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ABSTRACT

The time-mean and time-varying smoke and velocity structure of a wildfire convective plume is examined

using a high-resolution scanning Doppler lidar. The mean plume is shown to exhibit the archetypal form of a

bent-over plume in a crosswind, matching the well-established Briggs plume-rise equation. The plume cross

section is approximately Gaussian and the plume radius increases linearly with height, consistent with plume-

rise theory. The Briggs plume-rise equation is subsequently inverted to estimate the mean fire-generated

sensible heat flux, which is found to be 87 kWm22. The mean radial velocity structure of the plume indicates

flow convergence into the plume base and regions of both convective overshoot and sinking flow in the upper

plume. The updraft speed in the lower plume is estimated to be 13.5m s21 by tracking the leading edge of a

convective element ascending through the plume. The lidar data also reveal aspects of entrainment processes

during the plume rise. For example, the covariation of the radial velocity and smoke perturbations are shown

to dilute the smoke concentration with height.

1. Introduction

Smoke dispersion is strongly affected by the structure

and evolution of wildfire convective plumes. When

wildfire plumes penetrate into the free troposphere they

inject smoke aloft, causing regional- to global-scale

impacts such as reduced insolation (Penner et al. 1992)

and modified cloud microphysics (Andreae et al. 2004).

On the other hand, when plumes remain confined within

the atmospheric boundary layer, the smoke can more

directly impact human populations, posing serious

health hazards for affected communities (Delfino et al.

2009;Wegesser et al. 2009; Holstius et al. 2012; Johnston

et al. 2012). Near-surface smoke can also cause persis-

tent temperature inversions (Robock 1988, 1991),

unexpected patterns of smoke transport (Lareau and

Clements 2015), and travel hazards due to reduced vis-

ibility (Ashley et al. 2015). Satellite observations in-

dicate that only a small fraction (4%–12%) of smoke

plumes extend above the boundary layer (Kahn et al.

2008; Val Martin et al. 2010), but detailed observations

of the plume-rise dynamics leading to variations in

smoke injection height are lacking.

To date, most of our knowledge of convective plume-

rise dynamics stems from laboratory tank experiments

and theory. From experiments, simple formulas for

plume rise in neutral and continuous stratification have

been developed (Morton et al. 1956; Scorer 1957).

Semiempirical formulas have also been established

for more-complex cases with crosswinds and density-

stratified interfaces (Richards 1961, 1963; Saunders

1962; Linden 1973; Briggs 1975; Manins 1979). Among

these formulations, Briggs’s equation for buoyant

plumes in a crosswind has gained widespread use and

has been validated for a range of heat fluxes from

industrial sources (Briggs 1975;Weil 1988). Benech et al.

(1988), for example, found good agreement between

observations of plume rise during the ‘‘Météotron’’
oil-burner experiments (Benech 1976; Church et al.

1980) and the Briggs equation.

The applicability of the Briggs plume-rise equation

for wildfire plumes is, however, less clear. Raffuse et

al. (2012) found systematic underprediction of smoke

injection depth using the Briggs equation (embedded

in a weather model) as compared with satellite lidar mea-

surements. On the other hand, Cunningham andGoodrick

(2013) found relatively good agreement between plume

rise in a large-eddy simulation and the Briggs equation, atCorresponding author: Neil P. Lareau, neil.lareau@sjsu.edu
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least in terms of plume centerline for an isolated plume.

Plume isolation, however, is not necessarily observed dur-

ing fires, and Achtemeier et al. (2011) attributed some of

the disparities between observed smoke dispersion from a

prescribed fire and the Briggs plume-rise predictions to the

occurrence of multicore updrafts. More dynamically com-

pletemodels than the Briggs empirical plume-rise equation

may better predict plume behavior from such plumes

(Achtemeier et al. 2011), and prognostic plume-rise equa-

tions that are based on the governing physics are now in-

creasingly used to predict wildfire smoke injection heights

(Freitas et al. 2006, 2007, 2010; Val Martin et al. 2012).

Underlying some of the uncertainty in applying

plume-rise predictions to wildfires is the general

sparsity of high-spatial- and high-temporal-resolution

observations of plume-rise dynamics. A notable excep-

tion is Banta et al. (1992), wherein lidar and radar

observations of smoke columns indicated time-varying

plume geometry, counterrotating vortex pairs, whole-

column rotation, convergent near-surface flow, and

pyroconvective clouds. None of these processes are

explicitly represented in current plume-rise predictions.

Charland and Clements (2013) also used Doppler lidar

to examine the kinematics of a small grass-fire

plume, finding strong radial convergence downwind

of the plume base. Lareau and Clements (2016) more

recently showed lidar and radar observations of

pyrocumulonimbus (pyroCb) initiation from wildfire

plumes. The onset of pyroCb can complicate the

plume-rise dynamics because of the release of latent

heat in the upper portions of the smoke column

(Trentmann et al. 2006; Luderer et al. 2006, 2009; Freitas

et al. 2007; Fromm et al. 2010).

The goal of this study is to add to the observational

basis for assessing wildfire plume-rise predictions in the

lower troposphere. To be specific, we contribute new

high-resolution observations of plume rise during a wild-

fire in Yosemite National Park in California. Using

scanning Doppler lidar and other instruments, we ex-

amine the time-mean and time-varying properties of an

isolated convective plume that developed from an

expanding flank of the fire. From these data we test the

applicability of the Briggs equation for describing the

observed plume-rise properties. We also examine some

of the entrainment processes that dilute the plume with

height and thus affect the plume rise.

2. Data and methods

The plume observations were obtained using a

pickup truck equipped with a scanning Doppler lidar,

microwave profiler, radiosonde system, and an auto-

mated weather station (Clements andOliphant 2014). The

key instrument in this study is the scanning Doppler lidar,

which emits a 1.5-mm laser beam and records two

range-resolved quantities: 1) the attenuated backscatter

coefficient (m21 sr21), which is a range-corrected

measure of backscattered energy, and 2) the Doppler

velocity (m s21). The lidar has a range-gate resolution of

18m and a total range of 9.6 km. The Doppler velocity

range is 619m s21, with an accuracy of 3–4 cm s21

(Pearson et al. 2009).

The lidar-attenuated backscatter coefficient (herein-

after backscatter) is sensitive to micrometer-sized

aerosol, including smoke. Smoke typically exhibits a

lognormal size distribution with a peak near 0.13mm

but with a long tail extending toward coarser particles

(Radke et al. 1990, 1991; Banta et al. 1992; Reid

and Hobbs 1998; Reid et al. 2005). For intense forest

fires, supergiant aerosol particles are also typically

present, with sizes up to and exceeding 1mm. Using

a radiative transfer model, Banta et al. (1992) showed

that the lidar backscatter due to the numerous small

smoke particles is comparable to the backscatter

from the sparser large particles and that the logarithm

of the backscatter is roughly proportional to the

smoke concentration. Because of this sensitivity,

near-IR lidars have been used to study smoke plumes

and dispersion processes in numerous studies (Benech

et al. 1988; Banta et al. 1992; Kovalev et al. 2005; Hiscox

et al. 2006; Charland and Clements 2013; Clements et al.

2016; Lareau and Clements 2015, 2016).

In this study, the lidar was used to conduct range–height

indicator (RHI) scans centered on the upright portion of a

wildfire convective plume. Early in the plume evolution

theRHI scans spanned from258 to 708 in elevation angle,
with some later scans extended to 1308. The average

elevation step between data points is 0.738, yielding a

spatial resolution of;31m between elevation steps at the

range of the plume base (2500m). Most RHIs were

completed in 44–45 s. The lidar data were postprocessed

by interpolation to a common polar coordinate grid,

which facilitates computing mean and variance statistics.

All backscatter data are presented as the base-10 loga-

rithm of the recorded values.

Other ancillary data used in this study include obser-

vations from a GRAW Radiosondes GmbH GS-E

radiosonde system, a Radiometrics Corporation

MP-3000A microwave profiler, and remote automated

weather stations within 25km of the fire. The weather sta-

tion data are obtained from MesoWest (Horel et al. 2002).

3. The El Portal fire

The El Portal fire started on 26 July 2014 near

the entrance to Yosemite National Park (Fig. 1a). The
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initial growth was rapid (777 ha on 26 July) as the

fire burned through fine fuels and brush on the steep

south-facing slopes of the Merced River canyon. The

fire slowed appreciably on 27 July, burning only 271 ha

as it crested the canyon rim and expanded through

less-steep terrain. On 28 July, the day of our obser-

vations, the fire expanded by another 180.5 ha, with

most of the growth along a narrow uphill region on the

north flank of the fire (the white arrow in Fig. 1a). The

fuels in this region were ‘‘heavy,’’ consisting of deep

duff layers and mixed conifers. The total fuel load was

estimated to be 7–10 kgm22 (L. Tarney, National Park

Service, 2015, personal communication). Within the

expanding fire flank, the fire burned intensely along

a narrow swath that was about 200m wide and

400m long (the burn-intensity map is available online

FIG. 1. Overview of the El Portal fire. (a) Fire perimeters for 26–28 Jul (transparent color fill)

and the local topography (hill-shaded satellite image). The fire’s growth pattern leading to the

observed plume is shown with a white arrow. The scan path of the lidar is shown as a dashed

white line. (b) A photograph of the smoke plume at 1502 PDT showing the truck-mounted

instruments and the structure of the convective column. The view is approximately along the

dashed white line in (a) such that the photograph is looking to the west-northwest (i.e.,;2778).
The black arrow indicates one of many plume edge vortices that were observed.
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at https://www.nps.gov/yose/learn/management/upload/

El-Portal-ES_FINAL.pdf), from which a towering

convective plume developed. This plume was the target

of our observations.

4. Plume observations

a. Overview

The organized convective column began to form

at ;1440 Pacific daylight time (PDT). A representative

photograph of the plume at 1502 PDT is shown in

Fig. 1b, indicating that the smoke-filled convective col-

umn possesses many microscale eddies, tilts with the

wind aloft, and detrains smoke toward the south (left

side of the photograph). As the plume developed, the

lidar was scanned along the center of the column, and a

total of 116 RHIs were conducted between 1450 and

1630 PDT. The mean scan azimuth was 2778 (the white

dashed line in Fig. 1a), andminor azimuthal adjustments

were made to keep the lidar beam centered on the

slowly progressing plume, the base of which traveled

about 400m to the north-northeast during the

observing period.

Figure 2 provides four representative lidarRHI scans of

the smoke plume, revealing many of the same elements

that are apparent in the photograph, albeit at a later time.

Figures 2a–d show the lidar backscatter (gray shading),

which is indicative of smoke concentration. The smoke

corresponds to values from 26 to 24m21 sr21, with

lower values indicative of clear air. Figures 2e–h display

the corresponding radial velocity data, where red and

blue shades are outbound and inbound velocities, re-

spectively. Together these RHI data detail both the

overall plume structure and some of the kinematic as-

pects of microscale mixing therein. Scans of this kind

were conducted up until the plume dissipated from de-

creased fire activity.

b. Ambient environment

Figure 3 shows the ambient potential temperature and

wind profile during the plume rise as measured from a

radiosonde, the microwave profiler, and surface tem-

perature observations. The radiosonde was launched at

1040 PDT from a position;35km southwest of the fire.

The launch location was chosen to avoid interfering with

the operations of fire-suppression aircraft. Despite the

distance, the radiosonde data agree well with the mi-

crowave profiler observations, which were collected

from the truck location adjacent to the fire. The surface

potential temperature data (the red dots in Fig. 3a),

obtained from weather stations at varying altitudes

within 25km of the fire, provide an estimate of convec-

tive boundary layer (CBL) depth. To be specific, the

mean potential temperature among these observations is

FIG. 2. Lidar RHI scans detailing the plume rise: (a)–(d) smoke backscatter and (e)–(h) radial velocity, where reddish shades indicate flow

away from the lidar and bluish shades indicate flow toward the lidar. The time (PDT) is shown for each scan.
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used to estimate a CBL top of;3174m above mean sea

level (MSL). Above this level, the stratification is

roughly constant with height. Themeanwind in theCBL,

determined from the radiosonde, is 4.2ms21 from 3228.
In the following analyses of the plume rise we use a value

of 2.97ms21, however, which is the projection of the

mean wind onto the mean lidar azimuth angle of 2778.

c. Observed plume structure

1) SMOKE BACKSCATTER

Figure 4a shows the time-mean backscatter computed

from all 116 RHI scans between 1450 and 1630 PDT.

These data reveal that the time-mean convective

column exhibits the form of a bent-over plume in a

crosswind (Briggs 1975) that penetrates into the stable

layer aloft. The mean smoke detrainment height is near

the CBL top (;3174m), and the mean penetration of

the plume center above the CBL is ;300m, although it

occasionally is as much as 1 km.

The centerline of the time-mean plume is com-

puted by locating the maximum backscatter along

each lidar radial (the yellow stars in Fig. 4a). The

coordinates of these points are then regressed

against the Briggs plume-rise equation for buoyant

plumes in a neutrally stratified environment with a

crosswind:

z5C
F1/3
0

U
x2/3 , (1)

where z is the height of the plume center, U is the

mean wind in the CBL (2.97m s21), x is the downwind

distance (positive to the left), F0 is the area-integrated

buoyancy flux at the plume base, andC is a constant that

is defined as

C5

�
2

3
b2

�1/3

, (2)

with b being an empirical entrainment parameter, which

for bent-over plumes is 0.6 (Briggs 1975; Weil 1988;

Viegas 1998). The fitted plume-rise centerline from

Eq. (1) is superimposed on Fig. 4a as a cyan dashed line

and shows good agreementwith the lidar observations up

to, and even somewhat above, the level of the capping

inversion. The Pearson correlation coefficient squared

between the fitted centerline and the observed data is

r25 0.98. An independent curvilinear regressionwas also

conducted, yielding an x0.64 relationship, which is close to

the two-thirds exponential relationship of Eq. (1).

FIG. 3. Atmospheric profiles for 28 Jul 2014. (a) Potential temperature profiles from the 1740 PDT radiosonde

(blue line), microwave profiler (cyan line), and surface weather stations (red dots) and the inferred CBL structure

(dashed red line). The approximate CBL height is indicated. (b) Wind speed (blue) and direction (black) profiles

from the radiosonde.
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Plume cross sections, taken normal to the centerline,

reveal a Gaussian distribution of backscatter (and thus

smoke), the amplitude of which decays with height

(Fig. 4b). Along each cross section, the plume radius is

determined using the ‘‘half-width at half maximum’’

amplitude of the backscatter. The maximum ampli-

tude is defined here as the difference between the

smoke backscatter at the plume center and the clear-

air backscatter (26m21 sr21). The plume edges are

thus identified as the first points to the right and left of

the plume center that fall below the half-maximum-

amplitude threshold. The resulting edge points in-

dicate that the plume radius increases linearly with

height from ;100m at the plume base to 380m at

2800m MSL (Fig. 4c). Above that point, the plume

becomes less symmetric. The linear increase in radius,

Gaussian cross section, and decrease in smoke concen-

tration with height are all consistent with laboratory and

theoretical studies of entraining buoyant plumes (e.g.,

Morton et al. 1956).

2) ESTIMATED HEAT FLUX

Following the approach of Benech et al. (1988), the

observed plume-rise centerline and crosswind are

used to invert Eq. (1) to estimate the source buoyancy

flux. In so doing we find a mean buoyancy flux F0 of

8.313 104m4 s23. Next, using the observed radius at the

plume base (r5 100m) the time-mean sensible heat flux

Hs is determined from

H
s
5

 
pr2g

r
a
C

p
T

a

!21

F
0
, (3)

where Ta is the ambient temperature (297K), ra is the

ambient air density (1.08kgm23), Cp is the specific heat

at constant pressure, andpr2 is the plume cross-sectional

area at the base (Viegas 1998). The resulting value of

Hs is 86.9 kWm22, which falls within the reported range

of sensible heat fluxes from prescribed fires (from

8kWm22 to 3MWm22), although those fluxes span a

FIG. 4. Overview of the time-mean plume structure. (a) Time-mean backscatter (gray shading), with the plume center points (yellow

stars), the plume centerline as given by the Briggs plume-rise equation (dashed cyan line), and the CBL top height (dashed white line).

Also shown for reference are lidar radials at elevation angles of 108 and 408 (dashed gray lines) and the direction to the lidar.

(b) Backscatter cross sections, taken normal to the plume centerline, as a function of height. The line color indicates the height in the

plume, as given by the key. (c) Plume radius as a function of height for the right (black dots) and left (blue dots) plume edge. The right

plume edge is considered to be the windward side. Shown for reference is a plume spread angle u of 158 (dashed line).
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very wide range because of differences in fuels, atmo-

spheric conditions, and fire behavior (Clark et al. 1999;

Coen et al. 2004; Clements et al. 2007; Frankman

et al. 2013).

3) VELOCITY FIELD

The time-mean radial velocity is shown in Fig. 5,

where blue colors indicate radial inbound flow and red

colors indicate outbound flow. Inbound, in this context,

indicates flow along a radial toward the lidar and is

not a plume-relative quantity. Likewise, outbound in-

dicates flow away from the lidar. On the basis of this

convention, the plume base is characterized by radial

convergence. To be specific, below the 108 elevation

radial, inbound flow of 2–3m s21 is observed to the right

of the plume (blue colors and arrow near point B in

Fig. 5), whereas the flow to the left of the plume base is

weakly outbound in a region that extends more than

1km toward the lidar (reddish shading and arrow near

point A in Fig. 5). This portion of the flow is evidence

of a fire-induced perturbation of the ambient wind field

that extends 1 km from the plume base. From these

mean radial velocity data, the radial component of the

convergence is estimated to be ;0.05 s21.

Aloft, regions of both convective overshoot and

sinking flow are observed (points C and D, respectively,

in Fig. 5). For example, at point C large outbound radial

velocities are associated with regions of smoke residing

above the mean detrainment level. In contrast, at point

D a coherent region of inbound velocities coincides

with smoke subsiding toward its detrainment level

near the CBL top (i.e., 3174m). In both locations, the

observed radial velocities are the projection of the

horizontal and vertical flows in the upper plume onto

the lidar radial.

The convergence at the plume base is linked to the

fire-induced updraft. The updraft itself is not directly

measured by the lidar but can be estimated by tracking

the position of convective elements with time as they

ascend through the plume. For example, in Fig. 6 the

leading edge of a convective element, denoted with a

magenta circle, is traced through a sequence of four RHI

scans. From these positions, the ascent rate for the

convective element is estimated to be 13.5, 10.7, and

7.6ms21, indicating a vigorous updraft that decays with

height. The convective element (i.e., a ‘‘puff’’) is also ob-

served to expand in scale as it ascends through the plume.

4) TURBULENT PLUME STRUCTURE

The time-varying structure of the plume is examined

in Fig. 7. Shown are the backscatter variance (Fig. 7a),

radial velocity variance (Fig. 7b), and temporal co-

variance of the backscatter and radial velocity (Fig. 7c).

The backscatter variance results from changes in

smoke concentration associated with turbulent eddies

and variations in the smoke emissions. The highest

variability in smoke concentration occurs along the

flanks of the plume where the gradient in backscatter is

largest. The low variance along the plume centerline

suggests that the source variability in smoke emissions is

relatively small in comparison with the mixing due to

eddies along the plume edges. These data also indicate

that the plume core remains somewhat (although not

completely) protected from entrainment at each height,

which is consistent with the Gaussian cross sections

shown in Fig. 4b.

When compared with the smoke variance, the radial

velocity variance is less symmetric about the plume

centerline (Fig. 7b). To be specific, the radial velocity

variance is largest along the right edge of the plume

where the strongest individual convective elements rise

(i.e., the stronger the buoyancy is the more upright is the

plume; Viegas 1998). The maximum variance values

along the right plume edge range from 7 to 14m2 s22

(2.6–3.7m s21 standard deviation).

The temporal covariance between the smoke back-

scatter and the radial velocity for the entire observing

period is presented in Fig. 7c. Although these data do

FIG. 5. Time-mean radial velocity (color shading) with the mean

smoke backscatter (black contours, with a contour interval of

0.25m21 sr21) and the plume centerline (black dashed line).

Reddish shades indicate flow away from the lidar, and bluish

shades indicate flow toward the lidar. The 108 and 408 elevation-
angle radials are shown for reference, and the direction to the lidar

is indicated. Points A, B, C, and D are discussed in the text. The

arrows near A and B indicate the radial flow direction.
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not have physical units (s22 sr22), they are nonetheless

very informative. Of note is that the covariance

changes sign across the plume centerline. Along the far

edge of the plume, positive radial velocity perturbations

(i.e., enhanced outbound flow) correspond to positive

smoke backscatter perturbations and, therefore, posi-

tive covariance. The opposite is true on the near edge of

the plume, yielding negative covariance. These data

indicate that coherent smoke–velocity fluctuations re-

distribute smoke outward from the plume core and

mix clear air inward. The covariance thus shows a por-

tion of the entrainment processes contributing to plume

dilution with height, which affects the plume rise and

smoke dispersion.

Figures 8a–c show selected RHI scans that are de-

monstrative of the entrainment dynamics described

FIG. 6. Sequence of times (PDT) showing the rise of an isolated convective element through the plume. The backscatter is shown as gray

shading. The inbound radial velocity is indicated as blue contours, and the outbound velocity is shown by red contours (the contour

interval is 1m s21). The top of a single convective element tracked through the plume is indicated with a magenta circle.

FIG. 7. Turbulent variations in the plume structure: (a) variance of the smoke backscatter, (b) variance of the radial velocity, and

(c) covariance of the smoke backscatter and radial velocity. Themean backscatter is also shown (black contours, with a contour interval of

0.25m21 sr21).
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above. From these examples, it is apparent that along the

right edge of the plume the outward protrusions of smoke

tend to correspond with increased outbound flow (red

contours). Likewise, on the left side of the plume smoke

protrusions correspond to increased inbound flow (blue

contours). These data also show that significant wind shear

characterizes the eddies that contribute to entrainment

(Figs. 8d–f).Here shear ismeasured as the change in radial

velocity between adjacent elevation steps. The shear of the

radial velocity is organized in quasi-regular alternating

regions of positive and negative shear that are spaced

;100m apart. Visual observations suggest that these re-

gions of shear are associated with vortices that are prev-

alent along the plume edges and are a key mechanism in

entrainment (see the arrow in Fig. 1b).

5. Summary and conclusions

In this study, Doppler lidar observations of the mean

and turbulent structure of a wildfire convective plume

were examined. Themean plume exhibited the expected

form of a bent-over plume in a crosswind and pene-

trated to a substantial depth (;1 km) in a capping

inversion layer aloft. The Briggs plume-rise equation

was fitted to these observed plume data and then

inverted to estimate a fire-induced heat flux of

87 kWm22. The plume was also found to have a linearly

increasing radius with height and a Gaussian cross

section in smoke concentration (i.e., lidar backscatter),

consistent with classical plume-rise assumptions.

Taken together, these findings demonstrate that high-

spatiotemporal-resolution measurements of the plume

rise can be used to estimate fire intensity.

This study also provided some insight into entrain-

ment structures in a wildfire convective plume. The lidar

data revealed the prevalence of O(100m)-scale eddies

within the plume that contribute to the covariance of

smoke backscatter and radial velocity perturbations.

The sign of the covariance is such that smoke is dis-

tributed outward and clear air is distributed inward, thus

diluting the smoke concentration and increasing the

plume radius with height via entrainment.

FIG. 8. Smoke, velocity, and shear variations during select RHI scans at three different times (PDT) for smoke backscatter (gray

shading) and (a)–(c) radial velocity (red and blue contours, with a contour interval of 1m s21) or (d)–(f) radial shear (red and blue

contours, with a contour interval of 0.04 s21).
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The results of this single case study indicate that the well-

known Briggs plume-rise equation provides a good de-

scription of the observed plume structure, but some caveats

must be addressed. On the day of our observations, the El

Portal fire was slowly evolving and the plume developed

from an isolated expanding flank of the fire. The plume also

grew into a neutrally stratified boundary layer capped with

an inversion layer. Combined, these factors make the ap-

plication of the Briggs equation relatively straightforward.

More-complex fire perimeters, multicore updrafts, and

plume interaction with complex stratification or wind shear

would all strain the applicability of the Briggs plume-rise

equation. In such cases, more-sophisticated plume-rise

models are likely necessary to predict smoke injection

heights. To this end, future investigations of this kind

should link high-spatiotemporal-resolution observa-

tions of fire intensity, atmospheric structure, and plume-

rise dynamics to understand better the processes

affecting smoke injection height from wildfires.
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