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ABSTRACT: The western U.S. wildfire smoke plumes observed by the upward-pointing Wyoming Cloud Lidar (WCL)
during the Biomass Burning Fluxes of Trace Gases and Aerosols (BB-FLUX) project are investigated in a two-part paper.
Part II here presents the reconstructed vertical structures of seven plumes from airborne WCL measurements. The vertical
structures evident in the fire plume cross sections, supported by in situ measurements, showed that the fire plumes had dis-
tinct macrophysical and microphysical properties, which are closely related to the plume transport, fire emission intensity,
and thermodynamic structure in the boundary layer. All plumes had an injection layer between 2.8 and 4.0 km above mean
sea level, which is generally below the identified boundary layer top height. Plumes that transported upward out of the
boundary layer, such as the Rabbit Foot and Pole Creek fires, formed a higher plume at around 5.5 km. The largest and
highest Pole Creek fire plume was transported farthest and was sampled by University of Wyoming King Air aircraft at
170 km, or 2.3 h, downwind. It was associated with the warmest, driest, deepest boundary layer and the highest wind speed
and turbulence. The Watson Creek fire plume intensified in the afternoon with stronger CO emission and larger smoke
plume height than in the morning, indicating a fire diurnal cycle, but some fire plumes did not intensify in the afternoon.
There were pockets of relatively large irregular aerosol particles at the tops of plumes from active fires. In less-active fire
plumes, the WCL depolarization ratio and passive cavity aerosol spectrometer probe mass mean diameter maximized at a
height that was low in the plume.

KEYWORDS: Aircraft observations; In situ atmospheric observations; Lidars/lidar observations; Remote sensing;
Biomass burning; Wildfires

1. Introduction

Recently, wildfires have become more active and aggressive
in North America as a result of increases in temperature,
drought, and fuel load (Kitzberger et al. 2007; Littell et al.
2009; Westerling 2016). The aerosol particles and trace gases
emitted from wildfires cause negative impacts on air quality
and are harmful to people and the environment (Landis et al.
2018; Meng et al. 2019). These emissions are variable and
depend on for example fire intensity and plume injection
height. The latter influences smoke transport and dispersion.
Wildfire smoke can be transported over continental and trans-
continental distances (Damoah et al. 2004; Derwent et al.
2004; Duck et al. 2007; Lutsch et al. 2016, 2019). Therefore, an
extremely important component in modeling wildfire emis-
sions and thus predicting air quality impact is knowledge of
plume height and plume rise from wildfires.

Labonne et al. (2007) found from Cloud–Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) lidar
measurements that wildfire smoke is often confined to the
planetary boundary layer (PBL), and is rarely lofted higher
than the PBL top. In contrast, Kahn et al. (2008) and Val
Martin et al. (2010), using data from the Multiangle Imaging
SpectroRadiometer (MISR) instrument on board the NASA

Terra satellite, indicated that approximately 5%–18% of
the plumes reached the free troposphere over Alaska and the
Yukon Territories (Canada) in 2004; the altitude of the
observed plumes ranged from a few hundred meters to 4.5 km
above the terrain. The height of plumes from the Tropo-
spheric Monitoring Instrument (TROPOMI; Griffin et al.
2020) are in reasonable agreement with MISR, but the MISR-
derived values represent the top of a smoke plume whereas
the TROPOMI values are derived by profiling downward,
from the top of the plume, into the underlying smoke plume
layers. The disparity between the CALIPSO lidar, MISR, and
TROPOMI (Kahn et al. 2008) highlights the complexities
involved when collecting representative fire plume height
data over a variety of locations.

The factors modulating where plumes level off and start to
advect horizontally (i.e., the smoke injection height) remain
poorly understood and underobserved. Fire intensity, mea-
sured as fire radiative power (FRP), modulates the injection
height (Val Martin et al. 2012; Peterson et al. 2015). Forest
fire emissions typically follow a diurnal cycle with a decrease
in emissions and intensity during the night when fuel mois-
ture, wind, and other ambient atmospheric conditions are less
favorable, and with an increase through the day until the late
afternoon (Ye et al. 2021; Zheng et al. 2021). On the other
hand, fires may modify the structure of the PBL by reducing
the insolation (Youn et al. 2011; Lareau and Clements 2015;Corresponding author: Min Deng, mdeng2@uwyo.edu
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Kochanski et al. 2019). Thus, stable layers and mixing heights
near fires may differ from those resolved by forecast models
and observed by regional radiosonde networks. Meteorologi-
cal observations near wildfires are rare, especially when com-
pared with the established observational record for other
atmospheric processes (e.g., convective storms). This observa-
tional deficit likely stems from the considerable logistical and
safety challenges associated with sampling in the near-fire
environment (Viegas 1998).

These observational deficits, coupled with uncertainties in
plume-rise models, led Val Martin et al. (2012) to conclude
that direct field measurements of fire and smoke plume prop-
erties are required to produce the next major advance in
plume modeling. During the Biomass Burning Fluxes of Trace
Gases and Aerosols (BB-FLUX) project, a suite of active
remote sensing measurements, in situ aerosol and trace gas
measurements, and a flexible airborne platform for vertical
meteorological profiling and fire plume sampling were
deployed to address the deficiencies. The dataset provides a
unique opportunity to study the smoke plume structure and
plume inject height.

In Deng et al. (2022, hereinafter Part I) we introduced
the Wyoming Cloud Lidar (WCL) extinction retrieval and
its evaluation with in situ aerosol measurements from a pas-
sive cavity aerosol spectrometer probe (PCASP), in situ
carbon monoxide (CO) measurements from an Aero-Laser
CO instrument, and CO column measurements from the
University of Colorado Airborne Solar Occultation Flux
(CU AirSOF) instrument. The advantage of the upward-
pointing WCL is its ability to gather information on the ver-
tical structure of the smoke plumes at altitudes larger than
the aircraft flight level.

The probability density functions (PDFs) and cumulative
density function (CDF) of plume top height, optical depth,
and plume physical depth of smoke plume layers identified
from the WCL measurement during BB-FLUX are shown in
Fig. 1. To be clear, the height in this study is height above
mean sea level. The occurrence of multiple-layer smoke
plumes is 20%, and most of these are double layers. The top
heights of these multiple-layer plumes range from 1.5 to 8 km,
and their dominant depth is 300 m. In contrast, the occurrence
of single-layer plumes is 80%. These have top heights that
range from 2 to 6 km and layer depths that range from a few
hundred meter to 2.3 km. The single layers have slightly larger
optical depth than the multiple layers. This assessment is lim-
ited because the WCL only partially sampled in the upward
direction, due to attenuation of the WCL’s laser, and because
attenuation results in underestimation of plume optical depth
and physical depth. The North America smoke plumes
observed by Raman lidar in Europe (Mattis et al. 2008) had
plume top heights from 2 to 8 km and a dominant plume
depth of 2 km. In their analysis of measurements from CAL-
IPSO, Labonne et al. (2007) showed that plume heights
range from 4 to 7 km.

The Figs. 1a–c distributions provide a statistical summary
of smoke plumes over the western United States, but they do
not connect plume height and depth to horizontal plume
extent, plume location relative to the fire source, fire intensity,

and the plume environment. Moreover, fire smoke prediction
requires observational characterization of smoke plumes and
their spatial structure. In Part II, we reconstruct the vertical
structure of individual wildfire plume from consecutive WCL
transects and determine the smoke plume injection height.
Throughout we take advantage of the AirSOF CO column
density as an index of fire intensity, along with the in situ
measurements of meteorological parameters (humidity, ther-
mal stability, wind, and turbulence), to investigate the possi-
ble factors that affect the plume injection height.

FIG. 1. The cumulative probability function (CDF; black lines)
and probability density function (PDF; red lines) of the WCL-iden-
tified smoke plume layer top heights (PTH), optical depth (TAU),
and layer depth (DEPTH) during the entire BB-FLUX project.
Solid lines are for identified multiple layers (100 908 in total) in the
WCL profile; dashed lines are for single layers (430 110 in total) in
the WCL profiles.
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This paper is organized as follows. In section 2, the method
used to reconstruct plume vertical cross sections, based on
WCL-retrieved aerosol extinctions, is described. In the large
context of the WCL cross sections, the in situ measurements
are examined in detail to study the plume internal variation.
In section 3, seven smoke plumes are investigated using the
WCL cross sections and multileg in situ sampling. Section 4
compares the seven plumes in terms of vertical properties of
the fire plumes, the plume width, and plume injection heights.
The possible factors that affect the plume injection height are
explored, such as plume age at a distance downstream of the
fire center, CO emission, and meteorological parameters. A
final summary is provided in section 5.

2. Reconstruction of fire plume and analysis method

For the BB-FLUX project the flight patterns are designed
to include an initial surveillance of the plumes above the fires,
and flight legs perpendicular to the mean wind direction to
measure the biomass burning fluxes of trace gases and aero-
sol. Horizontal extensions of flight legs were performed to
sample the clear background for remote sensing measure-
ments and ascent/descent profiling was conducted for in situ
measurements. During the flight legs perpendicular to the
mean wind, the University of Wyoming King Air (UWKA)
sampled the fire plume along nearly the same ground track
but at different heights to provide a vertical cross section of
the fire plume. The lidar was expected to provide a vertically
resolved cross section of the fire plume from the lowest flight
leg, although the signal was usually attenuated within approxi-
mately 200–1000 m in thick plume. Therefore, those flight legs
only provided a vertical segment of the plume. To determine
the plume injection height from a plume cross section, we
reconstructed the vertical structure of the fire plumes using
consecutive WCL transects from different flight legs applying
the following two steps.

a. Reconstruction of the vertical and horizontal
coordinates according to the flight pattern and
wind direction

The WCL vertical sample resolution is 1.5 m. For the new
coordinates, we use 3.0 m as the vertical resolution so that the
resulted plume still has high resolution and sufficient WCL sam-
pling. As the horizontal coordinate, either the distance to the
plume center or a combination of latitude and longitude coordi-
nates could be used. Because the flight tracks had small devia-
tions between consecutive transects and the location of the
plume center could change as the fire evolved, mapping with dis-
tance to the plume center could be ambiguous and complicated
for the final vertical fire plume reconstruction. The UWKA flew
mostly perpendicular to the wind direction while sampling the
fire plumes, hence the change of latitude or longitude of the
flight track was monotonic. Furthermore, the mapping in lati-
tude or longitude is reliable and suitable for data processing.
Therefore, we use latitude or longitude, depending on the wind
directions, as the horizontal coordinate with a resolution of
0.0048, which corresponds to about 380 m in distance in the

midlatitude. The height and horizontal ranges are selected for
each fire plume case according to the UWKA flight patterns.

b. Mapping of the WCL aerosol extinction coefficients
from different flight legs to the reconstructed
coordinates

Where the WCL was fully attenuated, the observation count
was set to zero, however, if the WCL-derived extinction coeffi-
cient corresponded to smoke or clear sky, the observation was
counted. The vertical profile of the mean aerosol extinction
coefficient was averaged over the multiple flight legs. Near the
plume centerline, the WCL signal tended to be fully attenu-
ated; therefore, the data sample was limited. For the less dense
region of the fire plume, the WCL could profile the atmo-
sphere in each transect; therefore, the reconstructed aerosol
extinction coefficients would be the averaged fire plume struc-
ture over the UWKA sample periods, which ranged from
45 min to 2.5 h. Each flight legs through the fire plumes ranged
from 10 to 20 min depending on the plume width.

The reconstructed WCL vertical extinction coefficient cross
sections allow one to visualize the vertical structure of the fire
plume at a particular time or at a particular downwind dis-
tance in a plume evolution. The cross-section structure is
related to the time history of fire development and to fire
plume transport by wind; therefore, it is an optimal measure
for the plume injection heights. It also provides a large con-
text for the understanding and interpretation of in situ meas-
urements at the flight level. Our analysis procedure includes
the following steps:

1) Analyze the in situ measurements of aerosol and CO con-
centration in the context of the reconstructed extinction
cross sections.

2) Estimate the vertical profile of plume width and the aerosol
concentration-weighted plume width from the reconstructed
cross sections. Our assessment of the plume horizontal
width is corrected to a Cartesian width using the angle
between the flight track and the horizontal coordinate direc-
tion, which will be explained in section 4b.

3) Identify the plume injection height from the vertical profiles
of plume width. Plume injection height has been defined in
several ways in the literature. For example, the plume injec-
tion height in satellite measurements is defined as the maxi-
mum height in the aerosol feature mask (Raffuse et al.
2012; Kahn et al. 2008; Labonne et al. 2007). The plume flat-
tens as it reaches the injection height (Raffuse et al. 2012);
therefore, here it is defined as the height of maximum
plume width or aerosol concentration-weighted plume size.
The aerosol concentration-weighted plume size appears sim-
ilar to the technique using weighted aerosol centroid height
in Lu et al. (2021).

4) Relate the identified plume injection heights to thermody-
namic factors and plume transport.

3. Case studies of vertical fire plume structures

We reconstructed seven fire plumes at different locations,
which are noted in red in Fig. 1 in Part I. A complete list of
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the fire names, distances from the fire centers, meteorological
parameters, and plume injection heights are shown in Table 1.
We use Python’s Geopy library to compute the distance
between the fire area and the aircraft’s location. The library
can estimate the geodesic distance between two given points.
We calculated the mean geodesic distance using the fire cen-
ter coordinates taken from the incident report system (Inci-
Web) and the aircraft position coordinates taken when the
plane sampled the fires. The plume age was estimated using
the distance divided by the averaged wind speed measured on
the aircraft.

a. Double-smoke layer in Rabbit Foot fire on 8 August

The Rabbit Foot fire at the border of Idaho and Montana
took place on 8 August 2018. The UWKA sampled eight legs
of the fire plume at about 25 km downstream (age of 1.2 h) of
the fire center (Table 1) at different height levels from 1.5 to
5 km (Fig. 2a).

The height, longitude, and latitude of UWKA tracks are
shown in Figs. 2a–c. The UWKA flight track shows a clear zig-
zag latitude pattern with time. According to the flight pattern,
we constructed the new coordinate with a vertical range from
1 to 6 km and a horizontal coordinate range from 44.58 to
458N. The CO column density measured from CU AirSOF
(Fig. 2d) at 1.5-km flight height was about 8 3 1018 molecules
per cm2. The WCL-derived CO column shows a very similar
temporal variation in the enhancements when passing under-
neath the plume, but it is smaller than the CUAirSOF measure-
ments and maximizes at approximately 4 3 1018 molecules per
cm2. This difference is due to attenuation of the WCL signal.

The eight WCL flight cross sections mapped to the new
coordinates are shown in Fig. 2h and show a double-layer
structure of the smoke plume. The fire plume below 4 km was
embedded in the boundary layer aerosol, which was centered
at the about 44.78N with maximum extinction coefficient at
about 1 km21 with little vertical variation, indicating a well-
mixed layer. The fresh fire plume above 3 km was tilted to the
north, and its top reached about 5.5 km with an extinction

coefficient of about 5 km21. The in situ aerosol concentrations
from PCASP measurements (Fig. 2e) and WCL extinction
coefficients (Fig. 2f) at the different flight level had a very
good correlation with each other, as shown in the statistical
analysis in Part I. They also consistently change with the verti-
cal intensification and the horizontal shift in Fig. 2h. Below
3 km (black and blue lines in Figs. 2e,f), they were flat on the
southern part of the plume, indicating a well-mixed back-
ground layer, but the northern side decreased gradually to the
southern level. The background aerosol concentration and opti-
cal depth at the sides of the fire plume were about 1000 per cm3

and 0.2, respectively. In the dense fire plume top above 3 km
(green, orange, and red lines in Figs. 2e,f), the aerosol concen-
tration reached about 20 000 per cm3, which is about 20 times
the background aerosol concentration.

The reconstructed extinction coefficient cross section in
Fig. 2h shows three vertical segments in the fresh plume cen-
ter because the ascending/descending WCL transects were
attenuated within 0.2–1 km. The optical depths of WCL trans-
ects in Fig. 2g are generally smaller than 2. However, the com-
posite optical depth (thick dashed line in Fig. 2g) calculated
from the reconstructed extinction coefficients in Fig. 2h maxi-
mizes at 4.5 at the fresh plume center. Since the WCL can
only observe three vertical segments of the fresh plume cen-
ter, we can speculate that its total optical depth should be
larger than 5.

b. Strong diurnal variation in Watson Creek fire on
25 August

The Watson Creek fire in south-central Oregon was sampled
on 25 August 2018. Its plume was sampled for 2.5 h in the morn-
ing at about 30 km (about 1.3 h) downstream of the fire center
from 1.5 to 5 km (Fig. 3a). The CO column density from CU
AirSOF maximized about 7 3 1018 molecules per cm2. The
WCL-derived CO again showed a similar temporal variation but
smaller enhancements relative to CUAirSOF measurements.

The reconstructed extinction cross section (Fig. 3h) shows
that the fire plume was confined below 3.8 km with very high

TABLE 1. Summary list of distance of flight to fire or plume age, temperature T, relative humidity RH, turbulence, wind speed,
and fire injection height by fresh plume width in Fig. 10b (by concentration-weighted plume width in Fig. 10d) of the seven fire
plume cases. The atmospheric turbulence is evaluated using the cubed root of the eddy dissipation rate («1/3; Sharman et al. 2014);
T, RH, and turbulence are averaged over the 2–4.5-km height range. Wind speed is averaged over the fire plume range. The
warmest, driest, windiest, and most turbulent conditions are highlighted in boldface type. Dates are given as two-digit month and
two-digit day (e.g., 0808 = 8 August). Durations are given as hour:minutes.

Date (sample duration),
fire name

Distance of
flight to fire
(km)/age (h)

T
(8C)

RH
(%)

Turbulence
(m2/3 s21)

Wind
speed
(m s21)

PBL top
height (km)

Plume injection
height by

plume width
(by weighted

plume size) (km)

Mean CO
column

concentration 3

1018 molecules
cm22

0808 (1:40), Rabbit Foot 25/1.2 14.0 25 0.11 6.0 [2.5, 4.5] 3.0 (5.3) 8
0825a (2:30), Watson Creek 30/1.2 6.4 36 0.04 6.5 [1.5, 3.0] 2.8 (2.9) 6
0825b (1:10), Watson Creek 35/1.1 6.9 41 0.06 9.1 [3.0, 4.0] 4.0 (4.0) 12
0831 (2:00), Stewart Creek 25/1.0 6.5 36 0.13 7.2 [2.0, 4.0] 3.8 (4.2) 2
0906a (0:45), Miriam 6/0.3 6.5 38 0.06 6.0 [1.5, 3.0] 3.3 (3.3) 2
0906b (1:35), Miriam 10/0.3 6.2 44 0.06 6.7 [3.0, 3.5] 3.2 (3.3) 3
0915 (2:10), Pole Creek 170/2.4 14.0 21 0.12 15.5 [3.5, 5.0] 3.5 (5.5) 6
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extinction coefficients in the fire plume center and in the bound-
ary layer. The WCL signals at the fire plume center could only
reach to about 3 km, while the observed edges of the fire plume
extended to 4 km. The fire plume seemed embedded in a
denser boundary layer aerosol layer relative to the Rabbit Foot
fire in section 3a. The in situ aerosol concentration and extinc-
tion coefficients at flight level had less obvious vertical varia-
tions than the Rabbit Foot fire. The aerosol concentration and
optical depth on the southern side of the fire plume were flat at
about 2000 per cm3 and 0.5, respectively. In the dense fire
plume, the aerosol concentration and the composite optical
depth reached about 20000 per cm3 and 5, respectively, which
were more than 10 times as large as the background aerosol.

The UWKA sampled the Watson Creek fire for a second
time one hour later in the afternoon with stacked flight heights
from 1.5 to 5.5 km at about 35 km (∼1.1 h) downstream of the
fire center. The CO column concentration from CU AirSOF
(Fig. 4d) maximized about 16 3 1018 molecules per cm2, which
was about 2.5 times that in the morning. It had the most inten-
sive CO emission among the seven cases. The extinction coeffi-
cient cross section in Fig. 4h shows a more complete fresh plume
cross section than the Rabbit Foot fire plume. The extinction
coefficients decrease from the center to both side edges. The

plume horizontal width increases linearly with height. This find-
ing is consistent with the plume cross sections observed with
scanning Doppler lidar in Lareau and Clements (2017), indicat-
ing the strong uplift of aerosol or plume rise. However, in Fig.
4h, the extinction coefficient increases with height, which is
opposite to the finding in Lareau and Clements (2017).

The fire plume top was around 4.5 km, which was taller
than the morning fire plume. The aerosol on the side of the
plume had aerosol number concentration of 1000 per cm3 and
optical depth of 0.1, which was reduced by a factor of 2, rela-
tive to the morning plume. The fire plume top at 4.5 km
included pockets of aerosol with number concentrations
reaching up to 30 000 per cm3 and extinction coefficients up to
10 km21. The composite optical depth at the fire plume center
shown in Fig. 4g was 10. The comparison of the in situ and
remote sensing measurements as well as the extinction cross
section in the morning and the afternoon suggests that the
Watson Creek fire plume intensified in the afternoon, while
the boundary layer aerosol concentration decreased.

c. Weak smoke plume in Stewart Creek fire on 31 August

The Stewart Creek fire occurred in central of Idaho. On
31 August 2018, the UWKA sampled the fire plume for about

FIG. 2. For the Rabbit Foot fire on 8 Aug 2018, time series of (a) UWKA flight height, (b) latitude, (c) longitude, (d) column CO concen-
tration from AirSOF measurements (blue line) and derived from the WCL using the PDF mode (black line) and fit method (yellow line),
which were described in Part I. Also shown are data from consecutive flight legs of (e) in situ aerosol concentrations from the PCASP,
(f) WCL-retrieved aerosol extinction coefficients averaged within 150 m of the UWKA flight level, and (g) WCL-measured aerosol optical
depth. They are color-coded for measurements at different flight height levels: below 2 km is black, between 2 and 3 km is blue, between 3
and 4 km is green, between 4 and 5 km is orange, and above 5 km is red. The composite mean optical depth from the reconstructed extinc-
tion coefficient in (h) is plotted in (g) as a thick dashed line. (h) Composite plume vertical extinction coefficients of the Rabbit Foot fire on
8 Aug 2018; its PBL heights examined from the UWKA wind, potential temperature, and humidity profiles during the sampling period are
denoted with dashed lines.
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2 h at about 25 km (∼1.1 h) downstream. The CO columns
from CU AirSOF (Fig. 5d) peaks around 2 3 1018 molecules
per cm2. For the smoky peaks, the CO columns from the CU
AirSOF and WCL derivation are close to each other, but for

the background aerosol region, the AirSOF is generally larger
than the WCL derivation. There are two possible reasons for
this. First, the correlation of the WCL extinction and NCAR
CO concentration in Fig. 8 in Part I in the small extinction

FIG. 3. As in Fig. 2, but for the Watson Creek fire in the morning on 25 Aug 2018.

FIG. 4. As in Fig. 2, but for the Watson Creek fire in the afternoon on 25 Aug 2018.
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coefficient region is poorer; therefore, the WCL-derived CO
column has a larger error. Second, we can see that the AirSOF
CO column concentrations in Figs. 2d, 3d, and 4d are seen to
minimize at about 1 3 1018 molecules per cm2, which might be
the minimum sensitivity of the AirSOF measurement.

The extinction coefficient cross section in Fig. 5h is showing
a fire plume that seems lofted above 2 km since there was a
minimum extinction coefficient around the smoke plume base.
The plume was confined below 4.5 km with a left-side skewed
vertical structure where extinction coefficients were generally
less than 1 km21. The background environment on the sides
was relatively clearer than the previous cases with aerosol con-
centrations measured from PCASP (Fig. 5e) of less than
500 per cm3, and aerosol optical depth (Fig. 5g) of about 0.1.
The in situ aerosol concentration and extinction coefficients at
flight levels had small vertical variations and the vertical tilt-
ing. The composite optical depth of the fire plume was around
0.5, which was smaller than some of WCL transects, especially
on the southern side, indicating that the reconstructed WCL
aerosol extinction coefficients was the averaged WCL observa-
tions over the 2-h periods and the southern edge of the fire
plume had larger temporal and spatial variations. Even for a
weak smoke plume like Stewart Creek fire, the active fire
plume top tended to have denser aerosol.

d. Weak diurnal variation in Miriam fire on 6 September

The Miriam fire occurred in south-central of Washington
State. On 6 September 2018, the UWKA sampled it for less than
1 h in the morning at about 6 km (about 15 min) downstream of
the fire center, which was sampled closest to the fire source. The

column CO concentrations from CU AirSOF (Fig. 6d) maxi-
mized around 2 3 1018 molecules per cm2, which is the smallest
value for the seven cases. The WCL measurements agreed with
the CU SOF measurements. The extinction cross section in
Fig. 6h shows that a small fire plume was embedded in a rela-
tively dense layer of background aerosol below 3 km, which was
confirmed by the in situ aerosol concentration in Fig. 6e at
2000 per cm3. The center of the plume shot up to 4 km, thick
aerosol detrained from the center to the western side at about
3 km like anvil clouds. The in situ aerosol concentrations and
flight level extinction coefficients in the fire plume in Figs. 6e and
6f increased very little with height. The composite optical depth
maximizes at 1, which is similar to the individual WCL transect.

About 75 min later, the UWKA sampled the Miriam fire
for about 1.5 h in the afternoon. The column density of CO
from CU AirSOF measurements maximized at 33 1018 mole-
cules per cm2. The WCL-derived CO concentration agreed
very well with CU SOF measurements except for the finer
temporal structures. The reconstructed WCL extinction coef-
ficient cross section is shown in Fig. 7h. When compared with
the morning measurements, the background aerosol seemed
to be diluted a little since the in situ concentrations and the
flight level extinction coefficients decreased by a factor of 2.
The fire plume spread slightly more horizontally in the after-
noon. In comparison with the Watson Creek fire, this fire did
not seem to intensify as strongly in the afternoon.

e. Double-layer smoke in Pole Creek fire on 15 September

The Pole Creek fire occurred at the northeast corner of
Utah. On 15 September 2018, the fire smoke was transported

FIG. 5. As in Fig. 2, but for the Steward Creek fire on 31 Aug 2018.
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northeasterly quickly due to the strong wind. The UWKA
sampled it for more than 2 h in the afternoon at about 170 km
(∼2.4 h) downstream of the fire center. For the seven cases
analyzed, the distance is the largest. The UWKA sampled the
fire from 2 to 6 km since the fire had the highest fire plume
top. The extinction cross section in Fig. 8h, shows a similar
double-layer vertical structure as the Rabbit Foot fire on
8 August (Fig. 2h). The fire plume below 3.5 km seemed well
mixed with little vertical variation. The extinction coefficients
and aerosol concentrations decreased from the fire plume
center at about 1.0 km21 and 10 000 per cm3 to less than
0.01 km21 and less than 500 per cm3 in the background,
respectively, indicating a cleaner environment in the Salt
Lake City (Utah) Valley. Above 3 km, the UWKA flew
through the fire plume with three trapezoid transects. The
WCL signal was fully attenuated in 500 m in the fire plume
center, leaving a big gap in the vertical structure in Fig. 8h.
Wavelike structures are evident on the eastern side of this
smoke plume at 5–6 km. The crosswind spreading at 5–6 km
is farther than the lower boundary layer spreading.

4. Intracomparison of the fire plume cases

a. Vertical properties of the fire plumes from in situ and
WCL measurements

The mean vertical profiles of the fire plume properties from
in situ measurement during the plume sample period are
shown Figs. 9a–c. The mean WCL-derived aerosol concentra-
tion and depolarization ratio from the reconstructed cross

section are shown in Figs. 9d and 9e. The in situ measured
CO concentration and PCASP aerosol number concentration
are positively correlated in Figs. 9a and 9b. These CO and
aerosol values are largest in the Watson Creek (0825; blue
line), and the top layers of Pole Creek (0915; orange line) and
Rabbit Foot (0808; black line) plumes, especially at the fire
plume top. The CO concentration of Watson Creek fire in the
morning was around 800 ppbv, whereas it almost doubled in
the afternoon as the plume top increased from 3.5 to 4.5 km.
The CO values for the Stewart Creek fire (0831; green) and
Mariam fire (0906, red lines) were less than 300 ppbv overall.

Applying the mean relationships between PCASP aerosol
concentrations and the WCL extinction coefficients (Fig. 8 and
Table 1 in Part I), we generated the aerosol concentration verti-
cal cross sections from the extinction cross sections. The resulted
mean vertical profile is shown in Fig. 9d. Relative to the in situ
measurement, the WCL-derived concentrations extend the in
situ data for a much clearer vertical pattern beyond the flight
altitudes. The WCL-derived aerosol concentrations within the
Pole Creek (Orange), Rabbit Foot (black), and Watson Creek
(blue) plumes increased with height to the plume top with lots
of fine fluctuations as the in situ measurements did in Fig. 8b,
whereas the WCL derivation extended the in situ data for a
much clearer vertical pattern beyond the flight altitude. This fine
fluctuation is consistent with the vertical structures in Figs. 2, 4,
and 8, and indicate that the tops of these of strong active fire
plumes hold pockets of the large CO and aerosol concentra-
tions. Lareau and Clements (2017) examined one plume vertical
cross section using Doppler lidar measurement. They also found
smoke backscattering fluctuations, which is correlated with

FIG. 6. As in Fig. 2, but for the Mariam fire in the morning on 6 Sep 2018.
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radial velocity fluctuation. The coherent smoke–velocity fluctua-
tions redistribute smoke outward from the plume core and mix
clear air inward. In the case of the Pole Creek fire, these CO
and aerosol enhanced concentrations were associated with maxi-
mal values of depolarization (Fig. 9e) suggest the presence of
nonspherical aerosol particles. In the two Miriam cases, the
depolarization values increased in the downward direction and
maximized at 1.8 km.

The mean vertical profiles of the PCASP-derived aerosol
mass mean diameters Dmm are shown in Fig. 9c. The Dmm of
the Watson Creek fire, in the afternoon, and the Pole Creek
fire increased with increasing height and reached up to more
than 0.25 mm at the plume top, consistent with the WCL-
measured linear depolarization ratio (LDR) profiles in Fig. 9e,
although the LDR of the Pole Creek fire was overall larger
than in the other cases, probably indicating more large irregu-
lar aerosol particles were being pumped into the upper tropo-
sphere. The Dmm in plume in the Watson Creek fire, in the
morning, and the Miriam Creek fire decreased slightly with
increasing height, as did their LDRs, shown in Fig. 9e.

b. Vertical distributions and plume injection heights from
WCL measurements

The vertical profiles of plume widths, derived from the
extinction cross sections in Figs. 2–8, are shown in Figs. 10a–d.
The plume widths in the four panels are calculated by first
counting all aerosol occurrence (Fig. 10a), thick fire plume
occurrence after excluding the background aerosol with an
extinction coefficient threshold of 0.2 km21 (Fig. 10b), con-
centration-weighted all aerosol occurrences (Fig. 10c), and

concentration-weighted thick fire plume occurrence at each
height level (Fig. 10d). These counted plume widths are then
corrected using the angle between the flight track and the
mapping horizontal coordinate. The actual plume widths are
normalized by the maximum width of the Pole Creek fire for
a relative size comparison in Fig. 10.

The ranks of the plume width corresponding to all aerosols
(Fig. 10a) were Pole Creek (0915; orange), Miriam morning
(0906a; solid red), Watson Creek morning (0825a; solid blue),
Miriam afternoon (0906b; dashed red), Rabbit Foot (0808;
black), Watson Creek afternoon (0825b; dashed blue), and
Stewart Creek fires (0831; green). However, the amplitude of
these vertical profiles is somewhat diminished in the Rabbit
Foot and Pole Creek cases because of WCL attenuation. In
addition, the ambient aerosol abundance was stronger in the
Miriam morning case than in the others.

The ranks of the plume width of fresh thick plume
(Fig. 10b) were Pole Creek (0915; orange), Watson Creek
morning (0825a; solid blue), Watson Creek afternoon (0825b;
dashed blue), Miriam afternoon (0906b; dashed red), Miriam
morning (0906a; solid red), Rabbit Foot (black), and Stewart
Creek fires (green). As compared with findings discussed in
the previous paragraph, the Miriam morning/afternoon pair
ranked in reverse. This is because of the exclusion of the
ambient aerosol from the Miriam morning case. Also, Watson
Creek afternoon fire ranking increased because of afternoon
intensification of that fire noted earlier. The height of their
maximum plume width of the thick fire plumes (as the plume
injection height) were 3.5 km (0915; orange), 2.8 km (0825a;
solid blue), 4.0 km (0825b; dashed blue), 3.2 km (0906b;

FIG. 7. As in Fig. 2, but for the Mariam fire in the afternoon on 6 Sep 2018.
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dashed red), 3.3 km (0906a; solid red), 3.0 km (0808; black),
and 3.8 km (0831; green), which are all below 4 km.

The aerosol concentration-weighted plume width, shown in
Figs. 10c and 10d, made the top layers of the Rabbit Foot and
Pole Creek fires, and the Watson Creek afternoon fire more
prominent because of the aerosol concentration vertical strati-
fication. Their weighted plume widths quickly decrease with

height above their peaks at 5.3, 5.5, and 4.0 km, respectively.
In these cases, the plume injection height defined by aerosol
concentration-weighted plume size and the slope of aerosol
concentration should be consistent. The plume injection
heights from the fresh plume width in Fig. 10b and the con-
centration-weighted fresh plume width Fig. 10d peaked at one
of the double aerosol layers of the Rabbit Foot and Pole

FIG. 9. Mean vertical profiles of (a) in situ sampled CO concentration, (b) PSCAP aerosol number concentration (number per cm3,
scaled by 1023), (c) PCASP-derived mass mean diameter averaged during the plume sampling period, (d) WCL-derived aerosol concentra-
tion, and (e) WCL depolarization ratio averaged over the thick plume in the reconstructed cross sections in Figs. 2h–8h.

FIG. 8. As in Fig. 2, but for the Pole Creek fire on 15 Sep 2018.
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Creek fire. However, the plume injection heights from two
calculation methods were very similar in the Watson Creek,
Steward Creek, and Miriam fires.

The plume sizes calculated from the four methods show dif-
ferent characteristics about the plume. The resulted plume
injection height depends on whether the instrument can dis-
criminate the background aerosol and the fresh plume, and
whether it is defined by smoke size or smoke aerosol concen-
tration-weighted plume size.

c. Vertical thermodynamic structures and PBL heights

The injection height of a smoke plume is controlled by the
plume dynamics, which are driven by both the energy
released by the fire and the ambient atmospheric conditions

(Kahn et al. 2007; Labonne et al. 2007). For example, the
ambient atmospheric stability acts on the level of plume
uplifting, and the degree of turbulent mixing occurring at the
edge of the plume affects the entrainment and detrainment of
ambient air into the plume, decreasing positive plume buoy-
ancy, and decreasing the vertical transport of smoke to the
free troposphere (Kahn et al. 2007).

Figure 11 shows the time-mean vertical profiles of the mete-
orological parameters from the UWKA. Below 4 km, the
temperature profiles of Rabbit Foot (0808; black) and Pole
Creek (0915; orange) fires in Fig. 11a were about 108C
warmer than other cases. The relative humidity below 4 km in
Fig. 11c shows that the Pole Creek fire was the driest,
seconded by the Rabbit Foot fire, which were 10%–20% drier

FIG. 10. Vertical profiles of relative plume width from (a) all aerosol, (b) thick fire plume, (c) concentration-weighted all aerosol, and
(d) concentration-weighted thick fire plume. They are all normalized by the maximum width of the Pole Creek fire.

FIG. 11. Time-mean vertical profiles of (a) temperature, (b) relative humidity, (c) turbulence, and (d) wind speed from the UWKA aircraft
measurements during the plume sampling period.
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than other cases. The turbulence or eddy dissipation rate in
both the Pole Creek and Rabbit Foot fires were also strong.
The wind speed in Pole Creek fire was the highest, while the
Rabbit Foot had the lowest wind speed of all cases, which sup-
ports that the Pole Creek plume size was much larger than
the Rabbit Foot fire.

To relate the plume injection height with the PBL height,
we estimated the PBL height from the UWKA instant pro-
files of wind speed, potential temperature, and water vapor
mixing ratio. One example is shown in Fig. 12 for Watson
Creek fire plume in the afternoon. Relative to the free tro-
posphere, the boundary layer is associated with lower wind
speed and/or higher water vapor mixing ratio. The top of
the PBL is often associated with a steep increase of poten-
tial temperature with height. For the case in Fig. 12, the
PBL top is from 3 to 4 km where increases of potential tem-
perature and decreases of water vapor mixing ratio are evi-
dent. The wind speed has no obvious change in this region
for this case. A similar method for PBL top determination
was applied in Lareau and Clements (2017). The PBL top
heights for the seven cases are listed in Table 1 and shown
in Figs. 2h, 3h, 4h, 5h, 6h, 7h, and 8h within dashed black
lines. Except for the Rabbit Foot (0808) and Pole Creek
(0915) cases, 90% of the fire smoke is within the PBL. For
the Rabbit Foot and Pole Creek fires, the PBL top heights
reach 4.5 and 5 km, respectively, which are higher than
other cases. The plume inject heights for these two cases by
fresh plum width are 3.0 and 3.5 km (Fig. 10b) and are
below the PBL top heights. However, their second smoke
layers penetrated through the PBL and brought up the very
dense smoke aerosol. For the Pole Creek case, this higher
layer was spread even farther than the boundary layer
shown in Fig. 8h. This finding may indicate that the buoyant
smoke plume layer that breaks through PBL tends to be
transported farther downwind (Wandinger et al. 2002;
Müller et al. 2005; Mattis et al. 2008; Baars et al. 2021).

The plume injection height varies as the plume transports.
We are aware that WCL cross section is just one slice of the
plume at a particular distance and age. The Miriam fire
plumes on 0906 were about 15 min away from their fire cen-
ter, and it had a relatively small plume width among the seven
cases. Pole Creek fire on 0915 was observed at the largest
downwind distance and had the tallest and broadest plume.
The Rabbit Foot (0808), Watson Creek (0825), and Steward
Creek fire (0831) were sampled around 1 h away from their
fire centers. Watson Creek fire plumes were wider than the
Stewart Creek plume, and the Rabbit Foot fire plume was
taller than the Steward Creek fire plume, indicating that
plume size and height also depend on the fire development.
The fire CO mass flux can be calculated by integrating the
product of vertical column density and wind fields normal to
the flight for the smoke plume underpass. The fire duration,
burned area, CO mass fluxes, and FRP of these fire cases are
examined in Romero-Alvarez et al. (2022, manuscript submit-
ted to ACS Earth Space Chem.). Mass fluxes, burned area,
and FRP in the Pole Creek, Rabbit Foot, and Watson fires
were much larger than those in the Steward Creek and
Mariam fires.

5. Summary

As the Part II of the wildfire smoke observation in western
United States from airborne WCL measurement during the
BB-FLUX Project, the vertical structures of fire plumes were
reconstructed with consecutive WCL transects for seven cases
from five different wildfires, which were sampled by UWKA
at different distances from their fire centers, ranging from 6 to
170 km. Plume age was between 0.3 and 2.4 h. The vertical
structures of the fire plume cross sections and in situ measure-
ments at different heights showed the fire plumes exhibited
different macrophysical and microphysical properties. The
main points that we found from this study are as follows:

FIG. 12. The UWKA instant profiles of wind speed, potential temperature (theta), and water vapor mixing ratio for the 0825b plume sam-
pling in Fig. 5. The estimated boundary layer top height is highlighted in the red-outlined boxes.
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1) The seven cases had a plume injection height between 2.8
and 4.0 km. Most aerosol within this layer were well
mixed, and most were confined within the boundary layer.
For fire plumes that penetrated through the boundary
layer top, such as the Rabbit Foot and Pole Creek fires,
they formed a lofted plume layer at around 5.5 km. This
plume layer reached the free troposphere and then could
be transported over very long distances.

2) UWKA sampling was conducted at a distance from the fire
center, which was variable in plume evolution/transport. The
Pole Creek fire plume was sampled at the largest downwind
distance and was largest in both the vertical and crosswind
directions. It exhibited aerosol above the boundary layer
top. The Miriam fire plumes on 0906 were about 15 min
away from their fire center, and they had the relatively small
plume width among the seven cases. This observation is con-
sistent with the notion that injection into the free tropo-
sphere can occur in association with plume transport.

3) Plume diurnal variation depends on the fire emission and
the PBL height. The comparison of the Watson Creek fire
in the morning and in the afternoon showed that the
plume of this active strong fire was uplifted in the after-
noon as the PBL height increased. However, the Miriam
fire plume did not change a lot in the afternoon, and a
very little thermodynamical change in the PBL was found
in that case.

4) The plume structure was relatable to the thermodynamic
characteristics of the PBL and fire intensity. The mass
fluxes, burned area, and FRP in Pole Creek, Rabbit Foot,
and Watson fires were much larger than those in the
Steward Creek and Mariam fires; therefore, the plume size
is smaller, and the plume height is lower in Steward Creek
and Mariam fires. The highest elevated plumes in the
Rabbit Foot and Pole Creek fires had the warmest and dri-
est boundary layer. Additionally, the Pole Creek fire had
the highest wind speed and turbulence kinetic energy. These
ambient properties likely enhanced the crosswind and verti-
cal spreading of the Pole Creek fire.

5) The WCL-based aerosol concentration and depolarization
data showed that nonspherical particles and enhanced
aerosol particle concentrations coexisted at the top of Pole
Creek plume top. In a less-active fire (Miriam), the degree
of depolarization increased somewhat in the downward
direction and maximized rather low in the plume. Since
the depolarization signal is indicative of the presence of
nonspherical aerosol particles, future studies of the aerosol
interactions in fire plumes may benefit from the depolari-
zation capability of the WCL and other lidars.

TheWCL processing technique described in this study demon-
strated that the flight pattern design is important for plume sam-
pling. During BB-FLUX, only an upward WCL was deployed.
In the future, a combination of upward- and downward-pointing
lidars and along-plume sampling will be proposed to enhance
understanding of the plume transport and aging processes.
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