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Megafires are increasingly generating Pyrocumulus clouds (PyroCus) through the interplay of atmospheric

conditions such as stability and humidity, hot updrafts, and emitted aerosols from burning vegetation. As

megafires become more frequent, the annual radiative influence of PyroCus on the climate is

intensifying. In this study, we aim to quantify the aerosol mass and black carbon content that PyroCus

injects into the stratosphere, which can persist for 3 to 15 months. Utilizing aircraft-sampled smoke

plumes from both the Northern and Southern Hemispheres, our findings indicate that the mass fraction

of black carbon within PyroCus remains consistent, ranging between 0.5 and 3%. This serves as a crucial

constraint for incorporating source terms in climate models. Additionally, we provide evidence of the

volatile vapor 1-nonene condensing in the updrafts, which is one of likely many organic vapors

contributing to increased aerosol mass concentrations. To corroborate these findings, we conducted

independent Large Eddy Simulations (LES) that demonstrate organic vapor condensation can double the

aerosol mass in updrafts. These resolved LES serve as a valuable guide, directing future aircraft

measurement locations and further development of PyroCus mechanisms in models.
Environmental signicance

Our study focuses on quantifying the aerosol mass and black carbon content that Pyrocumulus clouds inject into the stratosphere, a phenomenon exacerbated
by the rise in megares. These aerosols can persist in the stratosphere for 3 to 15 months, inuencing the global climate. We nd that the black carbon mass
fraction within these clouds remains consistent, a critical constraint for climate models. The increasing frequency of megares has intensied the climatic
inuence of Pyrocumulus clouds, making our work crucial for accurately predicting their environmental impact.
1 Introduction

Pyrocumulus (PyroCu) clouds, formed during wildres, signify
a complex interplay between heat release, vapors, aerosol
particles, and atmospheric conditions.1–3 Rapidly rising plumes
trigger cloud droplet formation, with the potential to further
develop into Pyrocumulonimbus (PyroCb) clouds through
lightning or precipitation. As the buoyant airmass ascends and
cools, condensation of organic vapors and cloud droplet acti-
vation may occur.1,2,4 These phenomena lead to latent heat
release, prompting further ascent.3,5,6 Yet until recently, limited
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aircra measurements have probed the vapor and aerosol pro-
cessing in PyroCbs.

Wildre emissions primarily consist of organic aerosols (OA)
and black carbon (BC). However, the radiative impact of BC
aerosol remains an active area of research due to atmospheric
processing or aging that can happen throughout the lifetime of
the plume. These include changes in its mixing state, OA
coating thickness, and structure, which inuence BC's radiative
properties and atmospheric lifetime.7–12 Moreover, solar heating
by BC absorption increases self-loing of aerosol and conse-
quently the higher peak altitude and longer lifetime of PyroCu
smoke plumes.13

Megares with climatic impact (exceeding 40 km2) have
occurred worldwide, injecting stratospheric aerosols that
scatter sunlight, cooling the Earth's surface.6,14–24 These plumes
can induce both immediate surface cooling (−3 °C) and pro-
longed global cooling.13,22,25 Given their slow removal timescale
(3–15 months from the lower stratosphere), PyroCu plumes
produce lasting radiative impacts, unlike their tropospheric
counterparts.12,13,15,17,20–22,24–26 These effects make PyroCus vital
© 2024 The Author(s). Published by the Royal Society of Chemistry
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for modeling analogous scenarios like nuclear winter or
volcanic eruptions.

Climate assessments oen begin by initializing smoke
plumes into the free troposphere and tropopause (or lower
stratosphere), requiring assumptions about BC mass
fraction.13,27–32 For megares, modeling studies6,13,17 and obser-
vations2,12 have suggested a BC mass fraction of 2% BC.
However, in estimating worst case scenarios and maximizing
impacts of nuclear explosion res, the BC mass fraction used
can be up-to 100% BC.33,34 In this work, we provide supporting
evidence through aircra observations and Large Eddy Simu-
lations (LES) for more accurate plume initiations of wildres.3,13

Future improvements to bottom-up LES simulations will also
constrain nuclear explosion re scenarios.

Typically, LES models have not incorporated organic gas-to-
particle partitioning, instead focusing on uid dynamics and
cloud droplet formation.35,36 While minor for inorganic aerosol
systems, signicant OA partitioning occurs in organic vapor
rich environments.2,5,6 This organic vapor partitioning alters the
BC fraction, impacting top-of-the-atmosphere cooling.6,17,22

Our study emphasizes temperature-driven organic vapor
condensation rather than chemical aging, though the latter can
also result in additional OA formation.37 Using a two-product
model, we added OA partitioning to LES, motivated by the
British Columbia 2017 wildre's mass closure analysis for
Reisner et al.3 The satellite-estimated aerosol mass emission of
the BC 2017 wildre was 0.2–0.3 Tg compared to the initial
bottom-up emissions (without OA condensation) of 0.08–0.12
Tg, and with OA condensation the total mass was 0.22–0.35 Tg.
OA formation resolves the disparity between satellite-estimated
aerosol mass4,14 and bottom-up emissions simulations.3
2 Methods
2.1 Aircra ights

To investigate the dynamics of OA formation and BC mass
fraction in wildre plumes, we carried out an analysis of aircra
observations. This analysis aimed to detect OA formation by
observing changes in particle diameter and organic vapor gas-
to-particle partitioning. Then we analyzed the vertical prole
of BC mass fraction to support climate studies and to validate
our wildre LES.

The aircra studies were divided into two categories: those
focusing on smoke sampling (containing a single PyroCb
sampling), and non-smoke related campaigns. Table 1 lists the
campaigns and provides summary of the sampling domains.
Table 1 Flight campaigns analyzed

Campaign Emission category Ref.

FIREX-AQ PyroCu & wildres & agricultural burns 38
BBOP Wildres & agricultural burns 39
WE-CAN Wildres 40 and 41
CARES California urban (summer) 43
TCAP North East urban (winter) 44
CACTI Argentina background (summer) 45

© 2024 The Author(s). Published by the Royal Society of Chemistry
Campaigns for smoke sampling include the Fire Inuence on
Regional to Global Environments and Air Quality experiment –
FIREX-AQ NOAA/NASA38–, Biomass Burning Observation Period
– BBOP DOE-ARM39–, and the Western Wildre Experiment for
Cloud Chemistry Aerosol Absorption and Nitrogen Study –

WECAN NSF.40,41 The smoke sampling data was separated into
three categories: general wildres (North America Northwest
Region), PyroCb (FIREX-AQ had the only intercept), and agri-
cultural burns (central and southern USA). To exclusively
analyze in-smoke measurements, we utilized the in-smoke data
ags for FIREX-AQ and WECAN campaigns, and for BBOP,
a threshold of over 100 ppbv carbon monoxide was employed,
consistent with the former's in-smoke ag criteria. To contrast
these smoke plume measurements, we performed identical
analyses for urban ight studies using the DOE-ARM aircra42

the Carbonaceous Aerosol and Radiative Effects Study –

CARES43–, Two Column Aerosol Project – TCAP44 – and a South
America background site the Cloud, Aerosol, and Complex
Terrain Interactions – CACTI45–, which also sampled some
diluted smoke transport.

We assessed aerosol size distributions utilizing either the
Laser Aerosol Spectrometer (LAS; TSI) or the Ultra-High Sensi-
tivity Aerosol Spectrometer (UHAS; Droplet Measurement
Technologies),46,47 depending on the campaign. The volume
mean diameter was calculated from the size distribution data,
and the total aerosol mass (PM1) was estimated assuming
a density of 1.25 g cm−3.48–50 The BC mass was measured using
the Single-Particle Soot Photometer (SP2, Droplet Measurement
Technologies),51 enabling us to analyze the altitude dependence
of the BC mass fraction (BC/PM1).

The gas-to-particle partitioning analysis for organic vapors in
this study was conducted using canister data collected during
the FIREX-AQ campaign to investigate OA condensation
processes.52 As the temperature decreases from ground level to
the tropopause (from 320 to 220 K or >12 km), the volatility ðC*

j Þ
of the organic compounds can decrease by four orders of
magnitude.53 This thermodynamic change effectively trans-
forms an intermediate volatile organic compound into a semi-
volatile one.54,55 Specically, a vapor saturation concentration
that starts at 106 mg m−3 at ground level can decrease to 102 mg
m−3 at the tropopause due to this temperature decrease,
although the exact change varies depending on the organic
molecule in question. Note, our analysis is focused on ther-
modynamic driven OA condensation and not chemical aging of
organic vapors. For each of the 125 compoundsmeasured in the
gas phase, we calculated the aerosol partitioning coefficient as

xj ¼
 
1þ Csat:

j

Ctotal

!�1

: (1)

Since the organic aerosol chemical composition in the
condensed phase was unknown, we approximated the satura-
tion concentration Csat.

j from the compound's pure vapor pres-
sure,53 recognizing that this would likely result in
underestimation. The total aerosol mass Ctotal was calculated
from integrating the aerosol size distribution. Among all
Environ. Sci.: Atmos., 2024, 4, 80–87 | 81
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Fig. 1 Altitude profiles from FIREX-AQ flights with identified fire
plumes (solid orange), sampled PyroCb plume (purple), and regional air
(gray dashed). Medians are shown with 25% and 75% percentiles
shaded. (a) 1-Nonene partitioning coefficient; regional air contains
diluted smoke but not enough for significant gas-to-particle parti-
tioning. (b) Mean volume diameter of aerosol particles; diameter
increase over regional air corresponds to condensational growth.
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View Article Online
speciated gases, 1-nonene exhibited signicant response in
partitioning coefficients and was selected for subsequent
altitude-dependent analysis. For organic vapor measurements,
we expected a decrease in semi-volatile vapors corresponding to
temperature decrease with increasing altitude, resulting in
condensation. Our altitude-based analysis revealed evidence for
OA condensation, substantiating the inclusion of this process
in the LES of PyroCus.

2.2 Large eddy simulation

The LES utilizes the High-Gradient applications model
(HIGRAD), a uid dynamics model created by Los Alamos
National Laboratory (LANL). It can solve either the Euler or
Navier–Stokes equations, depending on the application. In our
study, we implemented a conservative Euler equation set,56 with
a cloud physics package57 to simulate the transport and fate of
water vapor, cloud droplets, OA, BC, and organic vapors. The
inclusion of these constituents better captures the variability
from entrainment or processing.58

In conjunction with LANL's re behavior model (FIRETEC),
HIGRAD was used to simulate coupled atmosphere-re
behavior on a landscape scale, encompassing predictions for
atmosphere-fuel interactions,59 combustion,60 convective and
radiative heat transfer,61 particulate emissions (including BC
and OA),62 and organic vapor emissions.

2.3 Organic aerosol parameterization

The OA partitioning mechanism was integrated into the LES
model using a two-product approach. This parameterization
was separate from our previous aircra volatile organic vapor
(VOC) analysis and does not parameterize those observation.
The LES approach employed a temperature and humidity-
dependent condensation fraction curve. Given a total organic
concentration (particles + gases) we scaled the integrated mass
concentration of the volatility distribution from Theodoritsi
and Pandis,63 enabling us to calculate different amounts of
organic vapor partitioning.

To reduce the volatility distribution to a two-product model
(consisting of primary OA and organic vapor), we conducted
random sampling (10 000 uniform-random samples) of the
primary OA mass concentration, organic vapors (via CO
concentration64), relative humidity (RH), and temperature
within dened bounds (see ESI†). We employed the Clausius–
Clapeyron approximation to account for the temperature
dependence in the biomass burning volatility distribution.55

From these random sampling results, we derived the fraction
of total organic vapors that condensed (i.e., the partitioning
coefficient) and tted it to a polynomial with temperature and
RH. Although the t introduced a median error of 10%, this
approach enhanced computational efficiency by avoiding the
need to solve a partitioning equilibrium problem in each grid
cell. Furthermore, our model emphasizes the temperature
dependence in organic vapor partitioning, an aspect more
critical in PyroCus than the mass concentration dependence on
partitioning. The coefficients for this polynomial t are
provided in the ESI.†
82 | Environ. Sci.: Atmos., 2024, 4, 80–87
3 Results
3.1 OA condensation prole

The partitioning coefficient proles derived from the observa-
tions of 1-nonene reveal an altitude dependence in both the re
and PyroCb plumes, but not in the regional air (see Fig. 1a). This
altitude dependence allows us to conclude that 1-nonene
condenses to the particle phase within these dense smoke
plumes. In the diluted regional air, the organic mass concen-
tration is insufficient to cause any measureable partitioning
effect. Among a variety of organic vapors measured from FireX-
AQ, only 1-nonene has a low enough vapor pressure to condense
with temperature decreases in the updras. Other gases with
similar or lower vapor pressures would likely also exhibit this
temperature-dependent behavior, leading to similar altitude
dependence.

A notable consequence of the organic vapor partitioning
observation is an increase in aerosol sizes due to OA conden-
sational growth. As shown in Fig. 1b, the altitude dependence of
the mean volume diameter displays little change in the regional
air (diameters between 150 and 200 nm), consistent with a well-
mixed atmosphere. In contrast, re plumes and PyroCu
demonstrate an increase in mean particle diameter over the
regional air, starting at approximately 3 km. This is consistent
with OA condensational growth, with diameters observed up to
280 nm. The decrease in particle diameter above 8 km could
either be attributed to plume dilution and organic vapor evap-
oration or simply reect the limited observational data at the
higher altitudes. If there was no condensation, coagulation, or
entertainment the altitude prole of the mean volume diameter
would remain constant.

3.2 Black carbon fraction

The characterization of the BC mass fraction emission ratio is
a critical aspect when initializing climate models to study the
impacts of PyroCus on climate. Understanding this mass frac-
tion prole (Fig. 2) is vital to accurately simulating radiative
effects and aerosol lifetimes in the stratosphere.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Altitude profiles of BC mass fraction (BC/PM1) for wildfire
flights, identified fire plumes (orange), the single PyroCb plume (purple
dashed), and agricultural fires (yellow). Medians with 25% and 75%
percentiles shaded (see ESI† for number of data points per altitude
interval). BC mass fraction ranges 0.5–3% above planetary boundary
layer (>3 km); thin gray dashed line at 2% is for visual reference. (b)
Summary of altitude profiles of BC mass fraction from multiple
campaigns including combined fire plumes (orange) and urban
campaigns; Argentina summer background from CACTI.
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Above the planetary boundary layer (∼3 km), combined
smoke observations reveal that all plume types fall within a 0.5–
3% BC mass fraction range (Fig. 2a). Global aircra observa-
tions in the stratosphere report slightly lower BC mass fractions
for smoke and mixed plumes (0.4–0.5%).65 Recent analysis from
the NASA Atmospheric Tomography (ATom) campaign has
shown results consistent with the BC mass fraction range,
measuring 1.2 ± 1.9% for wildres and 1.6 ± 0.8% specically
for the same 2017 British Columbia PyroCb.12 The PyroCb
plume, which had larger updra velocities, exhibits the same
BC mass fraction as non-PyroCb re plumes. This observation
implies OA in the PyroCb plume maintain thermodynamic
equilibrium (i.e., temperature driven condensation) similar to
the non-PyroCb wildre plumes.

A notable trend in our analysis was the reduction of the BC
fraction from the boundary layer to the free troposphere (Fig. 2a).
This trend may result from multiple factors, including variations
in transport pathways such as advection or entrainment,
impacting aerosol concentration and composition, and variations
in size that could affect susceptibility to dry deposition. These
aspects could lead to a sharper change in aerosol composition
between the free troposphere and planetary boundary layer.

The uniformity in BC mass fractions across different plume
types might be attributed to the observed plumes predominantly
originating from wildres in the northwestern United States,
leading to similar emission ratios of BC to organics. Further
investigation into potential source dependence, such as wildre
emissions versus urban areas, is depicted in Fig. 2b, illustrating the
BC mass fraction from additional aircra eld campaigns. Urban
measurements reveal less variability between the boundary layer
(urban measurements) and free troposphere (Argentina measure-
ments) but remain within a similar BC mass fraction range.

3.3 Simulation

We employed the HIGRAD simulation to explore the evolution
of OA formation and BC mass fraction within an idealized re
source. This investigation offers insights into the complex
© 2024 The Author(s). Published by the Royal Society of Chemistry
dynamics of plume dilution and emphasizes the temperature
effects that govern the condensation of organic vapors.

In the simulations (Fig. 3a), the re plume exhibits
a chimney effect, wherein the smoke forms an intact column
that extends to the tropopause (12 km). This chimney effect
concentrates the aerosol mass within the column, inhibiting
widespread dilution in the free troposphere and maintaining
a higher internal temperature in the plume. Upon reaching the
tropopause (12 km), aerosol particles spread horizontally, and
organic vapors condense, thereby accumulating additional
aerosol mass via the thermodynamic processes captured in our
OA parameterization implemented in HIGRAD.

The aerosol mass prole (Fig. 3c) may seem uneventful
within the plume, but this prole hides the underlying OA
formation that occurs over a larger spatial area than the plume
core. By examining horizontal cross-sections (Fig. 3d and e), we
can discern the extent of OA formation. In Fig. 3c, the organic
vapors persist in the core chimney of the plume. As the air mass
cools and mixes outside the chimney, OA forms (Fig. 3e). This
chimney effect prevails until the tropopause, channeling smoke
vertically with minimal alteration in OA formation, primarily
due to restricted cooling. Eventually, the buoyant smoke ascent
halts, and reduced buoyancy enables the mixing of the smoke
plume with the air mass at the tropopause. This interaction
cools the organic vapors, leading to OA formation, as depicted
in blue in Fig. 3a. For additional OA and BC altitude proles see
the ESI Section 6 Additional simulations.†

The simulation had a consistent offset of +5% in the BC
mass fraction relative to observations – across all altitudes–, as
illustrated in Fig. 3b. However, this simulation did not account
for potential loing of ash and dust resulting from surface
winds. The consideration of these particle sources in Reisner
et al.3 led to a reduction in the BC fraction to the 3% range,
aligning more closely with the upper limit of the observed BC
mass fraction. Additionally, as wildre plumes evolve, coagu-
lation scavenging near the source can also lead to the removal of
BC prior to the condensation of organic vapors. This type of
near-eld scavenging would improve the agreement between
our simulated BC mass fraction and observations.

4 Discussion

The contrasting proles from urban observations underscore
differences in BC mass fractions, contingent on source type.
However, the similarities in BC mass fractions observed for
wildres and agricultural burns in North America contradict the
diversity anticipated from individual emission factors. Emis-
sions from specic tree and forest species can vary widely, with
gures ranging from 0.1% for Lodgepole pine to 42% for
Pocosin.66 At the forest or eld level, according to Akagi et al.,67

the BC mass fraction for non-tropical forest emissions is 3.3%,
while agricultural burns exhibit an 11% BCmass fraction. Near-
eld measurements of wildres reveal up to 35% BC mass
fraction,10 yet lingering smoke consistently shows a 2–3% BC
mass fraction days later. Despite source disparities, we observed
BC mass fractions exhibited a consistent trend once smoke
plumes reach the free troposphere.
Environ. Sci.: Atmos., 2024, 4, 80–87 | 83
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Fig. 3 Analysis of the LES simulation at 12.5 hours with 3 m s−1 horizontal wind: condensed OA (blue) and organic vapors (orange). (a) Vertical
cross-section with organic vapor gradients overlapped onto of OA; temperature contours are dashed. (b) BC mass fraction profile in LES
simulation (purple) compared to biomass burning observations (orange). (c) Plume profile after 12.5 hours, OA condensed aerosol from vapors
(dashed gold), OA primary emissions non-volatile (dotted brown), and total aerosol mass. (d) Horizontal cross-section of organic vapor
concentration with 276 K temperature contour. (e) Horizontal cross-section of OA condensed aerosol concentration from vapors, with 276 K
contour.
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Aerosol processing may channel the BC fraction into the
observed 0.5–3% range in the free troposphere aer OA
condensation has occurred. In addition, factors such as coag-
ulation with dust or ash particles might lead to a decrease in BC
mass fraction through dry deposition before OA condensation
is occurring.68 The complexity of these dynamics, including
fallout and dispersion of particles, necessitates further research
to reconcile these different regimes of OA formation and BC
mass fraction in general smoke plumes.69–72

The LES revealed insights into the relationship between OA
formation and BC mass fraction as the plume is transported
within the troposphere to the stratosphere. While the study
affirmed that OA formation via thermodynamic processes could
reduce the BC mass fraction aer organic vapors condensate
into OA. However, there was few aircra transects at the
tropopause to provide evidence for the horizontal plumemixing
and cooling at this altitude. This absence can be attributable to
the limited sampling of PyroCu-like plumes with enough
convective potential energy to reach the tropopause. Yet, the
general structure of the decreasing BC mass fraction prole
agreed between observations and the LES.
84 | Environ. Sci.: Atmos., 2024, 4, 80–87
5 Conclusion

This study probed the vertical distribution of BC mass fractions
in wildre smoke plumes and the inuence of OA formed via
condensation on modifying these fractions. We observed
a consistent BC mass fraction – in the free troposphere – across
different emission locations. This consistency may arise from
OA formation, which curtails near-eld variability as plumes
disperse into the far eld. We have highlighted the need to
account for the OA formation in controlling the vertical distri-
bution of BC mass fraction in wildre plumes, especially when
transported into the stratosphere. Our large eddy simulation
further corroborated that OA formation – due to thermody-
namics – reduces the BC mass fraction, and the chimney effect
limits tropospheric mixing during plume ascent.

In conclusion, our ndings underscore the importance of
considering both the vertical distribution of BCmass fraction in
wildre smoke plumes and the role of OA in shaping this
fraction. These considerations are essential to enhance climate
modeling and more accurately characterize the environmental
repercussions of wildres.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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