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ation of size-resolved molecular
composition and phase state of carbonaceous
particles in wildfire influenced smoke from the
Pacific Northwest†
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Gourihar Kulkarni,c Lynn R. Mazzoleni,b William Kew a and Swarup China *a

Wildfires are significant sources of carbonaceous particles in the atmosphere. Given the dependence of

atmospheric processes on particle physical and molecular properties, the interplay between particle size,

phase state and chemical composition is investigated here for aerosol influenced by a 2021 Pacific

Northwest wildfire event. Both micro-spectroscopy and high resolution mass spectrometry analyses

highlight a similarity in particle compositions independent of both particle size (0.1–0.32 mm particle

diameters) and day/night cycle influences. Microscopy techniques revealed similar phase states for

periods of both day and night, with increases in liquid-like character for smaller particles. Finally, we

apply an evaporation kinetics model on estimated volatility distributions from assigned molecular

formulae, similarly revealing a slight increase in liquid-like character for smaller particles with no

significant day/night dependency. While the observations here are limited to a case study, the lack of

influence from the day/night cycle on chemical composition and phase state of particles in a wildfire

influenced plume is of particular note given that dependences are otherwise commonly observed for

different environments/sources. This observation, combined with the lack of compositional

dependencies for size-resolved wildfire-influenced particles, may have substantial implications for

wildfire particle optical properties, transport, and atmospheric models.
Environmental signicance

Wildres are a key source of atmospheric particles. As climate implications may vary signicantly depending on the particles' composition and morphology, the
detailed interrogation of wildre-inuence particles is warranted. Here, we nd that the characteristics of particles from a wildre-inuenced event in the Pacic
Northwest do not appear to have signicant dependencies upon the day/night cycle. Furthermore, the composition of these particles appears unrelated to their
size. Conventionally, dependencies to these variables have been observed for atmospheric particles from different sites and sources. While the observations
contained herein are limited to a case study, they present substantial implications for wildre inuence particles. In particular, this study shows that the
atmospheric evolution of wildre-inuence particles may differ substantially from other types of atmospheric particles.
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1 Introduction

Wildres are signicant sources of carbonaceous particles
with substantial environmental impacts, including implica-
tions on radiative forcing.1–3 With respect to quantifying
atmospheric emissions, a previous study estimated that 33.9
Tg per year of organic carbon are emitted globally, with open
burning responsible for 74% of the atmospheric organic
carbon mass.4 However, there is a limited understanding of
the current particle emissions that are directly related to
wildre events and how the emitted particles evolve over time
in the atmosphere.4–6 Additionally, recent studies have sug-
gested that wildre-related emissions have increased and are
expected to continue doing so, driven by changing climactic
Environ. Sci.: Atmos., 2023, 3, 1251–1261 | 1251
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factors such as warming temperatures, reduced snow-pack
and evolving anthropogenic activities.7–10 Given these uncer-
tainties, and that atmospheric aerosol loading has been
identied as a ‘planetary boundary’ for continued health of
Earth's multifaceted systems,11 continued interrogation of
wildre atmospheric aerosol composition is warranted.

While aerosol emitted into the atmosphere (including
those from wildres) may affect climate in a variety of ways,
many of these processes are signicantly inuenced by
particle physical properties, such as size and phase state. For
example, the cloud-forming properties of cloud condensation
nuclei (CCN) are heavily dependent upon particle size,12,13 and
more solid-like particles will be transported differently than
liquid-like counterparts.1 Therefore, given the importance of
aerosol particle physical properties, many research efforts
have targeted a further understanding of the interplay
between aerosol size, phase state, and chemical
composition14–21 with some specically focusing on the
chemical composition of size-resolved biomass burning
(including wildres).22–27 As examples, size-dependent aerosol
mixing states have been observed from biomass burning
events in China,25,26 and brown carbon was found to have
a size-dependence in wildre specic plumes in Northeast
Canada.23 Size-resolved secondary organic aerosol (SOA)
composition and evolution in wildre aerosols remains as
a signicant knowledge gap though, particularly with respect
to how molecular level information inuences particle phys-
ical properties. It is furthermore necessary to appreciate the
potential for wildre derived particle composition and phys-
ical properties to be inuenced by the day/night cycle. While
Slade et al. have shown an increase in solid-like phase char-
acteristics at night for biogenic aerosol,28 it remains unclear
how the differences in day/night atmospheric conditions
affect the size-resolved phase state and chemical composition
of specically wildre derived particles.

Here, we investigate the molecular-level composition of
size-resolved atmospheric aerosol that was inuenced by 2021
wildre events in the Pacic Northwest. Specically, we use
high resolution mass spectrometry,29,30 an array of micros-
copy and spectroscopy tools, and auxiliary in situ aerosol
measurements to examine the connection between particle
size, chemical composition, and phase state of wildre-
inuenced atmospheric particles for periods of both day
and nighttime.

2 Materials and methods
2.1 Particle collection and auxiliary aerosol measurements

Size-resolved aerosol particles (stage 7 (0.32–0.56 mm), stage 8
(0.18–0.32 mm), stage 9 (0.10–0.18 mm)) were collected in
Richland, WA via a Micro-Orice Uniform Deposition
Impactors (MOUDI; Model 110-R, MSP, Inc.) during periods
of day (August 2, 2021) and night (August 3, 2021) as
described in the ESI (Table S1).† HYSPLIT back trajectory
frequencies are shown in Fig. S1.† Air quality index contours
for every two days ranging from July 23 to August 8 are shown
in Fig. S2.† Particle electrical-mobility size distribution from
1252 | Environ. Sci.: Atmos., 2023, 3, 1251–1261
scanning mobility particle sizer (SMPS) and columnar volume
particles size distribution from AErosol RObotic NETwork
(AERONET) Version 3.0 algorithm products at quality level 1.5
are described in the ESI (Fig. S3 and S4).† The SMPS data
(Fig. S3†) was used to inform which particle diameters (i.e.,
stages) were representative of the sampling period, justifying
the analyses of MOUDI stages 7–9. Monthlong (August)
volume particles size distribution and aerosol optical depth
Ångström exponent data from AERONET are shown in
Fig. S4.† The average total particle concentrations for day and
nighttime sampling periods were comparable (∼2200 parti-
cles per cm3 and ∼1700 particles per cm3, respectively).
2.2 Microspectroscopic analysis of individual particles

Environmental scanning electron microscopy (ESEM; Quanta
3D, Thermo Fisher) with a FEI Quanta digital eld emission gun
(20 kV and 480 pA) and a tilted stage (75°) was used to probe the
phase state via the aspect ratio measurements (particle width to
particle height ratio) of individual impacted particles. While
some of the experimental conditions used here may bias the
end measurements against water content and volatile–semi-
volatile species (e.g., analyses are conducted at 293 K and ∼2 ×

10−6 torr), this technique has been previously validated for
phase-state measurements. Additionally, the strategy used
herein was importantly found to not be biased by particle size
for the investigated particle size ranges here.31,32 Further
description of these limitations and experimental parameters
are described elsewhere31–33 and in the ESI.†

Computer-controlled scanning electron microscopy with
energy-dispersive X-ray spectroscopy (CCSEM-EDX) and scan-
ning transmission X-ray microscopy with near-edge X-ray
absorption ne structure spectroscopy (STXM-NEXAFS) were
used to characterize the chemical composition of wildre
aerosol particles viamethods similarly described elsewhere.33–35

For CCSEM-EDX, an EDX spectrometer (EDAX, Inc.) was used to
collect spectra for 10 176 total particles across all samples.
Using K-mean clustering (elbow method),36 particles were clas-
sied based on their elemental percentages of C, O, N, S, Na,
Mg, Al, Si, P, Cl, K, Ca, Zn, Mn, and Fe. A k-mean clustering
algorithm was used to guide the number of particle classes, and
a rule-based algorithm (Fig. S5†) was eventually used to nally
sort particles into 5 different clusters: carbonaceous (CNO),
carbonaceous sulfur (CNOS), Na-rich particles and dust parti-
cles. STXM-NEXAFS analyses were conducted at beamline
5.3.2.2 of the Advanced Light Source (ALS) at the Lawrence
Berkeley National Laboratory.32,33,37,38 The chemical composi-
tion and mixing states of each particle were then inferred from
the spatially resolved X-ray spectra. Particles were classied into
three different categories: ‘OC’ (dominant and homogeneous
distribution of organic carbon), ‘EC’ (elemental carbon; parti-
cles containing organic function groups and higher amount of
sp2 C]C hybridized bonds), and ‘IN’ (inorganic
contributions).38–40 STXM-NEXAFS was used to infer particle
phase state,38,41–43 and also used for spectral deconvolution
analysis to infer functional group contribution44,45 (Fig. S6 and
Table S2) as further described in the ESI.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3 Nanospray desorption electrospray ionization with 21
tesla Fourier ion cyclotron resonance mass spectrometry
(nano-DESI 21 T FTICR MS)

A similar nanospray desorption electrospray ionization
(nano-DESI) system coupled to the 21 T FTICR MS system to
the one employed here has been previously described.30 Full
scan analyses were conducted over the range m/z 150–700 in
negative ion mode at a mass resolving power of 600k (at m/z
400). Similar strategies to those used here for data analysis,
including blank subtraction and data ltering, have been
previously described.46 Molecular formulae assignment was
conducted using MFAssignR,47 an open source soware tool.
Assigned molecular formula were limited to C, H, N
(maximum of 2 per individual formula) and O elemental
constituents of deprotonated, singly-charged ion types. Sulfur
constituents were found to not contribute to the plumes in
this study as part of preliminary analyses, and sulfur was
therefore not considered in nal compositional analyses. For
all samples, 77–82% of mass spectral features were assigned
a molecular formula for the given restrictions. Using the
assigned molecular formulae, volatilities were parametrized
according to the methods developed by Li et al.48,49 Data form/
z less than 150 was not collected due to low mass trans-
mission limitations of the 21 T FTICR MS.29 To specically
evaluate levoglucosan (C6H10O5) signal intensities (a lower m/
z ion not well transmitted by the 21 T FTICR MS system),
a LTQ Velos Orbitrap mass spectrometer (Thermo Scientic,
Waltham) was used with identical scan and nano-DESI
parameters with the exception of lower mass resolution
(100k at m/z 400). Further details are available in the ESI.†
2.4 Evaporation kinetics modelling

Time dependent evaporation of multicomponent SOA particles
was modelled using the parametrized volatility data from the
nano-DESI 21 T FTICR MS data. The dynamic gas-particle par-
titioning properties of wildre-inuenced OA within a simu-
lated organic gas-free environment at room temperature are
represented by a 14-bin volatility basis sets with saturationmass
concentrations (C*) ranging from 10−9 to 104 mg m−3. The initial
particle diameter corresponding to each of the three impactor
stages (7, 8, and 9) and corresponding normalized mass frac-
tions estimated from weighted mass spectrometry signal
intensities were used within the kinetic particle evaporation
model, and are shown in Table S3.† Further modeling details
are available in the ESI (Tables S3, S4 and Fig. S7)† and in Vaden
et al.50
Fig. 1 Summary of chemical composition data for wildfire aerosol
(stages 7 through 9) from periods of both day and nighttime. Repre-
sented data is the result of separate analyses by scanning transmission
X-ray microscopy with near-edge X-ray absorption fine structure
spectroscopy (STXM-NEXAFS), computer-controlled scanning elec-
tron microscopy with energy-dispersive X-ray spectroscopy (CCSEM-
EDX), and nanospray desorption electrospray ionization with 21 tesla
Fourier transform ion cyclotron resonance mass spectrometry (nano-
DESI 21 T FTICR MS). All represented data is normalized to totals per
stage (i.e., normalized per sample). Nano-DESI 21 T FTICR MS datasets
are weighted according to signal intensity.
3 Results and discussion
3.1 Observations from auxiliary datasets

As shown in Fig. S3,† the size mode at the time of sample
collection was around 0.25 mm, which is larger than the
typical size modes of freshly emitted wildre particles
(otherwise around 0.1 mm).51–53 These large particles may
therefore be products of long-range transport and/or
secondary formation.54,55 Correlations between HYSPLIT
© 2023 The Author(s). Published by the Royal Society of Chemistry
back trajectory frequency matrices (72 hours),VIIRS re map
data (Fig. S1†) and air quality index contours (Fig. S2†) show
that the plumes studied herein have some degree of inuence
from several wildre events. The wildre-inuence is further
supported by the observation of high signal intensities for
levoglucosan (C6H10O5;m/z 161.0455) in high resolution mass
spectrometry datasets across all samples (0.11–0.46 normal-
ized signal intensity range; Fig. S1†). Both the molecular
composition and subsequent connection to particles phase
state are explored in detail next.
Environ. Sci.: Atmos., 2023, 3, 1251–1261 | 1253
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3.2 Size-resolved composition of wildre-inuenced
particles

The composition of individual particles as revealed through
STXM-NEXAFS analyses is shown in Fig. 1, S5 and S7.† Across
all stages, the particles observed here are dominated by OC
and EC. Specically, the percentage of particles classied as
OC ranged from 84% (daytime, stage 9) to 98% (daytime, stage
7) for both day and nighttime particles, with the remaining
particles in these states classied as EC. Relative contribu-
tions of organic functional groups may be inferred for the
organic (OC) portion of the aerosol (Fig. S6 and Table S2†) and
are summarized here in Fig. 1 and Table S5.† Both the particle
classications and relative abundances of different organic
functional groups as revealed by the spectral deconvolution of
the STXM-NEXAFS data are generally consistent across stages,
as well as between day and nighttime periods.

Fig. 1 additionally provides per-particle level character-
izations by CCSEM-EDX (Table S6†). For stages 7 through 9,
the CCSEM-EDX data is likewise suggestive of a signicant
carbonaceous (organic) contribution, with a proportion of
carbon, nitrogen and oxygen containing particles (CNO) that
is dominant across all stages (Table S6†). There again is
a high degree of similarity in particle composition for periods
of both day and nighttime, which is reinforced by comparable
results from the STXM-NEXAFS dataset. The observed lack of
dependence on day and night chemistries is again notable, as
nighttime nitrate oxidation typically results in varied
composition, and consequently, distinct physical character-
istic consequences for atmospheric particles.1,56,57

To further validate the consistent compositional results from
microscopy, nano-DESI MS was used to assess the molecular
Fig. 2 Parametrized volatility plotted against the normalized signal inte
electrospray ionization 21 tesla Fourier transform ion cyclotron resonanc
plots show the degree of similarity across stages according to the weight
day and night, and the mass spectra are color coded accordingly. Samp
dance (e.g., unique stage 9 species) are not shown. For inset pie chart, all s
datasets for comparison/assessment of unique day/night features accor

1254 | Environ. Sci.: Atmos., 2023, 3, 1251–1261
formulae of the bulk organic aerosol in each stage. Specically,
a 21 T FTICR MS system was used for relatively increased
condence in the observed molecular formulae due to the
elevated mass resolving power.30,58 It must be noted that the
nano-DESI 21 T FTICRMSmethodology with the employed data
analysis strategy is limited to the interpretation of solubilized
organics, is not quantitative,59 and does not allow for inferences
regarding connectivity of atoms (i.e., isomers are not sepa-
rated).60 However, similar chemical composition was again
noted across all stages for the employed experimental condi-
tions as assessed via the both the weighted signal intensities
(Fig. 1) and number of assignedmolecular formulae (Table S7†).
The weighted contributions of species (according to signal
intensity) that contained carbon, hydrogen, and oxygen (‘CHO’)
ranged from 85 to 91% and ‘CHNO’ species (additional inclu-
sion of nitrogen) comprised 9–15% of the total weighted
abundance observed in both day and nighttime samples.
Aromaticity indexes,61,62 which were calculated according to the
assigned molecular formulae, were also similar across all stages
and between day and nighttime sampling periods (Fig. 1 and
Table S7†). Notably, elevated O/C ratios (average of 0.6 for all
stages) and dominance of ‘high O unsaturated’ compounds (52–
56% of all molecular formulae) were observed from the nano-
DESI MS data (Table S7†). Brege et al. have previously observed
an increase in O/C ratios from fresh (0.43–0.48) to aged (0.50–
0.58) biomass burning aerosol in Italy.63 A separate study from
Brege et al. highlighted lower average O/C ratios (<0.4) in a tar
ball dominated plume from Richland, WA (same sampling
location as this study). While different fuel characteristics (e.g.,
moisture content) and burning conditions (e.g., temperature)
will assuredly impact particle characteristics, the comparatively
nsity for each assigned molecular formula from nanospray desorption
e mass spectrometry (nano-DESI 21 T FTICR MS) analysis. Inset ‘UpSet’
ed signal intensities of assigned molecular formulae for periods of both
le/stage intersections that represented <0.75% of the weighted abun-
tages were aligned for respective periods of day and night, creating two
ding to weighted abundance.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Multimodal evaluation of size and day/night resolved wildfire
particle phase states. Scanning electron microscopic (SEM) images of
size-resolved wildfire aerosol are from a tilted stage (75°). Inset violin
plots describe the phase state distributions as calculated via the aspect
ratio of impacted aerosol particles. Suspected tar balls (i.e., solid-like
particles) are indicated via dashed red circles (note that inset pictures
are not representative of all particles studied per sample). Data from
STXM-NEXAFS is calculated on a per-particle basis.
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high O/C ratios observed here (0.6) may nonetheless be
suggestive of atmospheric aging and is in accordance with the
observed large particle size distribution (Fig. S3†).1,63,64

3.3 Further assessment of wildre-inuenced particle
composition via mass spectrometry

All observed molecular formulae via MS were aligned into one
dataset next to assess if any of the observed molecular formulae
are unique to a particular particle size range (i.e., impactor
stage). Parametrized volatility49 was then plotted against the
normalized signal intensity of each detected molecular formula
for day and nighttime periods as shown in Fig. 2 to create
pseudo-mass spectra. Inset ‘UpSet’ plots65 detail the intersec-
tions observed between stages according to the weighted
abundances of unique/commonly detected molecular formulae.
The data intersections as visualized via color-coding in the
Fig. 2 pseudo-mass spectra appear highly stratied, with the
intersections ‘common to stages 7, 8, and 9’ featuring the most
intense signals for both day and night samples; all other
intersections (e.g., unique to stages 8 and 9) featured signi-
cantly lower comparative abundances. While some of these
lower signal intensities may be due to unique molecular
formulae, the comparative nature of these low intensities may
instead be suggestive of a concentration effect (related to
sample loading) to explain the unique features across stages. In
addition to similarity across stages, the pie chart shown in Fig. 2
reinforces the similarities between day and nighttime samples:
molecular formulae commonly detected between both periods
comprise 98% of the overall signal intensity weighted abun-
dance between both sample sets. Fig. 2 therefore provides
further evidence of the chemical similarity for dominant spec-
tral features across periods of day and nighttime for this
wildre-inuenced aerosol, as well as across stages.

Combined with the results shown in Fig. 1, it is possible that
size-resolved compositional differences may be observed for
fresher biomass burning particles or for particles with a greater
overall wildre inuence.66–68 However, the combined results
here from micro-spectroscopy (CCSEM-EDX, STXM-NEXAFS)
and mass spectrometry (nano-DESI MS) techniques suggest
that these plumes do in fact show evidence of wildre inuence
(e.g., elevated levoglucosan signal intensities from MS data)
while also not having signicant compositional differences
according to either particle size or to day/nighttime
dependencies.

3.4 Connection of wildre-inuenced particle composition
to phase state via microscopy

The phase state of these wildre inuenced particles was
explored next to explore a potential link between particle
composition and physical properties. Fig. 3 shows the phase
state distribution and representative tilted view images of
particles for periods of both day and nighttime sample collec-
tion as measured by SEM. Consistent with the data from
Fig. S3,† the highest particle loading is observed for stage 8. Tar
balls, which are spherical particles oen observed with organic
dominated wildre smoke (as is the case in this study)
© 2023 The Author(s). Published by the Royal Society of Chemistry
especially in the smoldering phase of re,6,69 were not highly
abundant as part of this plume. However, they were still
observed in stage 7 (21% and 29% of day and nighttime parti-
cles, respectively) as further detailed in Table S5.†

For these suspected aged particles, the violin plots in Fig. 3
show a clear increase in liquid-like character for particles
collected on the stages for smaller particle sizes. Stage 7 exhibits
some solid phase inuence likely due to a limited number of tar
ball-like particles, while stages 8 and 9 exhibit similar liquid-
like phase state distributions. Even though some liquid repre-
sentation may be exaggerated due to particle coalescence in
stages 8 and 9 (due to high overall sample loading), the trend of
increasing liquid-like character for smaller particles is none-
theless evident. To further investigate particle phase state via
STXM-NEXAFS, total carbon absorbance was plotted against
particle diameter for individual particles (both as measured by
STXM-NEXAFS; Fig. S9†), allowing each particle to be classied
Environ. Sci.: Atmos., 2023, 3, 1251–1261 | 1255
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as either liquid, semi-solid, or solid.41,42 As summarized in
Fig. 3, the same trend towards more liquid-like particles rst
shown in the SEM dataset is also observed here for increasingly
smaller particle sizes. Only a slight increase in solid-like char-
acter is observed for the nighttime period relative to the day in
the SEM dataset, whereas the phase states as described by
STXM-NEXAFS have minimal day/night dependencies. While
this is consistent in principle with observations from Slade et al.
for a forested environment (i.e., more solid-like particles at
night),28 the signicantly lessened differences observed here for
aged wildre-inuenced particles are consistent with the minor
differences observed for day/night particle composition. This
observation (i.e., dominance of liquid-like particles in biomass
burning) was similarly observed by Liu et al. (not strictly related
to wildre burning events), where they also establish that
numerous chamber-related studies have underestimated the
liquid character of true, ambient biomass burning particles.27
3.5 Modelling of time-dependent secondary organic aerosol
evaporation

While similar SOA molecular formulae are noted for both size-
resolved and day/night wildre-inuenced aerosol, the compo-
sition of phase state of atmospheric particles may also change
over time. Evaporation kinetics, which are dependent upon the
volatility distributions (determined from their mass spectra)
and particle size,49 were therefore modelled next as one type of
approach to observe this evolution. The box model applied
herein is previously described by Vaden et al., which simulates
SOA evaporation of particles in an evaporation chamber lined
with activated charcoal at room temperature.50 Fig. 4 shows the
evaporation kinetics over 24 hours for size-resolved particles
during periods of day and night, revealing that smaller particles
evaporate at a faster rate. This is supported by Table S4† which
Fig. 4 Simulated evaporation kinetics for size-resolved wildfire
organic aerosol using mass spectrometry signal intensity weighted
volatility distribution data inputs.

1256 | Environ. Sci.: Atmos., 2023, 3, 1251–1261
shows an increase in the weightedMS volatilities for the smaller
particles and is consistent with more liquid-like properties of
smaller wildre particles as revealed through SEM and STXM-
NEXAFS (Fig. 3). The trend was largely conserved when the
model was re-run with the mean size-resolved volatility distri-
bution for each period of day and night (i.e., day run with mean
distribution of stages 7–9 from daytime, night run with mean
distribution of stages 7–9 from nighttime). This nding there-
fore reinforces the compositional similarities between day and
night, and that evaporation here is mostly driven by particle
size.

4 Conclusions

Overall, through the combination of microscopy, spectroscopy
and high-resolution mass spectrometry analyses, the composi-
tion of wildre-inuenced carbonaceous particles was found to
be largely independent of particle size for this case study. While
smaller particles were found to have increased liquid-like
character, these phase state differences were found to not
have a signicant association with the molecular composition
of the particle itself. Furthermore, both the particle phase state
and composition for this wildre-inuenced plume were found
to be largely independent of day/night variations. The domi-
nance of liquid-like character for these particles is particularly
interesting, as previous studies of Pacic Northwest wildres
have conversely shown that up to 95% of atmospheric particles
were tar balls (solid-like).70 This nding therefore reinforces
that varying combustion and fuel conditions of re may have
substantive impacts on eventual tar ball formation. Subsequent
aging/atmospheric transport of wildre derived particles will
consequently be impacted; for example, a recent study
demonstrated that tar ball formation allowed for substantive
amounts of brown carbon to be transported to remote Hima-
layan regions, resulting in a heating effect in the Himalayan
atmosphere.71

This case study also suggests that the molecular composition
of larger particles (observed in stage 7), which constitute rela-
tively higher number fractions of viscous tar balls compared to
smaller particles (stages 8 and 9), may not always be appreciably
different from more liquid-like wildre particle counterparts;
this inference is supported by the overall lack of size-resolved
molecular composition dependence for wildre-inuenced
particles demonstrated here. As suggested by Pósfai et al., tar
balls (formed under the smoldering phase of wildre) do not
experience signicant physical growth upon atmospheric aging
and eventually may dissolve upon extended atmospheric aging
due to interaction with other water-bearing particles.72 This
narrative, along with the elevated O/C ratios, may potentially
describe the atmospheric evolution of wildre-inuenced
particles observed in this study.

The presence of liquid-like phase states in atmospherically
aged wildre-inuenced particles warrants specic investiga-
tion in the future and has signicant implications, as atmo-
spheric particles are typically thought of and modelled to
become more solid-like (or glassy) with time aer interaction
with sunlight.73,74 However, this case study of wildre-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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inuenced particles presents an ‘outlier’ case from this gener-
alization due to the combined observations of liquid-like phase
states and elevated O/C ratios (i.e., suggestive of atmospheric
aging). Particle optical properties, diffusion rates (faster for
more liquid-like particles), and atmospheric transport (greater
transport observed for more solid-like particles) may therefore
all be affected. It should also be reiterated that while consistent
molecular formulae were observed here across particle sizes
and day/night, it is possible that molecular-level information
that was unobservable here (e.g., quantitative abundances, SOA
isomer speciation) may vary across particle size and collection
time. While it may not be mechanistically investigated with the
presented data, the highly specic examination of wildre
derived SOA evolution over time will also be evaluated in future.
As the observations described herein are limited to a case study,
they should not be considered as a universal description of
wildre-inuenced particles. However, the depth of multimodal
analyses employed here for these select samples nevertheless
lends a high degree of condence for the particular events
investigated here, with many signicant implications as
described.

In general, the importance of understanding wildre-derived
particles is rapidly growing alongside the escalating climate
crisis.75 To exemplify the signicance of this topic, a recent
study by Damany-Pearce et al. showcased that the largest
stratospheric warming event since the eruption of Mount
Pinatubo in 1991 was due to the 2019–2020 eastern Australia
wildres.76 Therefore, as the contribution of wildre particles to
the total atmospheric particle load increases, so do the impli-
cations for proper characterization and subsequent incorpora-
tion of wildre particles in climactic models. As a result, the
continued investigation of wildre aerosol over more events,
distinct geographical locals, and greater timescales is needed.

Author contributions

Conceptualization: G. V. and S. C. Formal analysis:
G. V., N. N. L., S. M., Z. C., and J. Z. Investigation: G. V., N. N. L.,
S. M., A. I., Z. C., andW. K. Methodology: all authors. Resources:
A. S., Z. C., and G. K. Validation: S. C., L. M., and M. S. Visual-
ization: G. V., N. N. L., S. M., and Z. C. Writing-original dra:
G. V. Writing-review and editing: all authors.

Conflicts of interest

The authors declare no conicts of interest.

Acknowledgements

A portion of this research was performed on a project award
(https://doi.org/10.46936/lser.proj.2020.51355/60000178) from
the Environmental Molecular Sciences Laboratory, a DOE
Office of Science User Facility sponsored by the Biological and
Environmental Research (BER) program under contract no.
DE-AC05-76RL01830. We acknowledge funding from the U.S.
Department of Energy, Office of Science, Office of BER, Atmo-
spheric System Research. M. S. and J. Z. acknowledge support
© 2023 The Author(s). Published by the Royal Society of Chemistry
from the DOE Office of Science and the Office of BER Early
Career Research Program. STXM-NEXAFS analysis at beamline
5.3.2 of the Advanced Light Source at Lawrence Berkeley
National Laboratory is supported by the Director, Office of
Science, Office of Basic Energy Sciences of the U.S. Department
of Energy under contract no. DE-AC02-05CH11231.

References

1 M. Shrivastava, C. D. Cappa, J. Fan, A. H. Goldstein,
A. B. Guenther, J. L. Jimenez, C. Kuang, A. Laskin,
S. T. Martin, N. L. Ng, T. Petaja, J. R. Pierce, P. J. Rasch,
P. Roldin, J. H. Seinfeld, J. Shilling, J. N. Smith,
J. A. Thornton, R. Volkamer, J. Wang, D. R. Worsnop,
R. A. Zaveri, A. Zelenyuk and Q. Zhang, Recent Advances in
Understanding Secondary Organic Aerosol: Implications
for Global Climate Forcing, Rev. Geophys., 2017, 55(2), 509–
559, DOI: 10.1002/2016RG000540.

2 J. Chen, C. Li, Z. Ristovski, A. Milic, Y. Gu, M. S. Islam,
S. Wang, J. Hao, H. Zhang, C. He, H. Guo, H. Fu,
B. Miljevic, L. Morawska, P. Thai, Y. F. Lam, G. Pereira,
A. Ding, X. Huang and U. C. Dumka, A Review of Biomass
Burning: Emissions and Impacts on Air Quality, Health
and Climate in China, Sci. Total Environ., 2017, 579, 1000–
1034, DOI: 10.1016/j.scitotenv.2016.11.025.

3 J. Seinfeld and P. Spyros, Atmospheric Chemistry and Physics:
From Air Pollution to Climate Change, John Wiley & Sons,
Hoboken, NJ, USA, 3rd edn, 2016.

4 T. C. Bond, D. G. Streets, K. F. Yarber, S. M. Nelson, J. H. Woo
and Z. Klimont, A Technology-Based Global Inventory of
Black and Organic Carbon Emissions from Combustion, J.
Geophys. Res. Atmos., 2004, 109(D14), D14203, DOI:
10.1029/2003JD003697.

5 T. C. Bond, S. J. Doherty, D. W. Fahey, P. M. Forster,
T. Berntsen, B. J. DeAngelo, M. G. Flanner, S. Ghan,
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