-fire area is primarily controlled by vertical canopy struc-
ture, with fire heat source strength primarily controlling the
PM2.5 concentration magnitude (research question 1). In the
absence of fire sensible heat flux, there was no preferred dis-
persion direction (west or east), a consequence of light mean
wind speeds within the forest canopy, and surface PM2.5

concentration values generally increased as vertical canopy

structure progressed from overstory-concentrated (shape A)
to understory-concentrated (shape E). With the fire sensible
heat source applied, a distinct PM2.5 plume was found with all
canopy profile shapes, anchored in the release zone. As fire
sensible heat flux increased, PM2.5 dispersion increased and
surface PM2.5 concentration decreased, but the overall PM2.5

concentration pattern remained unchanged. However, the
overall PM2.5 concentration distribution within and above the
canopy showed marked sensitivity to the forest canopy profile
shape: shapes A, B, and C exhibited plumes tilted downstream
approximately 50% from vertical, with PM2.5 spreading upward
through the canopy into the overlying atmosphere, whereas
shapes D and E exhibited plumes tilted downstream approxi-
mately 80%–90% from vertical, with PM2.5 remaining largely in-
side the canopy.

Analysis of the underlying ARPS-CANOPY variables driv-
ing FLEXPART-WRF dispersion helped elucidate the rela-
tive roles of mean transport and turbulent diffusion, both
grid-resolved and SGS (research question 2). Of particular
note was the role that the quasi-steady fire-induced circula-
tion (i.e., updraft, surface inflow, and above-canopy outflow)
played in driving mean transport, especially in the cases with
overstory-concentrated Ap profiles (shapes A and B), and the
role that SGS TKE played in driving horizontal SGS turbu-
lent diffusion inside the forest canopy, especially in the simu-
lations with understory-concentrated Ap profiles (shapes D
and E). However, the reader is reminded that there is cur-
rently no consensus in the fire weather research community as
to whether fire-induced quasi-steady phenomena should be
classified as coherent turbulent structures or as fire-induced
modifications to the ambient mean flow.

Taken as a whole, the study findings suggest that the verti-
cal distribution of forest canopy vegetation (as measured by
the vertical distribution of Ap) and fire heat source strength
(as measured by fire sensible heat flux magnitude) are important
factors that influence the horizontal and vertical distributions of
PM2.5 concentration in the near-fire area [i.e., the area of the
overlying atmosphere within about 50–150 m (;3–10 canopy
heights) of a low-intensity surface fire]. As noted in section 1,
knowledge of the distribution of PM2.5 concentration in the
near-fire area, particularly the tendency of smoke to either re-
main within the forest canopy or move out of the canopy, may
help inform studies of smoke concentration distribution across
deeper layers of the atmosphere and the associated local- to re-
gional-scale dispersion. To that end, possible study applications
include 1) utilizing the 25-case matrix as a reference smoke
dataset for validating smoke output from quick-response fire–
atmosphere modeling tools that lack a full-physics atmo-
spheric model [e.g., QUIC-fire (Linn et al. 2020)]; 2) developing
smoke dispersion parameterizations for inclusion in models
and modeling frameworks that do not explicitly resolve flows
within forest canopies [e.g., High-Resolution Rapid Refresh
(HRRR)-smoke (Ahmadov et al. 2017, 2021); BlueSky (Larkin
et al. 2009)]; and 3) transforming model results into action-
able guidance for fire managers seeking to tailor their pre-
scribed burn plans to maximize smoke dispersion from surface
fires.
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Despite the progress documented herein, much work remains.
Study limitations include the use of a static fire-induced sensible
heat source within a horizontally homogeneous forest canopy, the
omission of fire-induced latent heat fluxes, the utilization of a sin-
gle 2.5 m s21 background wind speed, and the use of 10-m-wide
grid cells that prohibit the simulation of finer-scale turbulent phe-
nomena such as fireline vortices. The reader is reminded that the
smoke–canopy–fire relationships examined in this study may be
sensitive to the magnitude and vertical variability of the back-
ground wind. Inspired by the recent USFS smoke science assess-
ment (Liu et al. 2022), planned future work includes performing
additional FLEXPART-WRF simulations driven by output
from 1) ARPS-CANOPY simulations with (i) forest gaps,
(ii) multiple fire heat zones, (iii) time-varying heat sources,
(iv) different background wind profiles, and (v) 1-m grid spacing
(to evaluate the sensitivity of results to the SGS turbulence
parameterization); and 2) simulations conducted with ARPS-
CANOPY-Discrete Event System Specification Fire model
(ARPS-CANOPY-DEVS-FIRE), a coupled fire–atmosphere
modeling system based on ARPS-DEVS-FIRE (Dahl et al.
2015) that is currently under development.
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