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ABSTRACT: The atmospheric processing of biomass burning organic aerosol (BBOA) and its implications for tropospheric aerosol
physicochemical properties remain uncertain. To address this gap, we investigate the chemical transformation of BBOA from wildfire
events in the western U.S., using data from aerosol mass spectrometers aboard the DOE G-1 aircraft and at the Mt. Bachelor
Observatory (∼2800 m a.s.l.) during the summers of 2013 and 2019. This study captures dynamic changes in submicron particulate
matter (PM1) concentrations and chemical profiles within wildfire plumes that span a broad range of atmospheric ages, from fresh
emissions (<30 min) to plumes transported for several days. As plumes age, the oxidation state of organic aerosols (OA) increases,
accompanied by the formation of secondary aerosol components such as phenolic secondary OA (SOA) species, carboxylic acids,
and potassium sulfate. Early plume evolution is marked by the evaporation of semivolatile components and the formation of alcohol
and peroxide functional groups, while extended aging produces more oxidized species, including carboxylic acids and carbonyl
compounds. Normalized excess mixing ratios (NEMRs) of OA to CO demonstrate a complex interplay between evaporation, SOA
formation, and oxidative loss. Using positive matrix factorization (PMF), we identify distinct BBOA types representing various stages
of atmospheric processing and assess the contributions of primary BBOA and secondary BBOA formed through atmospheric
reactions. These findings shed light on the intricate mechanisms governing the evolution of BBOA characteristics within wildfire
plumes, providing critical insights to improve atmospheric modeling of BBOA and better assess the environmental and climatic
impacts of wildfire emissions.
KEYWORDS: biomass burning organic aerosol (BBOA), atmospheric aging, photochemical age,
soot-particle aerosol mass spectrometer (SP-AMS), biomass burning observation project (BBOP), volatility basis set (VBS)

1. INTRODUCTION
The release of aerosol into the atmosphere from wildfires
carries adverse consequences on human health, global climate
forcing, and regional air quality.1−5 These impacts are
particularly important for the western United States, a region
that has experienced a recent surge in the intensity and
frequency of wildfire events. These events have given rise to
recurrent and widespread severe air pollution episodes, notably
during the summer and fall months.6−9

Wildfires, like biomass burning (BB) in general, emit a
complex mixture of primary organic aerosol (POA), inorganic

species such as black carbon (BC), and volatile organic
compounds (VOCs) which can react in the atmosphere to
form secondary organic aerosol (SOA).10 Within BB plumes,
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organic aerosol (OA) constitutes a dominant fraction of
submicron aerosol (PM1), followed by BC and particulate
chloride and nitrate.11 As they disperse through the
atmosphere, BB plumes undergo a multitude of physical and
chemical processes that lead to dynamic variations in both
aerosol loading and composition, ultimately impacting their
radiative forcing contributions through both direct and indirect
effects. For instance, oxidation reactions involving VOCs and ·
OH, O3, or ·NO3 radicals in the gas phase can yield lower
volatility species, which have the potential to condense and
form SOA.12−14 Additionally, heterogeneous and aqueous-
phase reactions within BB plumes could contribute to both
accretion reactions, leading to the formation of SOA, and
fragmentation reactions, resulting in the net loss of OA
mass.15−19 The chemical and physical transformations
occurring within wildfire plumes have significant impacts on
aerosol characteristics pertinent to climate dynamics. These
changes include both the formation of brown carbon (BrC)
species and photobleaching processes.20,21 Moreover, the
production of oxygenated species can significantly increase
the overall hygroscopicity of aerosols within wildfire plumes,
even though primary BBOA and BC are inherently hydro-
phobic.22

In addition to chemical transformations, material within BB
plumes is transferred between the gas and aerosol phases as the
system approaches an equilibrium dependent on the vapor
pressure of the species, OA concentration, and particle-phase
state.23 When dense BB plumes mix with clean background air,
a greater proportion of semivolatile material partitions from
the particle phase to the gas phase due to dilution-induced
evaporation, leading to changes in aerosol chemical properties
within wildfire plumes.24 For instance, at the plume edge,
where dilution effects are more pronounced compared to the
central core, aerosols exhibit reduced signal intensity from
anhydrous sugars (indicative of primary BBOA), alongside an
enhanced oxygen-to-carbon ratio (O:C).24,25 However, these
variations may also arise from enhanced photochemistry near
the plume edges due to increased light transmission, resulting
in a higher ·OH concentration.26

Normalizing OA to excess CO (ΔOA/ΔCO) to account for
dilution offers a valuable approach to study the transformations
of OA in BB plumes throughout atmospheric processes. An
increase of ΔOA/ΔCO with plume age suggests the formation
of SOA, while a decrease indicates the loss of organic matter
due to evaporation, fragmentation reactions, and deposi-
tion.27,28 Laboratory studies have found an increase in ΔOA/
ΔCO when BB smoke undergoes oxidative processing;29

however, field studies have shown varying results, with some
measuring an increase,30 some showing a decrease,31−33 and
others seeing no change in ΔOA/ΔCO with aging.34−36

One hypothesis to account for the negligible change of
ΔOA/ΔCO seen during field studies is that the formation of
SOA is offset by dilution-driven evaporation of semivolatile
POA.31,34,36 However, this scenario still results in changes in
the chemical composition of the OA, as semivolatile and
reduced species are replaced with highly oxygenated, lower
volatility compounds.20,36,37 Few studies have explored
dilution-induced changes in BBOA characteristics, with most
focusing on the initial few hours of physical aging.24,29,37−39

Aircraft-based measurements play a crucial role in
investigating the evolution of wildfire plumes, typically
spanning from near-field to hours of physical aging.19,39−41 A
study conducted using aircraft in West Africa sampled

agricultural burning plumes after 0.5 to 12 h of aging, revealing
significant changes in OA composition and suggesting rapid
atmospheric processing.35 While aged wildfire plumes up to
several days old have also been studied from aircraft
platforms,21,42 remote mountaintop sites offer the advantage
of sampling transported plumes over a broader range of
processing times with minimal interference from local
emissions. This includes measurements of BB plumes that
have undergone substantial atmospheric processing for as long
as 2 weeks.27,33,36,43−45 By combining aircraft and mountaintop
measurements, we gain a more comprehensive understanding
of how wildfire plumes evolve over time, encompassing both
the immediate effects and the long-term changes caused by
atmospheric processing.43

Both aircraft- and ground-based studies of wildfire events
commonly employ aerosol mass spectrometers (AMS) to track
the composition, sources, and transformations of aerosols
originating from wildfires. The integration of positive matrix
factorization (PMF) with AMS measurements has successfully
resolved BBOA factors across diverse atmospheric environ-
ments.15,33,36,46−48 Furthermore, this approach has also led to
the identification of multiple BBOA factors that represent
different stages of atmospheric processing of wildfire plumes,
providing valuable insights into the evolutionary path of BBOA
in the atmosphere.36

In this study, we analyze measurements of wildfire plumes
from the DOE Gulfstream-1 (G1) aircraft and at the Mt.
Bachelor Observatory (MBO; ∼2800 m a.s.l.) as part of the
2013 Biomass Burning Observation Project (BBOP) spon-
sored by the U.S. DOE.49 The G1 aircraft was equipped with a
suite of particle and gas-phase instrumentation, including a
high-resolution soot particle time-of-flight aerosol mass
spectrometer (hereafter SP-AMS) sampling at 1 Hz for PM1
composition quantification. From July to September 2013, the
G1 aircraft was based out of Pasco, Washington and sampled
wildfire plumes across Washington, Oregon, and Idaho, with a
focus on fresh plumes that had undergone processing for less
than a few hours.36,39,43 The MBO is a mountaintop
atmospheric monitoring site that has been used extensively
to characterize transported plumes originating from local,
regional, and intercontinental wildfire events.36,50−52 A high-
resolution time-of-flight AMS (HR-ToF-AMS) was deployed
at MBO during BBOP, capturing data from wildfire plumes
aged between 6 and 48 h. Additionally, an SP-AMS was
deployed at MBO during the summer of 2019 where
extensively aged wildfire plumes (some up to 2 weeks) were
observed.33 By combining these data, we comprehensively
characterize the evolution of wildfire plumes, ranging from
those with less than 30 min of processing time to those
subjected to multiple days of physical transport. Our primary
focus lies in understanding the changes in BBOA composition
through unraveling the associated chemical processes and
examining the formation of SOA via PMF analysis. Addition-
ally, we explored the emergence of specific secondary
compounds during the transport process.

2. EXPERIMENTAL AND DATA ANALYSIS METHODS
2.1. Measurements of Wildfire Plumes from Aerial

and Mountaintop Platforms. We focus on measurements
obtained during three G1 flights in 2013 and at the MBO
ground site during both 2013 and 2019. Details regarding the
AMS operations aboard the G1 aircraft and at MBO are
described in previous publications,27,33,36,39,53,54 and additional
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information on the BBOP campaign can be found in Section
S1.1. Specifically, two flights (G1-0730b and G1-0821b) were
chosen as they sampled significant, well-defined wildfire
plumes in a pseudo-Lagrangian pattern, including transects
upwind, directly over, and up to approximately 50 km
downwind of the emissions sources (Figure 1). The flight on
the afternoon of July 30, 2013 (G1-0730b) sampled emissions
from the Colockum Tarps fire in central Washington, while the
flight on August 21, 2013 (G1-0821b) sampled emissions from
the Government Flats fire in northern Oregon (Figure 1). A
third research flight (G1-0806) was conducted on August 6,
2013, and sampled locally and regionally transported plumes
from the Douglas and Whisky complexes in southern Oregon
and the Salmon complex in northern California (Figure 1). A
summary of the characteristics of the different wildfire plumes
is presented in Table 1. The G1-0806 flight was strategically
coordinated with measurements at MBO and included a direct
fly-by (Figure 1). A comparison of pollutant measurements
between these two platforms is summarized in Table S1 of the
Supporting Information.
The HR-ToF-AMS was deployed at MBO from July 25 to

August 25, 2013, and the SP-AMS was deployed from August 1

to September 10, 2019. Wildfire smoke events at MBO were
defined as periods characterized with (1) elevated levels of OA,
CO, and CO2 above the background and (2) high correlations
(r2 > 0.6) between CO and PM1.

27,33,55

2.2. Positive Matrix Factorization (PMF) Analysis of
SP-AMS Data. We expect that all OA sampled during the G1
smoke transects can be attributed to a set of BBOA factors that
represent either varying stages of atmospheric processing or
distinct emission profiles due to different fuel types and
combustion conditions. Due to the high aerosol loadings
within the wildfire plumes relative to the regional background,
any contribution from biogenic SOA is assumed to be
negligible. To identify these distinct BBOA types, source
apportionment analysis was conducted by applying positive
matrix factorization56,57 to the AMS data separately for each
research flight using the ME-2 algorithm within SoFi Pro v9.4
based in Igor 9.58 For each data set, one factor was constrained
to the highly oxidized BBOA-3 factor identified by Zhou et
al.36 using the a-value approach, while the other factors were
allowed to vary freely. A three-factor solution was chosen for
G1-0821b and G1-0806, while a four-factor solution was
chosen for G1-0730b. Subsequently, each PMF factor was

Figure 1. Map of the U.S. Pacific Northwest region featuring the flight paths of the G1 research flights used in this analysis, color-coded based on
PM1 concentration. Open circles indicate thermal anomalies detected by the MODIS satellite colored by date and sized by fire radiative power
(FRP). Pie charts represent average PM1 composition measured by SP-AMS, with pie chart size corresponding to the average log10(PM1).

Table 1. Summary of Wildfire Characteristics Observed During G-1 Research Flights

fire name data set MCEa primary fuel
acres
burned dates burned

Colockum Tarps
fire

G1-0730 0.92 ± 0.005 shrubland (sagebrush) 80,000 7/17/13−8/14/13

Government Flats
fire

G1-0821 0.92 ± 0.006 conifer forest (ponderosa pine, grand fir) 11,400 8/17/13−8/26/13

Whisky Creek
complex

G1-0806,
MBO-2013

N/A mixed conifer forest (Douglas fir, ponderosa pine, sugar pine,
California black oak)

14,000 8/10/13−9/6/2013

Salmon River
complex

G1-0806,
MBO-2013

N/A mixed conifer forest (Douglas fir, ponderosa pine, sugar pine,
California black oak)

14,700 7/31/2013−
8/31/2013

Douglas complex G1-0806,
MBO-2013

N/A mixed conifer forest (Douglas fir, ponderosa pine, sugar pine,
California black oak)

45,000 7/18/2013−
10/24/2013

aKleinman et al., 2020.39
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categorized as fresh BBOA (F-BBOA), aged BBOA (A-
BBOA), and highly aged BBOA (HA-BBOA) based on their
oxidation state and position within the f44/f60 space. For the
G1-0730b flight, a second fresh BBOA factor is necessary to
explain the variation in the aerosol composition, likely due to
variable fuels with different emission profiles. Further details
on the PMF analysis and results are included in Section S1.2.
The unconstrained PMF solutions for the MBO mountain-

top site during BBOP and 2019, described in Zhou et al.36 and
Farley et al.,33 respectively, are used in this study as well.
Specifically, during BBOP, three distinct BBOA factors were
resolved at the MBO, including a fresh BBOA (BBOA-1), a
moderately aged BBOA (BBOA-2), and a highly aged BBOA
(BBOA-3). During the 2019 measurements, there was
significantly less influence from fresh wildfire smoke, and
only a single BBOA factor was resolved with properties
intermediate of the BBOA-2 and BBOA-3 factors.
2.3. Calculation of Normalized Excess Mixing Ratios

(NEMRs). The NEMR of different species was calculated to
account for plume dilution. For the G1-0730b and G1-0821b
flights, this procedure was carried out on a point-by-point basis
to account for rapid variations in plume composition sampled
by the aircraft using the following equation:
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where Xi and COi represent the concentrations of species X
and CO at a given time point i. Xbckgd and CObckgd denote the
background concentrations of X and CO, which were defined
as the tenth percentile of the respective species measured at
MBO during BBOP, as this site is generally representative of
the background conditions of the western U.S.53,59 Specifically,
the values of CObckgd and OAbckgd were determined to be 0.08
ppm and 2.35 μg sm−3, respectively. ΔOA/ΔCO was
calculated in units of ppbv ppbv−1 using an average molecular
weight of 250 g mol−1 for OA.
Due to the lower concentrations measured at MBO and

during the G1-0806 research flight, NEMRs were determined
for each smoke event based on the orthogonal distance
regression of the species X and CO to better account for
variations in background CO and PM1.

27,33,36

2.4. Calculation of Photochemical Age and Physical
Transport Time of BB Plumes. The aerosol photochemical
age was calculated based on the change in NOx concentration
relative to CO. NOx and CO are both primary species emitted
during combustion; however, NOx reacts quickly with ·OH,
while CO is relatively inert in the atmosphere. Thus,
photochemical age can be calculated using the following
equation:
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where t is time in seconds, [·OH] is the ambient concentration
of ·OH radical (assumed to be 1 × 107 cm−3), and kNO2+OH =
1.07 × 10−11 molecules cm−3 s−1.60 The ·OH radical
concentration was selected to provide moderate agreement
between the photochemical age and the physical transport
(Figure S1). Additionally, this value agrees with other in situ ·
OH measurements within wildfire plumes.26,30 ([NOx]/
[CO])t=0 is the emission ratio of NOx (ERNOx) at the point
of emission. The ERNOx for G1-0730b and G1-0821b, defined

as the highest 10 s average NOx/CO ratio observed during the
flight, were 9.52 × 10−3 and 17.8 × 10−3, respectively, and
show reasonable agreement with previous literature measure-
ments of 9.2(±0.6) × 10−3, 8.0(±0.3) × 10−3, and 9.1(±7) ×
10−3.10,32,61 The higher ERNOx seen during G1-0821 may stem
from differences in fuel type or combustion efficiency during
this wildfire.62 Indeed, Andreae reports higher values for
temperate forests (24(±17) × 10−3) than boreal forests
(9.1(±7) × 10−3), highlighting the importance of fuel type. It
is also noteworthy that as ERNOx was defined after a brief
processing period, the photochemical age may represent a
lower limit and does not account for the plume rise time.
Further details on the calculation of photochemical age are
provided in Section S1.3.
For the G1-0806 and MBO measurements, all sampled

BBOA had undergone some degree of processing; therefore,
the ERNOx was set to 9.2 × 10−3 based on Simpson et al.,61 due
to the similarity in fuel types. For each smoke event identified
during G1-0806 and at MBO, a single NOx/CO value was
calculated following the methodology used for calculating the
NEMR discussed in section 2.3. Specifically, the orthogonal
distance regression with the y-intercept allowed to vary was
calculated for each event. No calculations of photochemical
age were conducted for smoke events with an r2 < 0.5 between
NOx and CO. This included one of the 10 events during the
G1-0806 flight and 13 of the 18 events sampled at MBO
during BBOP. The low correlations likely resulted from either
the mixing of different sources or the complete depletion of
NOx from the airmass.
The physical transport times for the G1-0730b and G1-

0821b plumes were calculated by dividing the distance
between the aircraft and the emission source by the windspeed
measured by the aircraft at the time of sampling, and a
comparison is shown in Figure S1a. The location of the plume
emission was determined by identifying thermal anomalies
detected by MODIS aboard the Aqua and Terra satellites. For
the smoke events captured during G1-0806 and at MBO, the
physical transport time was estimated through a comparison of
back trajectories obtained by using the HYSPLIT model and
the MODIS thermal anomalies. Further details regarding this
approach can be found in the works by Collier et al.27 and
Farley et al.33 Unless otherwise specified, we use the
photochemical age for G1 research flights and the physical
age for the plumes sampled at MBO. When taken together, we
use the more general term plume age.
2.5. Quantification of Aerosol Volatility. The volatility

of aerosol particles was characterized at the MBO site during
both the 2013 and 2019 studies using a digitally controlled
thermodenuder (TD) system positioned upstream of the
AMS.33,36 The TD operation was automated via a custom
program that cycled through 12 different temperatures ranging
from 30 to 280 °C, with 10 min intervals. An automatic three-
way ball valve facilitated the transition of the aerosol flow
between the TD and the bypass sampling modes every 5 min.
During the bypass mode, the temperature inside the TD was
brought to thermal equilibrium with the next preset temper-
ature before switching back to the TD mode. PMF analysis was
conducted on the data set comprising mass spectra acquired
from both the TD and the bypass modes, thus allowing for the
determination of the thermal profiles of individual OA factors.
The thermograms were converted to volatility basis sets
(VBS)23 using the kinetic evaporation model described in the

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.5c00002
ACS EST Air 2025, 2, 677−691

680

https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00002/suppl_file/ea5c00002_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00002/suppl_file/ea5c00002_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00002/suppl_file/ea5c00002_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00002/suppl_file/ea5c00002_si_001.pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.5c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


work by Cappa.63 Details of this calculation are provided in
Section S1.4.

3. RESULTS AND DISCUSSION
3.1. Overview of Wildfire Plumes of Varying Trans-

port Ages. The measurements analyzed here encompass
wildfire emissions that have undergone between 30 min and 2
weeks of atmospheric processing. While the plumes gradually
mix with background air during transport and become diluted,
it is important to note that the G1 flights and the MBO site
were located within the free troposphere, where the back-
ground air is expected to be clean.53 Therefore, the presence of
PM from sources other than BB is expected to be negligible
compared to the smoke particles in the plumes studied here.
Both the G1-0821b and G1-0730b flights employed a

pseudo-Lagrangian sampling approach and captured fresh
plumes typically within 30 min postemission during their
closest transects (Figure 1). These transects exhibited the
highest PM1 and CO concentrations, with maximums of 9753
μg sm−3 (at standard temperature and pressure of 273.15 K, 1
atm) and 16 ppmv, respectively, for G1-0821b and 2803 μg
sm−3 and 5.1 ppmv, respectively, for G1-0730b. As the distance
from the source increased, the plume gradually mixed with
cleaner background air and became increasingly dilute. The
substantially lower concentrations observed near the outer
edges of each transect indicate well-defined plume structures
and low background PM1 concentrations.
The G1-0806 research flight sampled wildfire emissions that

were more dilute compared to the other two G1 flights yet still
exhibiting PM1 substantially elevated above background
concentrations, peaking at 365 μg sm−3. Considerably more
spatial homogeneity was seen across individual transects during
this flight, suggesting that the plume had mixed more
extensively with the regional background air (Figure 1).
Throughout all three research flights, OA contributed the
dominant fraction of PM1, accounting for >89% of total mass.
Following this was refractory BC (2−6%), while chloride,
sulfate, nitrate, and ammonium each accounted for ≤2% of
total PM1 (Figure 1).
The BB plumes characterized at the Mt. Bachelor summit

site had undergone significantly longer transport durations.
During the 2013 campaign, a series of wildfires occurred about
200−350 km upwind of MBO in southern Oregon and
northern California, and the results from this study have been
documented in previous publications.27,36,43,53,64 In the present
study, we utilize 18 BB smoke events with clearly identified
emission sources and estimated physical transport times

ranging from 4 to 42 h.27 These smoke events were identified
based on strong correlations (r2 > 0.85) between CO and CO2.
Additionally, we incorporate 11 smoke events sampled at
MBO in 2019, with physical transport time ranging from 10 to
250 h.33 Due to the lower concentrations, slightly less stringent
criteria were used, with smoke events defined as periods with a
correlation between CO and PM1 of r2 > 0.6 and a CO
concentration greater than 110 ppb. As shown in Figure 1,
despite substantial variations in aerosol loadings, wildfire
smoke events observed at MBO exhibit aerosol compositions
similar to those observed during the G1 flights.
Back-trajectory analysis indicates that the BB-influenced

airmass sampled during the G1-0806 flight was directly
transported to the MBO, allowing for the analysis of wildfire
plumes originating from the same emission source but
experiencing significantly longer transport times, thereby
eliminating the effect of variations in fuel type and combustion
efficiency. Furthermore, the excellent agreements between the
average pollutant concentrations and aerosol properties
observed aboard the G1 and at MBO during a direct fly-by
(Table S1) instill confidence in merging the data sets from
both platforms for subsequent analyses on BBOA evolution.
However, as the fires sampled by G1-0730b and G1-0821b
were in different geographic regions, there may be systematic
differences in the fire characteristics.
3.2. Chemical Evolution of Aerosols in Wildfire

Plumes during Atmospheric Aging. 3.2.1. Evolution of
Bulk BBOA Properties and Oxidation State. Despite
variations in sampling locations, the trends in aerosol evolution
display similar patterns across different plumes. Given the
predominance of BBOA in the plumes analyzed in this study,
we explore the atmospheric processing of BBOA using the Van
Krevelen diagram, where bulk H/C is plotted against O/C, and
the slope of the relationship provides insights into the
dominant chemical reaction types (Figure 2a).65 A slope of
0, −1, and −2 corresponds to the addition of alcohol/peroxide
functional groups, carboxylic acid, and carbonyl groups,
respectively. Previous ambient measurements in locations
dominated by biogenic or anthropogenic emissions have
typically shown slopes near −1,65,66 while measurements of
ambient BBOA have revealed slopes closer to zero.48,67

However, experiments involving the aging of BB smoke in an
oxidative flow reactor have indicated that ·OH oxidation of
BBOA from most biomass fuels yields a slope close to −0.5,
except for ponderosa pine smoke, which exhibits a slope of
nearly zero.28

Figure 2. (a) Van Krevelen diagram plotting bulk H:C and O:C and (b) f44/f60 triangle plot for BBOA in the wildfire plumes observed in this study.
Error bars indicate the standard deviation during each plume event.
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As shown in Figure 2a, the plume transects sampled during
the G1-0821b and G1-0730b flights demonstrate slopes of 0.05
and −0.15, respectively, suggesting the formation of alcohol or
peroxide functional groups during the aging of freshly emitted
wildfire plumes. This near-zero slope is especially apparent at
O/C < 0.5, i.e., during the initial 2 to 3 h of photochemical
aging. Beyond that, the slopes gradually decrease, and the G1-
0806 and MBO-2013 plume events show negative slopes of
−0.58 and −0.54, respectively. The trend observed during the
MBO-2019 plume events generally aligns with those of G1-
0806 and MBO-2013, although the correlation between O/C
and H/C is weaker (r2 = 0.32). This weaker correlation could
be attributed to the relatively low BBOA concentrations and
longer atmospheric transport times within the MBO-2019
plumes, resulting in a stronger influence from background
aerosols, such as biogenic SOA.33 Taken together, these results
indicate that while near-field processing primarily involves the
formation of alcohol or peroxide moieties, the formation of

carboxylic acids or carbonyl functional groups becomes
increasingly prominent with extended aging. This observation
aligns with laboratory studies investigating the formation and
photochemical transformation of SOA derived from the
oxidation of phenols�a major class of VOCs emitted during
biomass burning.17,68−71

The evolution of the chemical properties of BBOA can also
be visualized through the f44/f60 triangle plot originally
introduced by Cubison et al. (Figure 2b).31 f60, the fraction
of organic mass at m/z 60 (mostly C2H4O2

+), is a tracer for
anhydrous sugars including levoglucosan, while the fraction of
mass at m/z 44 ( f44; mostly CO2

+) is a marker for oxidized
OA, including carboxylic acids. Upon oxidation, f60 decreases
while f44 increases in the AMS spectra of BBOA. All of the
wildfire plumes examined in this study show a similar trend
upon oxidative aging, as indicated by the parallel slopes
transitioning from the bottom right to the top left of the f44/f60
plot (Figure 2b). For this analysis we utilize the f44 and f60

Figure 3. Change in (a) O/C, (b) f CO2, (c) f C2H4O2, (d) f CHO2, and (e) f C3HO2 with plume age. Plume age is defined as the photochemical age for
the G1 measurements and as the physical age for the MBO measurements. A sigmoid function is applied to fit all of the data points. In (d), an
exponential fit for f CHO2 data points at more than 10 h is also included.
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variables for a direct comparison with previous studies.
However, in the following section, we use the fraction of
mass of the CO2

+ ion ( f CO2) and C2H4O2
+ ion ( f C2H4O2) to

eliminate interference from ions with the same nominal mass.
The increase in bulk O/C and f CO2 and the decrease in

f C2H4O2 all exhibit sigmoid relationships with plume age, with
little change in these parameters for plumes younger than 1 h
(Figure 3). However, plumes aged between 1 and 4 h
experience a sharp decrease in f C2H4O2, accompanied by only a
minimal corresponding increase in f CO2. Conversely, the most
pronounced upward trend of f CO2 is observed between 5 and
20 h of aging. This pattern is consistent with the loss of
semivolatile materials, such as levoglucosan, prior to the
formation of highly oxidized SOA species such as carboxylic
acids. Additionally, the notable rise in the O/C ratio within
plumes aged between 3 and 20 h (Figure 3a) suggests that this
duration of aging induces the most significant and rapid
changes in BBOA composition. This aligns with the findings of
Sedlacek et al.,19 who studied plume aging through changes in
the black carbon coating thickness. Their study observed an
initial increase in coating thickness, followed by a decrease
after 0.5 to 1 day of atmospheric processing. This time scale is
similar to the present work, where markers for the formation of
SOA show significant increases within the first 24 h. However,
we continue to observe increases in these signatures as
atmospheric aging continues.

3.2.2. Evolution of Secondary BBOA Species. Phenolic
compounds, such as phenol (C6H6O), guaiacol (C7H8O2),
catechol (C6H6O2), and guaiacyl acetone (C10H12O3), are
emitted in large quantities from BB72,73 and can react in the
gas or aqueous phase to form SOA compounds, including
hydroxylated phenols, nitrophenolic compounds, and
oligomers.17,68−71 Phenolic SOA is an important component
of secondary BBOA and has an outsized impact on aerosol
absorption and toxicity.20,74 It is also thought that nitrophenol
compounds are an important component of tarballs, which are
light absorbing aerosols commonly found within wildfire
plumes.54,75 Laboratory studies have identified a number of
HR-AMS fragments that are indicative of phenol SOA.17,68,76

Furthermore, studies have shown that during prolonged
photochemical aging, the composition of phenolic SOA
undergoes a transition from being dominated by large
multifunctional compounds to smaller, highly oxygenated
species, such as carboxylates.18,69,77

The CHO2
+ fragment serves as a mass spectral tracer ion for

carboxylates.17 Figure 3d shows that the fraction of mass at
CHO2

+ ( f CHO2) evidently increases as a function of the plume
age. Interestingly, this increase occurs earlier and at a faster
rate than the increase in f CO2, with an inflection point of the
sigmoid relationship at 2.7 h, in contrast to 8.5 h for f CO2
(Figure 3d). Furthermore, f CHO2 exhibits a continuing upward
trend even in the most aged plume measured (Figure 3d). The
C3HO2

+ fragment, prominent in the AMS spectra of phenolic
SOA and likely derived from unsaturated carbonyls,76,78 shows
a less well-defined trend; however, a good correlation with
CHO2

+ is seen in plumes less than 12 h old (r2 = 0.92−0.95).
These findings further emphasize the increased presence of
carboxylic acids or carbonyl functional groups in more aged
BBOA.
Although the absolute concentration of nitrogen-containing

organics in smoke plumes is generally low, they are an
important component of brown carbon (BrC) and can have an
outsized role on aerosol absorption.20 The fraction of the

nitrate signal attributed to organonitrates ( f pRONOd2
) was

estimated using the ratio of NO+ and NO2
+ and is described

in Section S1.1. fpRONO2 shows a decrease with increasing
nitrate concentration (Figure 4), a trend similar to findings

reported in other studies.79,80 At the MBO, nearly all of the
nitrate signal was associated with inorganic nitrate during BB
periods. However, pRONO2 was found to dominate the total
nitrate signal during clean periods, contributing ∼5% of the
total OA and likely formed from the reaction of biogenic
monoterpenes.53 In contrast, both G1-0730b and G1-0821b
exhibit an inverse relationship, with periods of higher f pRONO2
values observed at greater nitrate loadings. Instead, higher
f pRONO2 appears to be related to plume age, with fresh
emissions showing a higher fraction (Figure 4c). For instance,
at ages less than 1 h, ON accounted for up to 80% of the pNO3
but <10% after 5 h. As the aging processes continue, f pRONO2
increases and approaches nearly 1 for the most aged BB plume
sampled at the MBO.

3.2.3. Aging-Induced Transformation of Potassium
Species. Potassium is often used as a tracer for BB in the
ambient environment.81,82 Here, K+ was measured, alongside
ions representing potassium salts, including K3SO4

+, K2NO3
+,

K2Cl+, and K2OH+. Previous studies noted negligible enhance-

Figure 4. (a) Change in the NEMR of OA (ΔOA/ΔCO) with plume
age in wildfire plumes. (b) Variation in the fractional abundance of
organonitrate relative to total particulate nitrate ( f pRONOd2

) as a
function of total particulate nitrate concentration. Solid lines indicate
the binned average, and errors bars indicate one standard deviation.
(c) Changes of f pRONOd2

as a function of plume age. In (a), symbols are
sized by the log-transformed organic aerosol loading; the x-axis
transitions to log scale at 12 h.
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ment of K+ in BB plumes at MBO.33,36 Similarly, no
enhancement was seen during G1-0806, which sampled
plumes from similar source regions, confirming the depletion
of potassium in wildfire plumes originating from northern
California and southern Oregon. This depletion could
potentially be attributed to the types of fuels burned. For
example, previous studies have shown that montane species
like Douglas fir and ponderosa pine emit a lower potassium
mass fraction than other fuels types, such as sagebrush.83,84

Elevated concentrations of K species were seen during the
G1-0730b and G1-0821b samplings. Here we use G1-0730b as
a case study to delve into the transformations of potassium
salts and the utility of this information regarding the
atmospheric aging of BB smoke. During this research flight,
approximately 80−90% of the potassium was detected as K+;
however, non-negligible amounts of K3SO4

+, K2NO3
+, K2Cl+,

and K2OH+ were also detected (Figure S5). While these
compounds have been previously detected with laser-ablation
single particle mass spectrometry,85−87 their detection with SP-
AMS was rarely reported.88

Quantifying K-containing compounds through AMS meas-
urements is difficult due to the thermal ionization processes
occurring on the tungsten vaporizer or on the surface of rBC
when the laser vaporizer is utilized.89 In this study,
concentrations of K-containing species are reported in nitrate
equivalents (i.e., RIE = 1 and CE = 1). Additionally, the
fragmentation pattern of K-containing compounds is unknown.
We expect that K compounds are internally mixed with rBC,
suggesting that laser vaporization is the dominant ionization
process for K+ adducts. However, we do observe a 0.007 amu
shift in the 39K+ peak, indicative of the influence of surface
ionization, as ions produced through this source traverse a
slightly different trajectory within the mass spectrometer.89

Most K is emitted in the form of KCl and KOH during
biomass combustion.90 During atmospheric transport, these
compounds can undergo acid replacement reactions with
H2SO4 and HNO3 to form K2SO4 and KNO3, respectively. The
presence of these species was found to increase with longer
aging time, although these reactions are dependent on the
availability of precursors.81,87 Additionally, if there is sufficient
SO2(g) present during combustion, K2SO4 can be formed
directly during the combustion process, especially at high
temperatures (>1000 °C).91,92 These conditions are more
likely to be met during flaming combustion, which may explain

why previous studies have reported an exponential increase in
particulate potassium concentration with modified combustion
efficiency (MCE).93

Figure S5a shows the changes of each potassium species,
normalized by total K signal or CO concentration, with the
estimated photochemical age (PCA) during the G1-0730b
flight. As expected, K2Cl+ shows a rapid decrease with
photochemical age, reaching minimal NEMR values
(ΔK2Cl+/ΔCO) at PCA > 5 h. The decline of the NEMR
of K2Cl+ behaved akin to a pseudo-first-order reaction, with an
estimated rate constant of 0.37 h−1. A strong dependence is
also seen between the NEMR of K2Cl+ and oxidation markers
such as O/C and f44 (Figure S4b). This suggests that K2Cl+
may be a useful indicator of transport time in the near-field,
although its sensitivity to H2SO4 and HNO3 concentrations
remains unknown.
K3SO4

+ was expected to be a secondary species, but no clear
trend with photochemical age was observed (Figure S5).
Instead, a strong dependence on sulfate was seen (r2 = 0.89;
Figure S5c), indicating that K2SO4 formation may be more
strongly related to the concentration of sulfate. It is also
possible that this compound has already formed by the time of
the first transect or during the combustion process. Although
the concentrations of K2NO3

+ were low, their contribution to
total potassium increased with age, consistent with secondary
formation.
3.3. Characterization of BBOA Transformation Using

Positive Matrix Factorization (PMF). We employed PMF
analysis to further probe the transformations of BBOA and
gain a better understanding of the primary and secondary
organic aerosol components in the wildfire plumes. The
spectral characteristics of all PMF factors are shown in Figures
S6−S10. The fresh BBOA factors (F-BBOA), representing
primary BBOA, exhibit the highest signals at C2H4O2

+ and
C3H5O2

+, both of which are marker ions for levoglucosan and
other anhydrosugars (Figure 5). The spread of f C2H4O2 values
in the fresh BBOA category may indicate the variation in the
emission of anhydrosugars during pyrolysis, which can be
influenced by the cellulose content of the fuel31 as well as
burning efficiency.27 All of the F-BBOAs have similar O/C
values ranging from 0.15 to 0.26. However, as primary BBOA
in wildfire plumes undergoes chemical degradation, their
f C2H4O2 values converge and appear to be independent of the
initial values (HA-BBOA in Figure 5). Although PMF analysis

Figure 5. Distributions of the PMF factors within (a) Van Krevelen space and (b) the f CO2 ( f44) vs the f C2H4O2 ( f60) space. The factors are grouped
into three types, as indicated by the shaded boxes.
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was conducted separately for each of the G1 aircraft
measurements and at the MBO summit site, a comparison of
the spectral features provides further insights into the BBOA
aging.
While the physical age of a plume represents the duration

since its emission, it accounts for both daytime and nighttime
transport and is independent of oxidant concentrations. As
demonstrated by Zhou et al.,36 daytime aging of wildfire
plumes resulted in significantly more oxidized BBOA
compared to those transported during nighttime. Additionally,
BBOA in plumes with similar ages may show different degrees
of oxidation due to differences in sunlight intensity exposure.
For example, Palm et al.26 have reported enhanced photolysis
rates (e.g., jHONO) near the plume edges in comparison with
the core. Likewise, as shown in Figure S3, we see much higher
photochemical ages on transect edges nearest the source when
compared to the plume core, suggesting that the photo-
chemical age metric effectively captures this heterogeneity
within the plume. Interestingly, as the plume undergoes
dilution, this effect becomes increasingly negligible and
eventually reverses, with the plume core showing higher
photochemical ages relative to the edges (Figure S3). This may
be due to the greater availability of oxidants in the previously
optically thick plume.
Figure 6a demonstrates that over the course of atmospheric

processing observed during the G1-0730b and G1-0821b
flights, the F-BBOA factors show a nearly monotonic decrease
in fractional abundance with increasing photochemical age,
gradually giving way to the factors representing aged BBOA.

This observation suggests that fresh BBOA material is lost via
either evaporation or chemical reactions, similar to what is
delineated by Sedlacek et al.19 In plume transects with the
lowest photochemical ages, the F-BBOA factors accounted for
approximately 75% of the OA mass (Figure 6a). Over the first
10 h of photochemical processing, this fraction decreased to
approximately 20%. Most of the remaining mass is attributed
to the aged BBOA factor (A-BBOA). However, between 3 and
18% of the total OA mass is attributed to the highly aged
BBOA factor (HA-BBOA), suggesting that highly processed
BBOA is formed rapidly within the first 10 h of plume aging.
Furthermore, the fraction of mass attributed to the HA-BBOA
factor is highest near the edges of the plume.
The differences between the F-BBOA factors resolved

during each of the research flights may be a result of fuel
types with different emission profiles.14,94 Two fresh BBOA
factors were identified during the G1-0730b research flight,
and although their spectra share similar f60 and f44 values, there
are key differences. Notably, the fresh BBOA-1 factor exhibits
enhanced signals in high m/z CxHy ions, such as C7H7

+ (m/z
91.05), C8H9

+ (m/z 105.05), C9H7
+ (m/z 115.06), and C13H9

+

(m/z 165.07), which may indicate the presence of polycyclic
aromatic hydrocarbons (PAHs).95 Additionally, these factors
show different temporal patterns consistent with previous
analysis that found considerable spatial variation of the
chemical composition within this plume.39

During G1-0821b, an along-plume transect was conducted,
during which the aircraft flew directly from the furthest point
away from the fire to the fire epicenter in about 5 min (Figure

Figure 6. (a) Change in OA composition with photochemical age for the G1 research flights. The left side includes all data points binned by
photochemical age, with the frequency corresponding to the number of data points within each bin. The right side corresponds with individual
smoke events sampled during G1-0806. (b) Map of the G1 aircraft location during the cross-plume transect during G1-0821b. Aircraft location is
shown by circles, colored by sampling time and sized by measured PM1 concentration. Open black circles indicate thermal anomalies detected by
MODIS. (c) Change in inorganic and OA composition during the cross-plume transect during G1-0821.
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6b). This transect spans a range of photochemical ages from 0
to 6 h, with OA loadings ranging between 10 and 104 μg m−3.
Furthermore, the short time frame of the transect helps
minimize uncertainties arising from changes in atmospheric
conditions during the measurement period. At the furthest
point during this transect which has undergone the most
atmospheric processing, the F-BBOA factor only accounts for
30% of the total OA, and up to 20% of the OA is attributed to
HA-BBOA. However, as the aircraft approached the emission
source, the mass fraction of F-BBOA increased to 80%. The
mass loading of nitrate peaks downwind of the organic loading
peak, highlighting the relatively slow formation of this
secondary species.
While both G1-0821b and G1-0730b showed strong

correlations between OA and rBC, G1-0821b displayed a
much higher ΔOA/ΔrBC in comparison to G1-0730b, with
ratios of 30.2 and 14.9, respectively. As both of these fires had
similar average MCE values, these differences are likely due to
underlying fuel differences. The variations in fuel sources may
also have implications for the BBOA composition. For
instance, the high f60 identified in the fresh BBOA during
G1-0821b is consistent with laboratory measurements of grass
emissions.31

The identification of different fuel types was accomplished
using high resolution (30 m × 30 m resolution) vegetation
maps from the Landscape Fire and Resource Management
Planning Tools (https://landfire.gov/) during the Govern-
ment Flat fire (G1-0821b) and the Colockum Tarps fire (G1-
0730b), as detailed in Section S1.5. Overall, the Government
Flat fire primarily consisted of open and closed canopy mixed
conifer forests, while the Colockum Tarps fire had a high
contribution from shrubland and herbaceous grassland.
Although each individual fire covers a wide area and emissions
likely result from a mixture of different species, this suggests
that the properties of primary BBOA can vary among wildfires
in different ecosystems. This distinction is noteworthy when
performing source apportionment studies in areas impacted by
wildfire smoke, especially when a priori spectral information is
used, such as in PMF analysis utilizing Machine Engine 2 (ME-
2).58 However, regardless of the initial POA signature and fuel
types, the BBOA for each flight ultimately converged toward a
similar composition with processing, as represented by the A-
BBOA and HA-BBOA factors.
3.4. Age-Dependent NEMRs in Wildfire Plumes and

Role of Dilution-Induced Evaporation in Plume BBOA
Processing. Figure 4a provides an overview of the changes in
the normalized excess mass ratio of OA relative to that of CO
(ΔOA/ΔCO) with plume age for the wildfire plumes observed
in this study. Across the G1-0730b and G1-0821b research
flights, there is no statistically significant relationship between
ΔOA/ΔCO and photochemical age; instead, much of the
variability in ΔOA/ΔCO is associated with substantial changes
in the OA concentration, spanning 3 orders of magnitude.
However, for plumes sampled during G1-0806 and at MBO,
ΔOA/ΔCO exhibits a pronounced decreasing trend at a
photochemical age greater than 12 h. These findings suggest
that within the initial few hours of atmospheric aging, the
production of SOA and the loss of BBOA from evaporation,
chemical fragmentation, and/or deposition are relatively
balanced. However, with extended processing (e.g., >12 h),
the loss of aerosol mass becomes more important in
comparison to secondary aerosol formation.

To determine the role of evaporation in the change in
aerosol mass, we quantified the volatility of each BBOA factor
identified at the MBO summit site using mass thermograms
measured with a thermodenuder (Figure 7a). Note that no

thermodenuder measurements were conducted aboard the G1
aircraft. As expected from the thermograms, BBOA-1 shows
the largest fraction of higher volatility material, peaking at a
saturation vapor pressure (C*) of 101 μg m−3 (Figure 8). As
BBOA ages, the C* distribution shifts toward lower volatility
bins, peaking at 10−2 and 10−4 μg m−3 for BBOA-2 and BBOA-
3, respectively. The C* distribution for the BBOA factor
identified in MBO-2019 exhibits a peak at 10−3 μg m−3,
accompanied by a significant contribution from components

Figure 7. (a) Mass thermograms for the BBOA factors. (b) Percent of
OA mass lost through evaporation for each BBOA factor at increasing
dilution factors. Change in OA mass with increasing dilution factor
during (c) the G1-0730b research flight and (d) the G1-0821b
research flight. The dashed line is the expected trend if only dilution is
considered, while the red line accounts for evaporative loss in addition
to dilution. Black circles indicate the percent of OA mass attributed to
SOA in each dilution factor bin.

Figure 8. Volatility distribution corresponding to 298 K of the BBOA
factors identified in Zhou et al.36 and Farley et al.33 The colored bars
correspond with the particle-phase fraction, while the black boxes
correspond with the total gas and particle-phase concentration.
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with C* as low as 10−8 μg m−3, indicative of extensive
atmospheric processing (Figure 8d). Additionally, Figure 8e
shows the OA volatility during a highly processed wildfire
plume transported from Siberia with an estimated aging time
of about 2 weeks. In this event, the C* distribution shows a
considerable amount of OA mass at C* < 10−6 μg m−3. The
concurrent presence of higher volatility material could indicate
the formation of more volatile species through chemical aging
or mixing with more volatile non-BB aerosol during
atmospheric transport.
Using the volatility distribution of each BBOA factor, we

calculated the amount of particle mass lost through
evaporation under different degrees of plume dilution (Figure
7b). Upon mixing with clean background air up to a dilution
factor of 200, both the fresh BBOA-1 and the moderately aged
BBOA-2 show up to 80% mass loss from evaporation. In
contrast, the more extensively aged BBOAs, including the
highly aged BBOA-3, the 2019 BBOA factor, and the Siberia
BBOA plume, show evaporative losses that are approximately
half as low. Although similar thermal profiles are seen in Figure
7a for these aged BBOA species, they show different behavior
upon dilution due to different levels of aerosol loading.
For the G1-0730b and G1-0821b research flights, we

calculated the dilution factor at time point i as [COmax]/
[COi], where [COmax] is the highest CO concentration
measured during the flight. The dilution factor increases with
photochemical age, especially for time points with high organic
aerosol loading, while the trend becomes less clear as CO
approaches background concentrations (Figure S13). When
plotted against the dilution factor, the OA concentration shows
a decreasing trend due to mixing with background air. If no
evaporative loss or SOA formation occurs, then the data points
should fall along a straight line, indicated by the black dashed
lines in Figure 7c,d.
The red lines in Figure 7c,d depict the predicted change of

the BBOA concentration assuming both dilution and
evaporation. The evaporation is estimated based on bulk OA
volatility calculated using the composition determined by PMF
analysis. The measured OA concentrations are generally higher
than those predictions if both dilution and evaporation are
accounted for, indicating substantial formation of SOA
material. To estimate the contribution of SOA to total OA
mass, we calculated the differences between the measured OA
concentrations and the predicted OA concentrations after
accounting for evaporative loss. This fraction ranges from 20 to
40% at dilution factors between 5 and 10 (Figure 7c,d). At
higher dilution factors, the observed OA mass concentrations
fall significantly below the predicted trend lines, indicating
significant BBOA loss processes such as chemical degradation
or deposition during extended atmospheric aging.
Leveraging observations from both aerial and mountaintop

platforms, we comprehensively examined wildfire plumes in
the Pacific Northwest spanning a wide range of processing
stages, from near-field plumes to those subjected to regional
and intercontinental transport. Photochemical age was
calculated for fresh and intermediately aged plumes based on
the decay of NOx relative to CO. This metric offers a reliable
estimate of physical transport time while revealing fine-scale
variations within the plumes driven by spatiotemporal
variations in oxidant concentrations. However, this metric is
not applicable for heavily processed plumes in which the NOx
concentrations have returned to background levels. In such
cases, estimating physical transport time based on travel

distance from the source�such as through the comparison of
modeled back trajectories and satellite thermal anomalies�
may be more useful for characterizing the age of plumes older
than 12 h since emission. We successfully identified distinct
BBOA signatures representing varying degrees of processing in
wildfire plumes. Notably, there was a rapid decrease in the
mass fraction of fresh BBOA factors, characterized by low O/C
values (0.15−0.26), as they were gradually replaced by more
oxidized aerosol with aging. This transformation can be
attributed to a combination of the volatilization of the more
volatile fresh BBOA and the formation of less volatile, more
oxidized secondary BBOAs. Furthermore, a rapid formation of
highly oxidized BBOA types, with an average O/C as high as
1.06, was observed within the first 6 to 12 h of photochemical
processing. Utilizing direct measurements of aerosol volatility,
we estimate that within the first few hours of plume processing,
up to 40% of OA mass was secondary. The chemical
modifications of the OA in wildfire smoke correspond to
changes in microphysical and optical properties. Aged BBOA is
likely more hydrophilic and can act more effectively as cloud
condensation nuclei (CCN), thereby altering cloud properties
in remote regions, such as over the oceans and in the
Arctic.96−98 Furthermore, the coating of BB-derived SOA onto
black carbon aerosol has been shown to enhance the
absorption of radiation.99 These results highlight the
importance of accurately representing the evolution processes
of BBOA, considering both mass concentrations and chemical
properties, in the atmosphere to properly assess the environ-
mental and climatic impacts of wildfire emissions.
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