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ABSTRACT: The 2019 Fire Influence on Regional to Global Environments and Air Quality (FIREX-AQ) 
field experiment obtained a diverse set of in situ and remotely sensed measurements before and 
during a pyrocumulonimbus (pyroCb) event over the Williams Flats fire in Washington State. This 
unique dataset confirms that pyroCb activity is an efficient vertical smoke transport pathway into 
the upper troposphere and lower stratosphere (UTLS). The magnitude of smoke plumes observed in 
the UTLS has increased significantly in recent years, following unprecedented wildfire and pyroCb 
activity observed worldwide. The FIREX-AQ pyroCb dataset is therefore extremely relevant to a broad 
community, providing the first measurements of fresh smoke exhaust in the upper troposphere, 
including from within active pyroCb cloud tops. High-resolution remote sensing reveals that three 
plume cores linked to localized fire fronts, burning primarily in dense forest fuels, contributed to four 
total pyroCb “pulses.” Rapid changes in fire geometry and spatial extent dramatically influenced 
the magnitude, behavior, and duration of pyroCb activity. Cloud probe measurements and weather 
radar identify the presence of large ice particles within the pyroCb and hydrometers below cloud 
base, indicating precipitation development. The resulting feedbacks suggest that vertical smoke 
transport efficiency was reduced slightly when compared with intense pyroCb events reaching 
the lower stratosphere. Physical and optical aerosol property measurements in pyroCb exhaust 
are compared with previous assumptions. A large suite of aerosol and gas-phase chemistry 
measurements sets a foundation for future studies aimed at understanding the composition of 
smoke plumes lifted by pyroconvection into the UTLS and their role in the climate system.
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F ire-induced and smoke-infused thunderstorms, known as pyrocumulonimbus or pyroCb, 
are rapidly gaining scientific attention following the unprecedented wildfire activity 
observed in several regions worldwide since 2017. These unique storms act as “large 

chimneys” (Fromm et al. 2019), rapidly transporting smoke particles from the surface to the 
upper troposphere and lower stratosphere (UTLS). Smoke plumes injected into the lower 
stratosphere by recent pyroCb events in Canada and Australia have traveled around the globe, 
persisted for months, and altered dynamic circulation and radiative forcing across large 
regions (Peterson et al. 2018, 2021; Christian et al. 2019; Yu et al. 2019, 2021; Allen et al. 
2020; Kablick et al. 2020; Khaykin et al. 2020; Torres et al. 2020; Das et al. 2021; Fromm 
et al. 2021; Lestrelin et al. 2021). This class of pyroCb smoke plumes rivals significant volcanic 
eruptions when comparing the aerosol particle mass injected into the stratosphere (Peterson 
et al. 2018, 2021). Motivation to understand the role of pyroCb activity in the climate system 
has therefore increased significantly, especially as seasonal fire activity continues to increase 
in severity in several fire-prone regions worldwide (Abatzoglou et al. 2019; Di Virgilio et al. 
2019; Canadell et al. 2021). The 2019 Fire Influence on Regional to Global Environments 
and Air Quality (FIREX-AQ) experiment made a significant advancement in this endeavor by 
obtaining a diverse set of in situ and remotely sensed measurements of pyroCb activity over 
the Williams Flats fire in Washington State.

Existing measurements of pyroCb activity and ensuing smoke plumes in the UTLS are 
extremely rare. Since the advent of pyroCb research in the early 2000s (Fromm et al. 2000; 
Fromm and Servranckx 2003), only a few observational studies obtained in situ measurements 
with biomass burning characteristics in the UTLS that were attributed to a pyroCb source 
(Livesey et al. 2004; Dahlkötter et al. 2014). As understanding of pyroCb activity matured, 
mysterious smoke plumes identified in additional observational studies of the UTLS (Waibel 
et al. 1999; Jost et al. 2004; Ray et al. 2004; Reid et al. 2017) were eventually attributed to 
pyroCb activity (Fromm et al. 2019). However, all of these studies involved UTLS smoke plumes 
measured days to months after pyroCb cessation, well downwind of the fire.
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Ground-based radar and lidar have been deployed in close proximity to fires, identifying 
the fine-scale dynamics of pyroCb activity and the pyrocumulus (pyroCu) precursor stage 
(Clements et al. 2018; McCarthy et al. 2018). When combined with radiosonde data, these 
observations provide detailed information on condensation within plumes and the influence 
of vertical wind shear (Lareau and Clements 2016). Recently, an airborne platform equipped 
with cloud radar and weather instrumentation provided observations of fine-scale plume 
dynamics involved in triggering pyroCb development as part of the Rapid Deployments to 
Wildfires Experiment (RaDFIRE; Clements et al. 2018). One flight transect penetrated a plume 
just below cloud base, revealing that pyroCb updraft speeds can rival those of supercell 
thunderstorms (Rodriguez et al. 2020). Radiation measurements within large pyroCu have 
also been obtained using an airborne platform (Gatebe et al. 2012). However, the few exist-
ing airborne measurements of pyroCu and pyroCb near the fire are limited to relatively low 
altitudes and do not include the high-altitude smoke outflow.

FIREX-AQ filled a significant observational gap by obtaining the first measurements from 
within the upper portion of an active pyroCb and young smoke outflow in the upper tropo-
sphere using the world’s largest flying laboratory (NASA’s DC-8 aircraft). Observations from 
the remote sensing payload on NASA’s high-altitude ER-2 aircraft and ground-based weather 
radar provide additional information before and during pyroCb development. This diverse set 
of measurements serves as validation for a variety of existing studies that relied on satellite  
observations to characterize pyroCb activity (e.g., Fromm et al. 2005, 2008a,b, 2010,  
Rosenfeld et al. 2007). It provides the means to evaluate existing assumptions required to 
detect pyroCb activity from space (Peterson et al. 2017b) and model the ensuing UTLS smoke 
plumes in chemical transport and climate models (e.g., Christian et al. 2019; Yu et al. 2019). 
It also addresses several unknowns in pyroCb research, including the fire characteristics 
and fuel consumption contributing to pyroCb development and the effect of smoke on cloud 
particle microphysics. Information on aerosol optical properties and chemical transformations 
in the ensuing, high-altitude smoke outflow ultimately sets a foundation for future studies 
aimed at understanding the role of pyroCb activity in a warming climate.

Meteorology influencing pyroCb activity and airborne sampling
PyroCb activity sampled by FIREX-AQ at the Williams Flats fire began at approximately  
2200 UTC [1500 local time (LT), UTC − 7 h] 8 August 2019 and persisted through 0400 UTC  
9 August (2100 LT). During this period, the fire was located within a decaying high pressure ridge, 
directly ahead of a large low pressure trough approaching the Pacific Northwest coastline 
(Fig. 1a). This “ridge breakdown” synoptic weather pattern is well recognized for its role in  
supporting extreme fire behavior in several regions worldwide, including pyroCb development  
(Nimchuk 1983; Westphal and Toon 1991; Potter 2012; Peterson et al. 2015, 2017a, 
2018, 2021). An approaching deep-layer trough facilitates moisture transport and decreased 
stability in the midtroposphere above a deep, hot, dry, and unstable near-surface mixed layer. 
This meteorological environment allows deep, moist convection to develop simultaneously 
with intense fire activity at the surface.

The 0000 UTC radiosonde sounding at Spokane, Washington (OTX), on 9 August (1700 LT 
8 August) revealed an “inverted V” thermodynamic profile that fits a previously developed 
conceptual model for pyroCb development in western North America (Fig. 1b; Peterson et al. 
2017a). A large dewpoint depression at the surface (high temperature and low dewpoint), 
combined with a nearly dry adiabatic lapse rate in the mixed layer, facilitated low fuel mois-
ture, plume dominated fire behavior, and propensity for fire spotting (e.g., Sullivan and 
Matthews 2013; Egorova et al. 2020). The sounding also exhibited a deep moist layer in the 
midtroposphere, minimal stable layers to inhibit convection, and 1158 J kg−1 of convective 
available potential energy (CAPE) when lifting the most unstable parcel from the mixed layer. 
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While large CAPE is generally favorable for thunderstorm development, air parcels heated 
by the Williams Flats fire contributed additional instability, known as fire-induced CAPE 
(Potter 2005; Tory et al. 2018). This thermodynamic environment, combined with a relatively 

Fig. 1. Meteorology driving pyroCb activity over Williams Flats. (a) The map highlights the primary  
synoptic weather features during the pyroCb event (0000 UTC), with the center of an approaching  
trough denoted by a red “L.” Black contours are 500-hPa heights from the ECMWF Reanalysis (ERA5).  
Green shading indicates positive anomalies of total column precipitable water derived from ERA5. 
The location of Williams Flats (47.98°N, 118.624°W) is marked with a fire symbol and Spokane, 
Washington (OTX), is identified with a red star. (b) A corresponding thermodynamic profile is  
provided from the OTX 0000 UTC radiosonde, with red and blue curves indicating the environmental  
temperature and dewpoint, respectively. Brown curve indicates the approximate pyroCb parcel 
path. Profile of wind speed and direction is displayed on the right (1 kt ≈ 0.51 m s−1). Important 
vertical levels in the pyroCb cloud layer are annotated in purple text and dashed lines. Tropopause 
is marked by a dashed orange line. Photo from 0119 UTC provides an approximate visual reference  
for smoke plume and cloud characteristics at each vertical level.
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low average wind speed in the mixed layer (5 kt or 2.6 m s−1; 1 kt ≈ 0.51 m s−1) and minimal 
shear, facilitated significant vertical smoke plume growth. Relatively small fire heating was 
therefore required to support an updraft capable of reaching the level of free convection, 
condensing, and ultimately triggering pyroCb development (Tory and Kepert 2021; Leach and 
Gibson 2021). This is true even when lifting a parcel derived from the upper portion of the 
mixed layer to account for potential entrainment and dilution within the rising plume (Fig. 1b, 
brown curve). PyroCb cloud tops reached approximately 10 km, coinciding with a weak stable 
layer [equilibrium level (EL)] in the upper troposphere. PyroCb activity did not overshoot the 
tropopause (11.6 km). The pyroCb lifting condensation level (LCL) was approximately 4.3 km 
(3.6 km above ground level at OTX), which is typical of high-based thunderstorms and pyroCb 
activity in western North America (Peterson et al. 2015, 2017a). The photo in Fig. 1b provides 
an example of the deep smoke plume and high cloud bases associated with the pyroCb 
activity sampled by FIREX-AQ.

Fire intensity was approximated during the primary burning period of the Williams Flats 
fire using an hourly time series of fire radiative power (FRP, units of MW; Peterson et al. 
2015, 2021) retrieved from Advanced Baseline Imager (ABI) on the Geostationary Operational 
Environmental Satellite observing western North America (GOES-West, currently GOES-17), as 
shown in Fig. 2. Fire spread was approximated using nightly fire perimeter maps from the 
U.S. Forest Service (USFS) National Infrared Operations (NIROPS), revealing a gradual in-
crease as the high pressure ridge broke down during 6–8 August (Fig. 1a). FRP concurrently  
increased during this period, especially during the local nighttime hours. Similar meteorology 
and deviations from a typical fire diurnal cycle were associated with the most extreme fire 
behavior and pyroCb activity observed during many previous events, including the 2013 Rim 
Fire in California (Peterson et al. 2015; Saide et al. 2015), the 2017 Pacific Northwest Event 
in Canada (Peterson et al. 2018; Fromm et al. 2021), and the 2019/20 Australian New Year 
Super Outbreak (ANYSO; Peterson et al. 2021). The FIREX-AQ forecasting team therefore 
recognized the potential for increasingly extreme fire behavior and moist pyroconvection 
(pyroCu and pyroCb) several days in advance. Small pyroCu were observed on 6 August and 
larger pyroCu were observed by the evening of 7 August. A separate pyroCb event preceded 

Fig. 2. Williams Flats time series of normalized hourly FRP from GOES-17 (blue) based on the 
methods of Peterson et al. (2015, 2021) and cumulative fire area derived from nighttime NIROPS 
observations (red). PyroCb events are highlighted in green, with additional annotations provided 
for context and clarity. Nighttime periods are shaded in gray. Daytime periods coinciding with 
measurements from the NASA DC-8 and ER-2 aircraft are denoted by brown stars and triangles, 
respectively. The pyroCb event sampled by the DC-8 is marked by an asterisk, occurring during 
2200–0400 UTC (1500–2100 LT) 8–9 Aug 2019.
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the event sampled by FIREX-AQ, during the local nighttime hours of 7–8 August. A variety 
of measurements were obtained from instrumentation on the ground, mobile laboratories, 
and airborne platforms on all three days of this unique sampling phase, which culminated 
in direct pyroCb measurements on 8–9 August. The Williams Flats fire produced the only 
significant pyroCb activity observed in the western continental United States during the 
relatively inactive fire season of 2019. It was effectively extinguished by cooler conditions, 
rainfall, and even flash flooding in the days following the pyroCb activity. All measurements 
at Williams Flats were comprised of locally emitted smoke, with no mixing of smoke from 
other fires in the region.

PyroCb measurement strategy
The Williams Flats fire was sampled in detail by multiple FIREX-AQ platforms during 6–8 
August 2019, including two aircraft (Fig. 2). NASA’s ER-2 (high-altitude science platform; 
Fig. 3a) passed over the Williams Flats fire at 1815 UTC (1115 LT) 8 August, approximately 
6.5 h before the DC-8. The ER-2 carried a remote sensing payload, providing high-resolution 
imagery of the fire activity that set the stage for pyroCb development, along with thermody-
namic profiles, aerosol profiles, and information on smoke plume chemistry (Table ES1 in 
the online supplemental material). Figure 3b provides an example true color composite of 
the region surrounding Williams Flats from the enhanced MODIS Airborne Simulator (eMAS; 
50-m spatial resolution), revealing dense smoke covering the fire prior to the onset of deeper 
mixing later in the day. An infrared, false-color composite (Fig. 3c) highlights the underlying 
fire activity by applying a threshold of −0.30 to a normalized difference index calculation 
based on the 2.382- and 2.084-μm bands (Dennison and Roberts 2009). The cluster of fire 
pixels along the southern edge of the expansive fire perimeter coincided with the start of a 

Fig. 3. Imagery from the Williams Flats ER-2 overpass at approximately 1815 UTC (1125 LT) 8 Aug 
2019, including (a) photo of the NASA ER-2 high-altitude science platform, (b) true color composite 
from the enhanced MODIS Airborne Simulator (eMAS), and (c) infrared false color composite 
using the eMAS 8.515 μm (red), 2.382 μm (green), and 1.614 μm (blue) bands. Fire detections are 
shown in red using the methods described in Dennison and Roberts (2009).
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localized fire spread event that ultimately set the stage for pyroCb development in this region 
later in the day.

All airborne measurements of the pyroCb activity and ensuing smoke plumes on 8 August 
were obtained from the NASA DC-8 (Fig. 4a). The DC-8 payload contained a comprehensive 
suite of aerosol and gas-phase chemistry instrumentation, with an emphasis on understanding 
chemical reactions and transformations in smoke plumes. The DC-8 also carried an up- and 
down-viewing lidar to obtain vertical smoke and cloud profiles and a multispectral imager 
for high-resolution mapping of fire characteristics. Two probes were included on the wings 
for sampling of aerosol and cloud microphysical properties. Ground-based weather radar 
[Spokane, Washington (KOTX), WSR-88D] provided additional perspective on the vertical 
profile of the pyroCb, cloud microphysics, and large ash particles lofted within the smoke 
plume. The combination of these airborne and ground-based observations provides the most 
comprehensive dataset currently available before and during an active pyroCb event.

PyroCb sampling focused on high-altitude smoke outflow between the altitudes of 6 and 
10 km at a variety of distances from the fire. Figure 4b displays the entire pyroCb flight 
route, which spanned approximately 1.5 h. The DC-8 first intercepted the pyroCb smoke 
plume over northwestern Washington State near the Canadian border around 0050 UTC 
(1750 LT). The initial approach to Williams Flats generally progressed from older smoke 
outflow to the active pyroCb cloud tops over the fire. The middle portion of the flight 
focused on repeated plume transects immediately downwind of the active updraft core 
at multiple altitudes. The final portion of the flight generally progressed from the active 
pyroCb cloud tops back to older outflow downwind. Strong vertical motion and turbulence 
were avoided by remaining at relatively high altitudes, either above or downwind of the 
pyroCb updraft core.

The DC-8 provided 11 distinct sampling transects of this pyroCb event for in situ measure-
ments between 0050 and 0215 UTC 9 August (8 August LT). Seven of these transects sampled 
within the pyroCb activity near the fire. Green lines in Fig. 4b highlight three longitudinal 
transects that sampled across the upper portion of the pyroCb, with smoke ages of a few 
minutes to an hour. Red lines highlight four cross-plume transects that sampled fresh outflow 
in the immediate anvil region (30–45 min old). Blue lines highlight four additional flight 
transects that sampled smoke aged over approximately 2 h in detached and decaying pyroCb 
anvil clouds, well downwind of the fire. Smoke age was determined as time since emission 
from the top of the pyroCb updraft core, derived from wind speed observations.

The time series of carbon monoxide (CO) in Fig. 4c represents an effective smoke tracer, 
highlighting the duration of each pyroCb plume transect along with aircraft altitude. Detailed  
mapping of the fire front with remote sensing instrumentation was conducted twice  
(“M” in Fig. 4c), focusing on regions that directly contributed to pyroCb development. Figure 4d 
provides a curtain plot from the Differential Absorption Lidar–High Spectral Resolution Lidar 
(DIAL-HSRL; Hair et al. 2008) on board the DC-8, highlighting the pyroCb exhaust as high 
backscatter values (mix of smoke and ice particles) at altitudes of 7–9 km, which are separated  
from lower-altitude smoke generally contained within the near-surface mixed layer below 4 km. 
This timeline provides a reference for specific sampling points and transects identified in 
subsequent figures, photos, and discussion.

Survey of DC-8 plume encounters
PyroCb activity over the Williams Flats fire occurred in four “pulses,” defined as distinct, 
ice-capped convective columns from a single fire (Fromm et al. 2021; Peterson et al. 2021). 
In 1.5 h of sampling, the DC-8 obtained measurements from three of these pulses, including 
the active stage of pulses 2 and 3. Specific intervals sampling each pulse are provided in 
Fig. 4c and Table 1. The pyroCb pulses were generated by intense heat release associated 
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Fig. 4. PyroCb flight route and measurement timeline. (a) Photo shows the NASA DC-8 Flying 
Laboratory. (b) Map displays the entire pyroCb flight route on 9 Aug 2019 (8 Aug LT), with 11 in situ 
measurement transects color-coded based on smoke age and sampling technique. (c) The CO time 
series identifies the intervals of all 11 in situ transects, which are shaded in blue and numbered 
at the top. Letters coincide with the timing of content provided in subsequent figures, where “S” 
represents satellite imagery in Fig. 6, “P” represents photos in Figs. 5 and 7, “M” represents MASTER 
overpass maps in Fig. 8, and “R” represents radar volume cross sections in Fig. 10. Numbers at the 
bottom identify the pyroCb pulse measured in each transect. (d) The time series is atmospheric 
backscatter observed by the up- and down-viewing DIAL/HSRL lidar from the surface to the mean 
height of the tropopause (11.6 km). Large gaps indicate when the laser was turned off, primarily 
during steep turns. A few gaps at lower altitudes result from attenuation of the laser through the 
pyroCb cloud layer. Aircraft altitude is plotted as a black line.
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Fig. 5. Photos of significant pyroCb activity over the three Williams Flats fire updraft regions on 
9 Aug 2019 (8 Aug LT), including (a) a complete view of the transition period between pulses 2 and 
3 prior to the first MASTER overpass, (b) a close-up view of the developing third pulse (pyroCu 
stage, looking northeast) over the northern and middle portion of the fire front (updrafts 2 and 3), 
and (c) a complete view of the third pyroCb pulse at maturity (looking east from a distance) prior 
to the second MASTER overpass.

Table 1. Details of four pyroCb pulses triggered by the Williams Flats fire.

PyroCb pulse  
(anvil cloud) Time (UTC)a

Primary fire  
updraft region

Secondary fire  
updraft region

Pulse 1 2240–2330 1 (south) —

Pulse 2 2330–0120 1 (south) 3 (north)

Pulse 3 0130–0300 3 (north) 2 (middle)

Pulse 4 0300–0400 after DC-8 flight 3 (north) —
a All pyroCb activity in this table occurred during the local evening of 8 Aug 2019.
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with three plume cores along distinct regions of the fire front (Fig. 5a). These visible regions 
are likely the areas of largest vertical velocity, and are therefore referred to as updraft regions.

The first pyroCb pulse (southern updraft region) reached peak intensity (highest injection 
altitude) at ~2240 UTC (1540 LT) 8 August, which is more than 2 h before the DC-8 arrived. 
The first three DC-8 flight transects (0054–0107 UTC) sampled the residual smoke-infused 
anvil cloud from this pulse (Fig. 4c), approximately 80–100 km downwind of the fire. A 
visualization of the first flight transect is provided in Fig. 6a, with the flight route superim-
posed on true color imagery from the GOES-17 ABI. A photo around the time of this transect 
(0100 UTC) highlights the residual smoke layer at approximately 9.5 km as sublimation gradually 
dissipated the anvil ice cloud characteristics (Fig. 7a). This residual smoke layer at high altitudes 
represents the end result of the pyroCb process. In this case, the smoke layer was rapidly 
transported downwind following the jet stream winds in the upper troposphere. However, 
pyroCb activity can often overshoot the tropopause and inject smoke directly into the lower 
stratosphere (e.g., Fromm et al. 2008a,b, 2021; Peterson et al. 2018, 2021).

The second pyroCb pulse (southern and northern updraft regions) reached peak intensity 
while the DC-8 sampled the decaying anvil cloud from the first pulse (Fig. 6a, Table 1). The 
fourth and fifth transects made longitudinal passes directly through the upper portion of 

Fig. 6. GOES-17 true color imagery on 9 Aug 2019 (8 Aug LT) coincident with in situ measurement 
transects (red lines) in pyroCb (a),(b) pulses 1 and 2 and (c),(d) pulse 3. Developing, mature, and 
transitional phases are circled in orange, with detached, decaying pulses circled in blue. The 
Williams Flats fire is marked by a fire symbol. Red “+” symbols indicate Geostationary Lightning 
Mapper (GLM) lightning flashes observed within 10 min of each transect midpoint time. Images 
are not corrected for parallax.
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this pulse (Fig. 6b). A detailed view of the entire fire perimeter was captured from the cockpit 
during the turn between these transects, revealing the aforementioned three distinct updraft 
regions (Fig. 5a). This unique view coincides with a short transition period immediately after 
the second pulse detached from the fire and before the third pulse started to develop. While 
Fig. 5a shows large pyroCu over each updraft region, an active pyroCb pulse was not present 
immediately over the fire. Details of the fire characteristics contributing to pyroCb develop-
ment are provided in the next section of this article.

To continue detailed measurements of fresh pyroCb outflow, the DC-8 began a series of 
transects perpendicular to the pyroCb anvil cloud layer slightly downwind of the updraft 
cores, with the first set (6 and 7) sampling above 8 km. Transects 8 and 9 repeated this sam-
pling pattern, but at a lower altitude (7 km). The third and most intense pyroCb pulse rapidly 
developed during this period. Satellite imagery coincident with transect 8 (Fig. 6c) highlights 
the third pyroCb pulse over the fire and the decaying anvil of the second pulse moving down-
wind. This period also coincided with a significant shift in pyroCb activity from the southern 
updraft region to the northern and middle portion of the fire front (Fig. 5b, Table 1). While 
it is difficult to identify precisely when the DC-8 began sampling outflow exclusively from 
the third pulse, satellite and radar data suggest it likely occurred between transects 7 and 8 
(Fig. 4c). A photo taken at this time (Fig. 7b) shows the large, smoke-filled pyroCb anvil and 
the approximate DC-8 sampling location, with the mature third pulse over the northern end 
of fire (updraft regions 2 and 3).

The final portion of the flight began with a second pass over the fire, focusing on the 
northern portion driving the active third pyroCb pulse. The DC-8 then conducted a final 

Fig. 7. Photos of strategic measurement periods in the high-altitude smoke exhaust downwind 
of the pyroCb updraft cores over the Williams Flats fire on 9 Aug 2019 (8 Aug LT), highlighting  
(a) residual smoke approximately 2 h after injection and (b) a smoky pyroCb anvil approximately 
25 min after injection.
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longitudinal transect (Fig. 6d) that passed directly through the upper portion of the third 
pulse (transect 10) and concluded by sampling the decaying anvil of the second pulse well 
downwind (transect 11). Figure 5c provides a photo taken as the DC-8 turned toward the fire 
to begin this portion of the flight, highlighting the mature third pulse at the northern edge 
of the fire. Lightning strikes precluded additional sampling of the pyroCb activity near the 
fire and the DC-8 returned to FIREX-AQ headquarters in Boise, Idaho. The final pyroCb pulse 
developed after the DC-8 departed (Table 1).

Quantitative fire characteristics
By 0120 UTC (1820 LT 8 August) Williams Flats burned primarily on three individual intense 
fire fronts within a larger parent fire perimeter (Figs. 5a and 8). These conditions created a 
complex sampling environment, because each updraft region contributed to at least one of 
the three pyroCb pulses sampled (Tables 1 and 2). The MODIS/ASTER Airborne Simulator 
(MASTER) obtained a snapshot of the entire fire front after the initial approach, as the second 

Fig. 8. (a)–(d) Characterization of MASTER fire radiative power (FRP) data for the Williams Flats fire on 9 Aug 2019 (8 Aug 
LT). Panels (a) and (b) coincide with the first MASTER overpass, and (c) and (d) coincide with the second overpass. The 
inset in the bottom right shows the sampling domain for each overpass. MASTER FRP data are equally distributed into 
quintiles in (a) and (c), representing the instantaneous energy released from the fire at the time of the overpass. MASTER-
derived flags are shown in (b) and (d), representing smoldering, flaming, and saturated pixels. In all panels, updraft  
regions associated with pyroCb pulses are identified.
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pyroCb pulse began to decay, allowing the anvil to detach from the fire (0120 UTC; Figs. 8a,b). 
The southern updraft region likely reached peak fire intensity before the DC-8 arrived (first 
pulse), and was decreasing in intensity when sampled (0.2% saturated pixels). A second 
overpass 44 min later (0204 UTC) was limited to the northern portion of the fire (Figs. 8c,d), 
coinciding with the active phase of the third pyroCb pulse. FRP nearly doubled in the northern 
region during this timeframe, with 4% of the pixels saturated. These MASTER observations 
therefore provide a rare, high-resolution view of fire characteristics contributing to pyroCb 
development in real time, demonstrating the speed at which multiple pyroCb pulses can be 
generated, given the available fuels and ambient meteorology. The southern and northern 
updraft regions were not obscured by cloud cover due to a tilt of the smoke column and  
pyroCb activity downwind (Fig. 5).

MASTER provides the midinfrared (MIR) and thermal infrared (TIR) spectral channels (at 
approximately 4 and 11 μm, respectively) that are necessary to detect active fires using con-
textual algorithms and calculate FRP, as has become customary in satellite and airborne fire 
remote sensing (e.g., Giglio et al. 2003, 2016; Wooster et al. 2003, 2005; Peterson et al. 2013; 
Schroeder et al. 2010, 2014). For the pyroCb sampling period, irregularly spaced MASTER data 
were georeferenced in ArcGIS to an approximate 25–30-m pixel resolution, based on the variable 
DC-8 altitude (6–9 km) relative to the ground (E. Fraim 2021, personal communication). A 
30-m grid was overlaid on the MASTER data, and FRP data were accumulated in each cell. Five 
fire-severity rankings were generated based on the quintiles of the resulting FRP distribution 
(Figs. 8a,c, Fig. ES1), which coincide with the five U.S. Forest Service (USFS) Wildland Fire As-
sessment System (WFAS) Fire Danger Class ratings (Deeming et al. 1977; Bradshaw et al. 1984).

Radiance saturation can occur for intense fires, with the impact varying by scene and air-
craft altitude. The percentage of pixels affected by saturation ranged from 0.2% to 4.0% for 
all three fire updraft regions at Williams Flats, including both MASTER overpasses. While 
the saturation rates are relatively low in this analysis, saturated pixels can represent a large 
fraction of the most intensely burning pixels, and the impact on FRP totals for individual fire 
scenes can be significant (Schroeder et al. 2014). MASTER FRP data therefore underestimate 
the true total FRP for Williams Flats to varying degrees. Each nonsaturated MASTER pixel 
was classified as predominantly flaming combustion or smoldering (Figs. 8b,d) using an 
experimental algorithm that employs dynamic MIR and TIR thresholds derived from observa-
tions of Californian wildfires with the airborne Autonomous Modular Sensor (e.g., Ambrosia 
and Wegener 2009; Peterson and Wang 2013; Peterson et al. 2013, Schroeder et al. 2014). 
Saturated fire pixels are always considered as a subset of the flaming class, because they 
likely contain a significantly large flaming fraction (Thapa et al. 2021, manuscript submitted 
to Nat. Commun. Earth Environ.).

Quantitative fire characteristics derived from this dataset (Table 2) provide the first oppor-
tunity to validate fire modeling results in previous studies, which suggest that an expansive 
flaming region, specific fire front geometry, substantial available fuel, and a large heat flux 
are required to initiate and sustain pyroCb activity (e.g., Zhang et al. 2019; Badlan et al. 
2021a,b). During the first MASTER overpass (Figs. 8a,b), all three of the fire updraft regions 
contributing to pyroCb development coincided with a combined flaming and smoldering 
area ranging from 1.4 km2 at the northern updraft region to 3.3 km2 at the southern region. 
Total FRP ranged from 1,013 to 605 MW at the southern and northern updraft regions,  
respectively. The flaming portion of the southern updraft region (2.3 km2) was approximately 
1,912 m long and 1,648 m wide (Fig. 8b). This fire geometry and large spatial expanse (e.g., 
length and deep flaming zone) has been hypothesized to generate a wide plume core that is 
less susceptible to entrainment and dilution with increasing altitude (Finney and McAllister 
2011; McRae et al. 2015; Badlan et al. 2021a,b), explaining why the first two pyroCb pulses 
developed primarily over the southern updraft region. The stage was set by significant fire 
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activity in this region earlier in the day (Fig. 3). While the flaming portion of the northern 
region (1.0 km2) was comparatively narrower on its shortest axis (786 m), it was still wide 
enough to support a plume capable of generating large pyroCu in the ambient thermodynamic 
environment (Figs. 1 and 5a,b).

Dividing total FRP by the flaming and smoldering areas in each updraft region provides 
an FRP-to-area ratio that effectively distinguishes large fires burning at low intensities from 
smaller fires burning at high intensities (Peterson and Wang 2013; Peterson et al. 2013, 
2014). During the first MASTER overpass, the northern and middle updraft regions of 
Williams Flats coincided with the largest FRP-to-area ratio from flaming pixels (518–521 W m−2) 
and from the combined flaming and smoldering area (423–432 W m−2). The southern up-
draft region coincided with the smallest FRP-to-area ratios despite a larger fire area (346 W m−2 
flaming, 307 W m−2 total). These FRP-to-area ratios reveal that the northern and middle 
fire updraft regions were the most vigorous, and thus produced the largest smoke plume 
thermal buoyancy (Lavoué et al. 2000; Kahn et al. 2007), likely explaining why pyroCb 
development shifted from the southern to northern portion of the fire front after this short 
transition phase (Table 1). The second MASTER overpass at the northern updraft region 
(Figs. 8c,d; 44 min later) reveals that total FRP, fire area, and FRP-to-area ratio increased, 
with the FRP-to-area ratio from flaming pixels increasing by 131 W m−2. The width of the  
flaming portion also increased by approximately 337 m, and the fire front by 564 m (Fig. 8d).  
The third, and most intense, pyroCb pulse developed over this northern portion of the 
fire during the 44-min time interval between MASTER overpasses (Figs. 5b,c), suggesting  
that relatively small changes in fire characteristics can have a significant impact on the 
magnitude and duration of pyroCb activity, especially in a thermodynamic environment 
that is generally favorable for intense burning and convective development (Fig. 1). While 
recently developed pyroCb predictive tools consider the overarching thermodynamic en-
vironment (Tory and Kepert 2021; Leach and Gibson 2021), they are unable to account for 
this variation in localized fire characteristics.

Table 2. Quantitative fire and fuel characteristics from MASTER.

Variable Units
Region 1 

South
Region 2 
Middle

Region 3 
North

Region 3 (Pass 2) 
North

Smoldering area km2 1.0 0.8 0.4 0.6

Flaming areaa km2 2.3 2.0 1.0 1.6

Total area km2 3.3 2.8 1.4 2.2

Smoldering total FRP MW 217 143 87 134

Flaming total FRPa MW 796 1,042 518 1,038

Total FRP MW 1,013 1,185 605 1,172

Smoldering FRP-to-area ratio W m−2 217 179 218 223

Flaming FRP-to-area ratioa W m−2 346 521 518 649

Total FRP-to-area ratio W m−2 307 423 432 533

Smoldering fuel tC 460 717 461 707

Flaming fuela tC 1,742 2,785 1872 2,875

Total fuel tC 2,201 3,502 2,333 3,582

Smoldering consumption rate tC km−2 453 870 1,257 1,174

Flaming consumption ratea tC km−2 748 1,399 1,838 1,782

Total consumption rate tC km−2 659 1,244 1,683 1,616

Smoldering pixels Count 7,524 (64%) 6,015 (54%) 2,791 (54%) 5,449 (55%)

Flaming pixels Count 4,269 (36%) 4,817 (44%) 2,287 (44%) 4,030 (41%)

Saturated pixels Count 29 (0.2%) 221 (2%) 102 (2%) 389 (4%)
a Flaming includes pixels with saturated FRP.
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The remotely sensed FRP-to-area ratios at Williams Flats (300–650 W m−2) are comparable 
with those observed for other fires during FIREX-AQ (490–590 W m−2; Thapa et al. 2021, 
manuscript submitted to Nat. Commun. Earth Environ.). These figures based on remote 
sensing are smaller than estimates of sensible heat flux from previous fires in the western 
United States (e.g., 87 kW m−2; Lareau and Clements 2017) and those used in idealized mod-
eling of pyroCb development (25–100 kW m−2; Badlan et al. 2021a,b). While sensible heat is 
a major contributor to retrieved FRP, the FRP-to-area ratios from MASTER do not provide a 
direct comparison. This is partly because the power-law distribution of fire energy release 
(Kumar et al. 2011) means that individual pixel values integrated over a large fire front pri-
marily sample areas much less active than areas represented by sensible heat flux estimates. 
Smoke plume modeling studies have parameterized sensible heat as a function of FRP per 
pixel (Iguchi et al. 2018). Application of these methods to the full range of FRP from MASTER 
pixels in all fire severity rankings (0.0052–6.7 MW; Figs. 8a,c) provides an instantaneous, 
estimated sensible heat flux range from 30 kW m−2 to 40 MW m−2. Understanding the relation-
ships between remotely sensed and ground-level measurements of fire energetics remains a 
key research priority involving field measurements, as well as aircraft and satellites.

Fuel type and energy released
Information on fuel consumption during pyroCb development and the resulting impact on 
smoke plume chemistry in the UTLS remains almost entirely unconstrained. While the majority 
of pyroCbs are linked to large fires burning in forest or mixed forest and chaparral vegetation 
(Peterson et al. 2017a,b), a few have occurred in regions with significantly less fuel, such as 
the Texas Panhandle (e.g., Zhang et al. 2019). FIREX-AQ provides a unique opportunity to 
advance this science by combining a high-resolution fuels dataset with the remotely sensed 
fire characteristics from MASTER. Fuels data were obtained from the 30-m Fuel Character-
istic Classification System (FCCS, uncertainty 26%) developed in previous studies (Ottmar 
et al. 2007; Prichard et al. 2019), providing 38 unique fuel types for Williams Flats. Fuel 
consumption was calculated for five fire-severity categories for each of the three fire updraft 
regions using fuel decision tables developed for FIREX-AQ (Kasischke et al. 1995; Conard 
and Ivanova 1997; Soja et al. 2004). Each category was based on quintiles of the 30-m FRP 
dataset (Figs. 8a,c, Fig. ES1). The amount of fuel consumed in each of these five categories 
is dependent on the amount of fuel contained in the FCCS data and the WFAS fire danger 
class, which relates meteorology to the relative dryness of fuels and their availability to burn 
(Deeming et al. 1977; Bradshaw et al. 1984).

On 8 August 2019, hot temperatures, low relative humidity, wind speed, and the slope of the 
landscape aligned to promote very active burning at the Williams Flats fire. This resulted in 
active forest-crown torching, short-range spotting, and rapid uphill runs on forested landscapes 
(Johnson 2019). Figure 9 shows the total fuels burned at each of the three fire updraft regions 
for both MASTER observation times. The 38 possible fuel types from FCCS are grouped into 
five broader categories, revealing that the primary fuel type burned in each region was forest.  
This suggests that dense fuels are required to sustain the expansive flaming areas within 
each updraft region. However, the southern updraft region burned a substantial amount of 
grasslands in terms of area. Chemistry of high-altitude smoke exhaust may therefore exhibit 
differences between the pyroCb pulses driven by the southern updraft region (pulses 1 and 2) 
and northern region (pulse 3; Table 1), which were separated by approximately 13 km (Fig. 5a).

Table 2 provides a summary of fuel consumed by smoldering and flaming combustion for 
each of the three updraft regions. As expected, the largest fuel consumption occurred with the 
largest FRP-to-area ratios from flaming combustion, which were the highest for the densely 
forested northern updraft region as the third pyroCb pulse developed. The rate of fuel con-
sumption was the smallest in the southern region (659 tC km−2), which reached a maximum 
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intensity before the DC-8 arrived, and the rate of consumption was nearly twice as high in 
the middle updraft region (1244 tC km−2), coinciding with an active and growing fire front. 
The largest rates of fuel consumed coincided with the northern updraft region during both  
MASTER observations (1683 and 1616 tC km−2). These are the first fuel estimates that link 
active fire fronts to the fuels that act to promote pyroCb activity in an atmosphere that is con-
ducive to drying fuels and providing the thermodynamics necessary for pyroCb development.

The energy released by the three fire updraft regions was estimated by multiplying the 
total mass of fuel consumed by an assumed effective heat of combustion of 18,700 kJ kg−1 
(Rosenfeld et al. 2007; Peterson et al. 2021). Energy release ranged from 4.1 × 107 to 6.7 × 107 MJ 
at the southern and northern updraft regions, respectively. The total energy released by all 
three updraft regions was 2.2 × 108 MJ. While this is a significant amount of energy release 
to drive pyroCb development, it is much smaller than the energy release estimated for other 
significant pyroCb events (109–1011 MJ) that ultimately injected large smoke plumes into the 
stratosphere (Fromm et al. 2006; Rosenfeld et al. 2007; Peterson et al. 2021). The relative roles 
of preceding fire weather, fuel amount and structure, and atmospheric thermodynamics in 
pyroCb development can therefore exhibit significant variation across the full spectrum of 
pyroCb activity observed worldwide.

Weather radar observations
Ground-based weather radar observations (S-band, WSR-88D) at Spokane, Washington 
(KOTX), were employed using the Gibson Ridge Level II Analyst (v. 2.50) radar-viewing  
application (http://www.grlevelx.com) to track the development and evolution of each pyroCb pulse  
originating from the three fire updraft regions (Table 1). The Williams Flats fire was located 
only ~65 km from the radar site, providing a fortuitous opportunity to supplement airborne 
measurements from the DC-8 with a variety of radar-derived variables. A radar animation for 
the entire Williams Flats pyroCb event is available in the supplemental material. It applies a 
5.0° tilt angle (5–6 km above ground level), which is above the pyroCb LCL (Fig. 1). A vertical 
cross section based on the radar volume scan for the northern updraft region (Fig. 10) high-
lights a large and rapid increase in reflectivity (10–20 dBZ) between the initial pass over the 

Fig. 9. Fuel Characteristic Classification System (FCCS) fuel beds. (top) The primary FCCS fuels on 
the landscape in the area delineated by MASTER data during the Williams Flats fire on 9 Aug 2019 
(8 Aug LT). (bottom) The total fuels consumed, based on MASTER burned area, FCCS fuel beds, and 
Wildland Fire Assessment System (WFAS) fire danger ratings.
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fire (0121 UTC; Figs. 5a and 8a,b) and peak intensity of the third pyroCb pulse (0149 UTC). 
Maximum echo-top altitude also increased from approximately 7.6 km (25,000 ft) to more 
than 9.0 km (30,000 ft) during this time interval.

Dual polarization technology allows cloud droplets and ice (hydrometeors) to be dis-
tinguished from large, scattering fire debris (pyrometeors) using correlation coefficient 
(CC), which provides the correlation between the vertical and horizontal polarizations in 
a value from zero to one (Kumjian 2013). Pyrometeors generally have a CC below 0.6 due 
to the varied vertical and horizontal dimensions of large fire debris, while hydrometers 
have a CC close to 1.0 due to the homogeneity of ice and liquid particles (Lang et al. 2014; 
McCarthy et al. 2019). The radar cross section at 0121 UTC shows the third pyroCb pulse 
developing in the midtroposphere (high CC) over an underlying layer of smoke, ash, and 
other debris (low CC). By 0149 UTC, radar echoes with higher reflectivity values (>30 dBZ) 
and large CC (>0.95) descended below the LCL into the low-level smoke layer near the center 
of the cross section, suggesting that precipitation was generated by the pyroCb and may 
have reached the surface. Lightning flashes were detected by the GOES-17 Geostationary 
Lightning Mapper (GLM) during this same time period (Fig. 6c). However, the pyroCb 

Fig. 10. KOTX radar volume cross-section panels of (a),(c) reflectivity and (b),(d) correlation coefficient over the northern 
portion of the Williams Flats fire (updraft 3) for two separate time periods on 9 Aug 2019 (8 Aug LT) using the Gibson Ridge 
Level II Analyst (v. 2.50) radar-viewing application (http://www.grlevelx.com). Vertical coordinate is altitude above ground 
level. The pyroCb lifting condensation level (LCL) and tropopause altitudes are marked by dashed white and orange lines, 
respectively.
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downdraft was located several kilometers downwind of the fire in a remote region with 
no ground-based observations to verify precipitation occurrence. The horizontal distance 
between updraft and downdraft resulted from vertical wind shear between the surface 
(~10 kt) and the jet stream injection altitude (30–50 kt; Fig. 1). Downdraft characteristics 
were also likely influenced by a delay in precipitation development from aerosol indirect 
effects (e.g., Rosenfeld et al. 2008, 2014).

Cloud microphysical properties
When compared with typical thunderstorms, pyroCbs are characterized by smaller cloud 
droplet and ice particle size distributions (Reutter et al. 2014; Chang et al. 2015; Kablick 
et al. 2018), resulting from the large quantity of smoke particles that dominate nucle-
ation, condensation, and freezing processes (Rosenfeld et al. 2007; Jahn et al. 2020). 
However, the Williams Flats pyroCb activity was smaller in magnitude than the large 
events analyzed previously. Echo tops (Fig. 10) only extended about a kilometer above the 
level of homogeneous freezing (from −35° to −40°C; Rosenfeld et al. 2007; Peterson et al. 
2017a,b) during peak intensity, allowing cloud processes to be influenced by a warmer, 
mixed-phase temperature regime. Measurements of cloud microphysical properties dur-
ing FIREX-AQ therefore provide an opportunity to compare a pyroCb injecting smoke into 
the upper troposphere with previously analyzed cases of direct smoke injection into the 
lower stratosphere.

A second-generation Cloud, Aerosol and Precipitation Spectrometer (CAPS; Spanu et al. 
2020) and a Precipitation Imaging Probe (PIP) were mounted under the wing of the NASA DC-8. 
These wing-probe instruments measured the size and shape of aerosol and cloud particles 
in the nominal particle diameter range from 0.5 to 6200 μm at ambient conditions. Particles 
were captured up to a diameter of 50 μm by the Cloud and Aerosol Spectrometer (CAS), which 
is the optical spectrometer part of CAPS. To derive representative number size distributions 
from optical spectrometers like CAS, assumptions have to be made on the refractive index 
of the measured particles. For the presented sequences of the FIREX-AQ dataset, refractive 
indices representing organic aerosol particles were used up to a particle diameter of 3 μm. 
The refractive index of ice was used for larger sizes. The second part of the CAPS, the Cloud 
Imaging Probe (CIP), is an optical array probe recording shadow images of the aerosol and 
cloud particles in the size range between 15 and 930 μm. The PIP is also an optical array 
probe covering the size range between 100 and 6200 μm.

Figure 11 provides log number size distributions derived from the combined measurement 
ranges of the two instruments, along with a sample of the corresponding particle imagery. 
These include a detached pyroCb anvil (Fig. 4c; pulse 1, transect 2), upper portion of an 
active pyroCb (pulse 2, transect 4), and a lower sampling altitude within an active pyroCb (mix 
of pulses 2 and 3, transect 8). All three transects coincided with 500–1800 ppbv of CO (Fig. 4c), 
thus confirming smoke presence. The corresponding particle size distributions contain a 
large quantity (>100 cm−3) of particles near the minimum detection limit of 0.5 μm (CAS 
instrument). This overlaps the upper portion of the expected fine mode diameter size range 
for fresh biomass burning smoke particles in the midlatitudes (0.1–0.5 μm; Reid et al. 2005a) 
and the approximate size range measured in aged UTLS smoke plumes (0.2–0.8 μm; Ditas et al. 
2018), including the lower portion of the size range measured in the stratospheric Chisholm 
pyroCb plume 2 months after injection (0.6–1.2 μm; Fromm et al. 2008b). It is possible that 
coarse mode ash particles (2.5–15-μm diameter) and significantly larger fire debris were also 
pulled upward in the pyroCb updraft, as evidenced by the presence of large pyrometeors (low 
CC values) in weather radar echoes below cloud base (Fig. 10).

Higher-altitude (anvil-top) size distributions from −31° to −40°C (Figs. 11a,b) exhibit a local 
maximum at 10–50 μm, which coincides with particle diameters derived from remote sensing 
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observations in the ice anvil clouds of large pyroCbs, such as the Chisholm event in 2001 
(Rosenfeld et al. 2007). However, larger particle sizes (>100 μm) are also present, especially 
within the active pyroCb cloud tops (Fig. 11b). These relatively large particle sizes deviate 
from the assumed small ice properties of a pyroCb anvil that serve as the basis for pyroCb 
detection from satellite observations, explaining why a previously developed pyroCb detection 

Fig. 11. Combined particle log number size distributions at standard pressure and temperature conditions (1013 hPa, 
273.15 K) derived from measurements with wing-probe instruments CAPS and PIP for transects within (a) detached pyroCb 
anvil, (b) upper portion of an active pyroCb, and (c) lower sampling altitude within an active pyroCb. Calculated uncer-
tainty and variability of each transect are illustrated with blue dots and solid lines representing median and percentiles, 
respectively. Average values for aircraft altitude, ambient temperature, and relative humidity over ice and water of each 
transect are included in the legend. Brown shading depicts the aerosol size range, including the transition to cloud par-
ticles. Blue shaded areas between 10 and 50 μm indicate particle diameters inferred from remote sensing observations 
of the Chisholm fire pyroCb anvil in 2001 (Rosenfeld et al. 2007). Single particle images are selections of CIP recordings of 
each size distribution. The pyroCb side-view photo (0144 UTC, pulse 3) provides a basic visual reference for the approxi-
mate measurement location of the three size distributions.
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algorithm (Peterson et al. 2017b) failed to detect any pyroCb activity over Williams Flats. Size 
distributions obtained approximately 1,700 m lower within the active pyroCb at −18°C (Fig. 
11c) are bimodal within the cloud particle range, exhibiting a local maximum around 1,000 
μm (1 mm). The presence of large ice particles is indicative of precipitation-forming processes 
within the pyroCb (e.g., Rosenfeld and Gutman 1994; Rosenfeld et al. 2007, 2014), which 
is further supported by the presence of hydrometers below the cloud base (high CC values) 
in Fig. 10. These lower-altitude cloud particle size measurements were also coincident with 
lightning initiation over Williams Flats (Fig. 6c, pulse 3).

When compared with intense pyroCb events, the relatively larger particle sizes and potential 
precipitation associated with the Williams Flats pyroCb activity support enhanced scavenging 
of smoke particles. This result may partially explain the lack of an expansive smoke plume 
detectable in the upper troposphere following the event. Jet stream winds also played a role 
in diffusing the smoke exhaust as it was rapidly transported downwind. The magnitude of 
smoke injection from pyroCb activity may therefore depend on a feedback loop, where stronger 
pyroCb updrafts result in a shift toward smaller ice particle size distributions (induced by rapid 
homogeneous freezing of droplets) that reduce the chance for significant precipitation scaveng-
ing, ultimately facilitating rapid vertical smoke transport and efficient exhaust through the 
high-altitude anvil region, which can reach the stratosphere. Smaller pyroCb events, such as 
Williams Flats, likely coincide with relatively weaker updrafts, lower injection altitudes, and 
larger cloud particle size distributions that reduce vertical smoke transport efficiency to some 
degree. All pyroCb events are anchored directly to a fire updraft region (plume core), and are 
therefore more efficient at transporting smoke to the UTLS than traditional thunderstorms of 
similar scale, rooted in a smoky boundary layer (Fromm et al. 2019).

Aerosol physical and optical properties
The bulk physical and optical properties of smoke particles from temperate and boreal forest 
fires have been extensively studied (e.g., Reid et al. 2005a,b; Akagi et al. 2011; Laing et al. 
2016; Andreae 2019; Bian et al. 2020; Kleinman et al. 2020). However, particles lofted 
by pyroCb updrafts are transported to the UTLS through a combination of ice-phase or 
mixed-phase cloud processes, which will likely alter the effective smoke particle proper-
ties significantly from their ground-level values (Dahlkötter et al. 2014). Current methods for 
quantifying the impact of pyroCb activity on UTLS aerosol loading rely on assumed optical 
properties to convert satellite observations of individual plumes into smoke particle mass 
(Fromm et al. 2008a, 2021; Peterson et al. 2018, 2021). Aerosol property information is 
also required to simulate pyroCb plume transport, evolution, and radiative impacts (e.g., Yu 
et al. 2019, 2021; Christian et al. 2019; Das et al. 2021). The comprehensive, in situ aerosol 
physical and optical property measurements obtained during FIREX-AQ provide the first  
opportunity to validate and calibrate these methods and modeling applications.

Aerosol optical properties for the Williams Flats pyroCb event are limited to the first five 
transects due to an inlet sampling malfunction that occurred midflight (just before 0130 
UTC). Each transect was sorted into samples from the downwind, detached anvil (pulse 1,  
approximate smoke age of 2 h) and samples from the second developing/active anvil  
(pulse 2, smoke age of 10–60 min). Figure 12a provides 1-s data from the Langley Aerosol 
Research Group (LARGE) in situ measurements of single scattering albedo (SSA) measured at 
550 nm (Ziemba et al. 2013). SSA is the ratio of the aerosol scattering coefficient to the aerosol 
extinction coefficient, and thus quantifies the contribution of scattering and absorption to the 
overall particle light extinction. The Williams Flats pyroCb plume exhibited SSA values with 
an interquartile range (IQR) of 0.94–0.96 in the active anvil and 0.96–0.97 in the detached 
anvil, implying that the majority of particle extinction in this young pyroCb plume results 
from scattering. These SSA values in the upper troposphere are similar to those obtained from 
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LARGE at lower altitudes in the young plume from the 2013 Rim Fire in California (Yu et al. 
2016). Remotely sensed data for a large stratospheric plume 1–3 weeks after extreme pyroCb 
activity Canada (Pacific Northwest Event, 12 August 2017) reveal comparatively lower SSA 
(0.80–0.85; Das et al. 2021), indicating a much greater contribution of absorption to aerosol 
light extinction.

Mass extinction efficiency (MEE; Fig. 12b) is defined as the ratio between aerosol extinction 
and total aerosol mass. This quantity was derived at 532 nm using 1-s LARGE extinction data 
and 1-s high-resolution time-of-flight aerosol mass spectrometer (AMS) speciated mass data 
(DeCarlo et al. 2006). Total aerosol mass in the pyroCb plume was approximated by the sum 
of the organic sulfate, nitrate, ammonium, and chloride aerosol masses. The resulting MEE 
within the active pyroCb anvil coincided with an IQR of 5.1–7.4 m2 g−1, which increased to 
5.6–8.6 m2 g−1 within the older, detached anvil. These values are higher than those reported 
by previous studies for lower altitude smoke in temperate and boreal regions (e.g., Reid et al. 
2005b). The observed range also exceeds the assumed MEE upper bound employed to estimate 
smoke particle mass in the lower stratosphere approximately 12–72 h after pyroCb cessation 
(3.0–6.0 m2 g−1; Peterson et al. 2018, 2021).

Figure 12c provides the geometric mean diameter of the aerosol number concentration 
(average size of aerosol particles in the pyroCb outflow) measured by the LARGE Laser Aerosol 
Spectrometer (LAS; Moore et al. 2021). LAS measurements include particle diameters smaller 
than 4–5 μm (McNaughton et al. 2007; Chen et al. 2011), which effectively extends the lower 
bound of the size range provided by the cloud probe instrumentation (Fig. 10). Mean particle 

Fig. 12. Distributions of pyroCb smoke plume physical and optical properties displayed as violin 
plots, including (a) single scattering albedo, (b) mass extinction efficiency, (c) volume geometric 
mean diameter, and (d) lidar ratio. These plots include the mean (red solid line), median (black 
solid line), interquartile range (blue stars), and 10th–90th percentile range (black open circles). 
The shape of the gray shaded region represents the relative density of samples at each value, 
with a wider shaded region indicating a larger proportion of the total number of samples at a 
given value. The total number of samples is provided to the right of each violin plot. Blue shading 
indicates the range of mass extinction efficiency and lidar ratio employed in previous studies of 
large stratospheric smoke plumes injected by pyroCb activity in North America.
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diameters in the pyroCb outflow were near 0.28 μm, with an active anvil IQR of 0.27–0.28 μm 
and a detached anvil IQR of 0.28–0.29 μm. These values are higher than those measured in 
fresh boundary layer smoke from Williams Flats (IQR 0.18–0.19 μm), as well as values from 
previous experiments involving boundary layer smoke (0.10–0.16 μm; Alonso-Blanco et al. 
2012; Portin et al. 2012). MEE increases with aerosol mean diameter (Laing et al. 2016), thus 
explaining why the pyroCb smoke MEE exceeded the upper bound of previously used values. 
This highlights the importance of accounting for changes in aerosol physical and optical 
properties induced by rapidly processing a large quantity of smoke through a pyroCb cloud.

A key method for estimating stratospheric smoke particle mass employs the conversion of 
lidar backscatter (532 nm) into particle mass density using an assumed extinction-to-back-
scatter lidar ratio applied to satellite lidar observations (e.g., CALIOP; Peterson et al. 2018, 
2021). Figure 12d provides a lidar ratio distribution (532 nm) for the Williams Flats pyroCb 
event measured at altitudes above 8 km by the DIAL-HSRL (Fig. 4d; Hair et al. 2008), which 
may not provide an exact spatial match with in situ smoke measurements (Figs. 4c,d). Lidar 
ratios were measured in regions of elevated backscatter (>1.7 mm−1 sr−1) and lower depolariza-
tion (<0.2), which are more consistent with pyroCb-influenced smoke rather than ice. The 
IQR of these lidar ratios (49.8–58.6 sr) falls within the assumed range (40–60 sr) employed 
in a remote sensing study that quantified stratospheric smoke particle mass within 48 h 
of the 2017 Pacific Northwest Event in Canada (Peterson et al. 2018). However, lidar ratios 
exceeding 70 sr were reported in the same plume several days to weeks after injection, well 
downwind of North America (e.g., Ansmann et al. 2018; Haarig et al. 2018). This empha-
sizes the importance of understanding processes influencing pyroCb smoke transport and 
aging in the UTLS.

Aerosol and gas-phase chemistry
The DC-8 FIREX-AQ payload contained a large suite of instrumentation designed to measure 
aerosol and gas-phase chemistry of wildfire smoke. A summary is provided in Tables ES2 and 
ES3. These data are expected to address several additional unknowns in understanding the 
impact of pyroCb activity on UTLS chemistry. For example, one key unknown is the chemical 
composition of pyroCb anvils relative to traditional convective outflow. The time series in 
Fig. 4c reveals CO levels exceeding 1200 ppbv within the pyroCb activity sampled by FIREX-AQ. 
These values are an order of magnitude higher than those measured in high-altitude convec-
tive outflow during the Deep Convective Clouds and Chemistry (DC3) field campaign in 2012 
(Barth et al. 2015), including a traditional thunderstorm that ingested smoke from a nearby 
wildfire (100–120 ppbv; Apel et al. 2015). The CO values measured within the Williams Flats 
pyroCb outflow were closer to those measured directly within the smoke plume during DC-3. 
This analysis further supports previous studies (e.g., Fromm et al. 2019) that describe pyroCb 
activity as an efficient vertical transport pathway for smoke to rapidly reach the UTLS. Future 
studies will explore additional unknowns, such as secondary aerosol production after smoke 
injection into the UTLS, which is likely a key factor influencing changes in smoke plume mass 
and evolution during the weeks and months following a large pyroCb event. In situ chemistry 
measurements are also essential for improved understanding of photochemical reactions in 
pyroCb plumes that influence ozone chemistry in the stratosphere (Yu et al. 2019), and host 
of other potential impacts, including interactions between pyroCb smoke and volcanic sulfate 
plumes (Peterson et al. 2021).

Summary and outlook
This study examined a unique set of in situ and remotely sensed measurements obtained 
before and during a pyroCb event over the Williams Flats fire in Washington State as part of 
the 2019 FIREX-AQ field experiment. NASA’s DC-8 Flying Laboratory operated in the upper 
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troposphere, within the upper portion of three ice-capped convective columns, or pyroCb 
pulses. A wide variety of in situ measurements were obtained in 11 transects that include 
active pyroCb cloud tops, fresh smoke outflow immediately downwind of the fire, and a de-
tached pyroCb anvil 80–100 km downwind. Cloud probe measurements, airborne lidar, and 
ground-based weather radar provided additional information on pyroCb evolution, injection 
altitude, and cloud microphysical properties. This FIREX-AQ dataset provides the first oppor-
tunity to connect meteorology, fuels, fire-line geometry, and fire radiative power to pyroCb 
development and cloud property evolution, including chemistry of the ensuing smoke exhaust 
in the upper troposphere.

The MODIS/ASTER Airborne Simulator (MASTER) obtained a high-resolution (~30 m) view 
of the fire characteristics during this pyroCb event, revealing that three plume cores along 
distinct regions of the fire front (fire updraft regions) contributed to pyroCb development. 
Each updraft region primarily burned dense forest fuel types, but the southern updraft region 
included some grasslands, which likely influenced chemistry of the ensuing pyroCb smoke 
exhaust. Quantitative fire characteristics from MASTER showed that pyroCb development 
can result from lower energy fires when the preceding meteorology supports drying of fuels 
and the coincident thermodynamic environment is supportive of convective development. 
Comparisons between two MASTER overflights identified rapid changes in fire geometry 
and spatial expanse (e.g., deep flaming zone) that dramatically influenced the magnitude, 
behavior, and duration of pyroCb activity. An additional remote sensing payload on board 
NASA’s ER-2 aircraft identified the start of a localized fire spread event approximately 6.5 h 
earlier, which ultimately set the stage for pyroCb development. This combined dataset serves 
as the first validation for previous idealized modeling of fire and vegetation characteristics 
driving pyroCb development (e.g., Badlan et al. 2021a,b; Zhang et al. 2019). It also motivates 
examination of recently developed pyroCb prediction tools (Tory and Kepert 2021; Leach and 
Gibson 2021) to understand their efficacy in situations featuring multiple fire fronts with 
varying geometry. Future applications include improved simulation of pyroCb activity in 
fine-scale models of fire–weather interaction (e.g., Coen et al. 2018, 2020; Kochanski et al.  
2019) and convection-allowing numerical weather prediction (e.g., Evans et al. 2018) to  
ultimately quantify the relative roles of fuel amount and structure, fire energy and geometry, 
and meteorology in pyroCb development.

Ground-based weather radar observed large and rapid increases in reflectivity and echo-top 
altitudes coincident with changes in fire characteristics. The presence of large ice particles 
within the pyroCb and hydrometers below the cloud base altitude indicated that precipitation 
was generated by this event. The resulting feedbacks likely enhanced smoke particle scav-
enging and reduced vertical transport efficiency when compared with intense pyroCb events 
that reached the lower stratosphere. PyroCb microphysical properties measured by FIREX-AQ 
will be employed in future studies to improve radiative transfer modeling and remote sens-
ing applications required to detect and monitor pyroCb events in real time (Peterson et al. 
2017b). These measurements can be applied to advance current understanding of lightning 
in pyroCb activity (e.g., Rosenfeld et al. 2007; Lang et al. 2014; LaRoche and Lang 2017) and 
aviation safety near these unique storms (Rodriguez et al. 2020).

The FIREX-AQ dataset also includes the first in situ measurements of aerosol physical and 
optical properties in a young pyroCb plume, which are essential for constraining existing es-
timates of smoke particle mass injected into the lower stratosphere. The observed lidar ratios 
fell within the range of assumed and derived values used in previous studies, but the observed 
mass extinction efficiency (MEE) exceeded the upper bound of previous assumptions. A large 
suite of aerosol and gas-phase chemistry measurements confirmed that all pyroCb activity, 
regardless of magnitude, serves as an efficient vertical smoke transport pathway, especially 
when compared with similar measurements taken in traditional thunderstorms during 
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previous experiments. These data will be employed in future studies to validate and refine  
assumptions currently employed in numerical modeling studies to ultimately understand the 
role of pyroCb smoke plumes in the climate system, including potential impacts on radiative 
forcing, dynamic circulation, and ozone chemistry in the stratosphere (e.g., Yu et al. 2019, 
2021; Christian et al. 2019; Das et al. 2021).

While FIREX-AQ provided a significant advancement in the study of pyroCb activity and 
its impacts, additional airborne observational studies are required to examine smoke plumes 
ensuing from the full spectrum of pyroCb activity, including larger pyroCb events that inject 
smoke directly into the lower stratosphere (e.g., Peterson et al. 2018, 2021). Future studies 
must include repeated sampling of the same pyroCb plume over multiple days to understand 
its chemical evolution, similar to previous studies of lower-altitude smoke (e.g., Forrister 
et al. 2015; Kleinman et al. 2020; Hodshire et al. 2021). To improve predictive potential, 
these plumes should be explicitly linked to the fire characteristics (e.g., fuel amount and 
structure, geometry, and energy) that promote pyroCb development. Nighttime airborne 
measurements are required to validate recent advancements in nocturnal fire detection, 
estimates of combustion phase, and their potential application to pyroCb prediction (e.g., 
Polivka et al. 2016; Wang et al. 2020). When considering the extreme magnitude of recent 
pyroCb events observed worldwide (e.g., Peterson et al. 2018, 2021), there is a growing 
need for intensive field studies focused on extreme wildfires, pyroCb activity, and ensuing 
smoke plume impacts.
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