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ABSTRACT: The effects of biomass burning aerosols (BBA) on
radiative forcing and cloud formation depend on chemical composition
and the internal structures of individual particles within smoke plumes. To
improve our understanding of the chemical and physical properties of
BBA emitted at different times of the day and their evolution during
atmospheric aging, we conducted a study as a part of the Fire Influence on
Regional to Global Environments and Air Quality field campaign. Particle
samples were collected onboard a research aircraft from smoke plumes
from a wildfire in eastern Oregon during late afternoon and nighttime
flights on August 28, 2019. A time-resolved aerosol collector was used to
collect samples on substrates for offline spectromicroscopic imaging to
investigate the single-particle characteristics of BBA particles. Approx-
imately 20,400 individual particles from 10 selected samples were
analyzed using computer-controlled scanning electron microscopy coupled with energy-dispersive X-ray microanalysis, revealing
their elemental composition, morphology, and viscosity. Elemental microanalysis indicated that aged potassium is likely found in the
form of K2SO4, KNO3, and possible K-organic salts. Further chemical speciation and carbon bonding mapping within individual
particles were conducted using synchrotron-based scanning transmission X-ray microscopy (STXM) coupled with near edge X-ray
absorption fine structure (NEXAFS) spectroscopy. Real-time, water-soluble light absorption measurements were acquired using a
particle-into-liquid sampler instrument coupled to a liquid waveguide capillary cell and total organic analyzer. In the late afternoon
samples, 65% of the total particle number population consisted entirely of organic components, compared to 46% in the nighttime
particles. These differences were attributed to discrepancies in composition at the time of emission and to the daytime condensation
and accumulation of photochemically formed secondary organic material on existing BBA particles, a process that halts at night.
Microscopy images indicated that particle viscosity was lower in the nighttime particles (<101 Pa·s), likely due to increased relative
humidity and a higher contribution from hygroscopic inorganic components. The chemical heterogeneity of individual particles was
quantified using STXM-derived mixing state parameters. The nature of carbon bonding within individual particles was inferred from
the extent of carbon sp2 hybridization derived from NEXAFS spectra. Average percentages of sp2 hybridization range between 40%
and 60%, with no noticeable differences between late afternoon and nighttime flights. These findings were compared with the online
optical properties of both late afternoon and nighttime smoke plumes, providing valuable insights into the complex relationship
between chemical composition and optical properties of BBA particles at different times of the day.
KEYWORDS: atmospheric particles, chemical imaging, electron microscopy, X-ray microscopy, particle mixing state,
biomass burning emissions

■ INTRODUCTION
In recent decades, climate change has driven an increase in the
area burned during wildfire events across different regions,
largely as a result of extended meteorological droughts and
heightened fire weather conditions.1 Wildland fires, including
both forest fires and prescribed burns, are a significant source
of atmospheric biomass burning aerosols (BBA). These
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aerosols have a direct impact on regional and global climate by
scattering and absorbing solar radiation.2,3 Additionally, BBA
particles indirectly affect climate by altering cloud formation,
physicochemical properties, and lifecycle.4,5 BBA particles also
have significant impacts on air quality, visibility, and human
health, especially in densely populated areas near the
expanding wildland-urban interface.6−12 Despite their impor-
tance, atmospheric models often struggle to adequately
account for the variability in the chemical and optical
properties among BBA particles, leading to ambiguity in
accounting for their atmospheric processes and impact.

BBA particles consist of those directly emitted from the
source, such as primary organic aerosols (POA), inorganic
salts, and soot, as well as secondary organic aerosol (SOA)
formed through condensation of oxidized volatile organic
compounds (VOCs).13−15 Typically, particles within the
smoke plume exhibit multicomponent internal composition,
where particle cores are often composed of soot/elemental
carbon (EC) or inorganic salts, with a coating of organic
carbon (OC).16−20 The composition and properties of BBA
particles vary based on the type of fuel and burning conditions
at the source, which affect combustion efficiency.21−25 The
effects of daytime photochemistry versus nighttime dark
conditions further complicate the mechanisms and yields of
SOA formation.26−28 Therefore, characterization of BBA
particles and quantification of their impact on climate, air
quality, and health present significant technical and scientific
challenges, necessitating a combination of online and offline
studies.

Aircraft-based field studies have been employed to
investigate properties of smoke plume particles during both
daytime and nighttime wildfire events in the western United
States.28−30 Airborne measurement platforms offer significant
advantages, as aircraft can track smoke plumes along semi-
Lagrangian trajectories, enabling dynamic studies of aerosol
emission and evolution. Real-time measurements onboard
aircraft can determine particle size distribution,31 composi-

tion,32−34 and light absorption of BBA smoke plumes in the
atmosphere.35−37 These observations are crucial for developing
more accurate atmospheric and climate models and
implementing relevant mitigation strategies. However, online
methods are often limited to bulk analysis and neglect
variations in the chemical and light-absorbing properties
between individual BBA particles. Achieving a more
comprehensive understanding of BBA emission and evolution
requires combining online measurements with offline single
particle analysis. Techniques commonly used to study
individual BBA particles include computer-controlled scanning
electron microscopy coupled with energy dispersive X-ray
spectroscopy (CCSEM/EDX) and scanning transmission X-
ray microscopy coupled with near-edge X-ray absorption fine
structure (STXM/NEXAFS) spectroscopy.38 CCSEM/EDX
microanalysis is used to probe the size, morphological metrics
and elemental composition of collected BBA particles.39−41

STXM/NEXAFS spectroscopy distinguishes between compo-
nents of OC, EC, and inorganics (IN), while also providing
spatially resolved chemical imaging of carbon bonding and
oxidation states.19,20,42−44 Consequently, the combination of
CCSEM/EDX and STXM/NEXAFS spectroscopy has become
a method of choice for offline chemical imaging of BBA
particles,21,43,45,46 offering detailed insights into their complex
chemical and physical properties.

In this study, we conducted spectromicroscopy chemical
imaging of BBA particles collected onboard the NOAA Twin
Otter aircraft during the 2019 Fire Influence on Regional to
Global Environments and Air Quality (FIREX-AQ) field
campaign.47 Our objective was to offer a comprehensive
understanding of the single-particle properties of BBA. Real-
time bulk chemical composition data was used to identify
points of interest within the smoke plume. Substrate samples
collected during late afternoon and nighttime flights were
subsequently probed using offline CCSEM/EDX and STXM/
NEXAFS. These advanced techniques provided detailed
physicochemical characterization of BBA particles and revealed

Figure 1. Late afternoon (top) and nighttime (bottom) flight tracks showing aerosol organics concentrations measured by AMS and wind
directions (yellow arrows). Larger data points, dashed lines, and markers highlight in-plume (orange/dark purple) and background (gray) samples
collected with the TRAC and selected for further chemical imaging. Star shows location of the 204 Cow wildfire. Time periods of both flights are
16:24−18:37 (late afternoon) and 19:32−22:07 (nighttime) reported as local time (PDT). No plume age was reported for background samples
H17 and H41.
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the distribution of their OC, EC, and IN components. The
extent of carbon bond hybridization, derived from STXM/
NEXAFS, was quantified and further compared with in situ
optical measurements. The insights gained from this study
contribute to a better understanding of BBA particle
properties, which can inform atmospheric modeling predic-
tions related to air quality, visibility, and climate impact.

■ METHODS
Aircraft Measurement Platform. This report describes

observations from two flights on August 28, 2019, as a part of
the FIREX-AQ airborne field campaign.47 These flights,
designated as L2 (late afternoon: 16:24−18:37 PDT) and L3
(nighttime L3:19:32−22:07 PDT), focused on contrasting the
chemical imaging data of individual BBA particles collected
aboard the NOAA Twin Otter research aircraft. The flights
sampled wildfire smoke plumes, identified by significant carbon
monoxide (CO) enhancements, and followed flight trajectories
that included at least three downwind plume transects.36

Figure 1 illustrates the flight paths downwind of the 204 Cow
wildfire, which began on August 9, 2019, approximately 27.4
km southwest of Unity, Oregon (initial wildfire coordinates:
44.2851, −118.4598). 3D versions of the flight maps are
provided in Figure S1, with data points color-coded to
represent mass concentrations of condensed-phase organics
measured with a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS, Aerodyne Research Inc., Bill-
erica, MA, USA).35 To facilitate the chemical analysis of the
smoke plume during atmospheric aging, the aircraft began
sampling near to the emission source and then conducted a
sequence of downwind transects at increasing distances from
the fire. This approach, combined with the flight speed (65−75
m s−1), enabled near-Lagrangian data acquisition and sampling
of BBA particles.36 The aircraft payload included an ultrahigh
sensitivity aerosol spectrometer (UHSAS) particle counter for
measuring particle diameter (0.07−1 μm) and number
concentrations.28,48 In order to reduce coincidence corrections
for large number of particles within the smoke plumes, the
UHSAS sample stream was diluted as needed during data
acquisition. The magnitude of the dilution ratio was not
precise, so the UHSAS total volume concentrations were
scaled with the HR-AMS data. This dilution likely affected the
particle size distributions by evaporation of semivolatile
components. Hence, comparisons of the UHSAS particle size
distributions with the electron microscopy particle size
distributions here are qualitative. A PILS instrument coupled
to a liquid waveguide capillary cell and total organic analyzer
was used to determine the light absorption by “brown carbon”
(BrC) components of water soluble organic carbon (WSOC)
in BBA within a wavelength range of 310−500 nm (BrC-PILS
hereafter).35−37

Sample Collection for Offline Chemical Imaging.
Sequential sampling was carried out during both flights using
an automated time-resolved aerosol collector (TRAC)49

operated at a flow rate of 1 L min−1, with each sample
collected for 4 min. The aerodynamic cutoff size (D50) for the
TRAC is 0.36 μm. Copper 400 mesh transmission electron
microscopy (TEM) grids coated with Carbon Type-B films
(Ted Pella, Inc.) were used for sample collection and
subsequent analysis. Samples were collected continuously
throughout both flights. Samples for spectromicroscopic
chemical imaging were selected based on several criteria: the
AMS organic mass concentrations (Figure S2), the sample

location within the flight trajectory (one sample per plume
crossing), and calculated smoke plume ages. TRAC sampling
coverage described here was similar but not identical to
individual plume transects of the maximum smoke concen-
trations analyzed for a complementary study.35 In total, five
samples were selected for each flight, both within the plume
and from background air. The smoke plume age was estimated
using high-resolution meteorological data sets, including the
High-Resolution Rapid Refresh, North American Mesoscale
Forecast System CONUS Nest, and the Global Forecast
System.36 The ages and uncertainties of individual late
afternoon and nighttime samples are listed in Figure 1 and
Table S1.
Chemical Imaging of Sampled Particles. Size, morphol-

ogy, and elemental composition of individual particles were
examined using CCSEM/EDX (FEI Quanta 3D, EDAX
Genesis).43 The instrument was operated at an accelerating
voltage of 20 kV and beam current of 430 pA. The relative
atomic fractions of the 15 most common elements (C, N, O,
Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, and Cu) were
quantified for each particle. The Cu EDX peak is heavily
influenced by a background signal from the TEM substrate and
the mounting plate (made of a beryllium−copper alloy).
Therefore, quantified atomic fractions of Cu were excluded
from the particle-type classification algorithm. K-means
clustering analysis was implemented on 20,382 particles
analyzed in ten samples to classify the particle types based
on their elemental composition.50−53 The per-sample statistics
are listed in Table S2. This classification allowed us to
determine the contribution of each particle type within
individual samples from both flights. To assess the viscosity
of individual substrate-impacted particles, their height-to-width
(H/W) ratios were measured using SEM images acquired at
80° tilt angle.54 These measurements were performed manually
using ImageJ software 1.52a (http://imagej.net/ij,
Java1.8.0_112).

The carbon content of particles was analyzed using a
synchrotron-based STXM/NEXAFS instrument operated at
carbon K-edge energies (278−320 eV). This technique
enabled the mapping of OC, EC, and IN components within
individual particles, as well as the spectroscopic detection of
OC functional groups.38,43,46,52,53,55−57 The STXM data
acquisition was performed by raster-scanning a focused field-
of-view at selected X-ray energies. The light transmitted
through each pixel of the sample is detected and converted to
spatially resolved optical depth at X-ray energy E (ODE),
calculated using the Beer−Lambert Law:

OD
I E
I E

E tln
( )
( )

( )E
0

= =
i
k
jjjjj

y
{
zzzzz (1)

where I and I0 represent the X-ray intensities transmitted
through the sample and background regions, respectively; μ is
the mass absorption coefficient of the material, derived from its
elemental composition and optical cross section provided by
Henke tables;58 ρ is the density; and t is the optical thickness
of the specimen. Carbon “maps” were acquired at four specific
energies to differentiate between OC, EC, and IN over large
ensembles of particles.55 More detailed chemical information
was obtained by measuring ODE at 96 X-ray energies during
carbon “stacks” acquisition, yielding a full NEXAFS spectrum
for each imaged pixel. A total of 4,942 particles were analyzed
using STXM/NEXAFS across all samples (Table S2). The
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maps and stacks were acquired with a spatial resolution of 35−
40 nm, sufficient for describing internal and external mixing
states of submicron ambient particles. A detailed description of
STXM/NEXAFS measurements and definitions of the main
chemical components is included in Supporting Information,
Note 3.
Particle Organic Volume Fractions, Particle Hygro-

scopicity, and Mixing State Parameterization. STXM
maps were utilized to calculate the organic volume fractions
(OVF) of individual BBA particles. The calculation method
involves computing the thickness of the OC, IN, and EC
components within each particle, following methodologies
established in previous studies.55,56 Detailed information on
OVF calculations from STXM measurements are included in
Supporting Information, Note 4. The OVF values obtained
from STXM data were then used to estimate water uptake
characteristics of individual particles. The aerosol hygrosco-
picity κ parameter59 was determined for mixed organic−
inorganic particles using the following equation:

(1 OVF) OVFinorg org= + (2)

where κinorg and κorg represent the hygroscopicity parameters
for the inorganic and organic components, respectively. For the
inorganic component, κinorg = 0.9, corresponds to KCl,60 while
the organic component, κorg = 0.06, corresponds to organic
BBA.61 In this study, κ represents relative water uptake activity
of BBA assuming a binary system of representative organic and
inorganic species, and does not account for discrepancies in
hygroscopicity between organic species with different oxidation
states. While soot contributes to the calculation of OVF, it is
excluded in eq 2, as its hydrophobic nature accounts for a

negligible fraction of the water-uptake characteristics of
particles.

The chemical diversity of the sampled BBA particles was
quantified using mixing state metrics62 adapted for STXM
applications, using the mass fractions of three principal
components: OC, EC, and IN.46 A detailed summary of
these entropy-based mixing state parametrizations is included
in Supporting Information, Note 5. These metrics are essential
for evaluating the extent to which individual particles represent
the bulk composition, allowing for the distinction between
internally and externally mixed particles.

■ RESULTS AND DISCUSSION
Elemental Microanalysis of Individual BBA Particles.

The k-means clustering results, summarized in Figure S4,
illustrate the composition of individual clusters as mean
elemental spectra representative of each group, with the
particle-specific elemental information presented in Figure S5.
Clusters were defined from CCSEM/EDX measurements
using the cluster centroid values with elements greater than
0.5%. Cluster #1 (Organics) accounts for approximately 85%
(17,376 particles) of the total particle load and is attributed to
POA and SOA particles, based on the absence of all elements
other than carbon and oxygen. Cluster #2 (K-containing),
accounting only for 2.4% (483 particles), exhibits the most
diverse particle composition, which includes additional
elements such as potassium (K), calcium (Ca), sulfur (S),
among others. In fresh BBA emissions, KCl is commonly
reported as a K-bearing salt.18,19,63−66 However, a manual
inspection of individual K-containing particles over longer
EDX acquisition times revealed their elemental associations
predominantly with sulfur, while only trace levels of Cl
observed, as illustrated in Figure S6. This finding suggests that

Figure 2. (A) Representative SEM image of BBA particles from sample H3. (B) PSD acquired from CCSEM/EDX chemical imaging compared to
UHSAS size measurements; two data sets are superimposed and anchored at 0.50 μm to facilitate visual comparison. Panels are arranged left-to-
right to reflect increasing plume age and aerosol evolution in the late afternoon and nighttime, respectively. (C) Normalized relative contribution of
particle-type clusters in individual samples as a function of plume age, with error bars indicating uncertainty in plume age calculations. (D) Relative
contribution of particle-type clusters, reported as a fraction of the total particle population, representative of late afternoon and nighttime smoke
plumes.
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K2SO4, KNO3, and K-organics are likely the dominant K-
bearing salts. These compounds form in aged particles, where
KCl has undergone atmospheric processing through acid-
displacement reactions.64,67,68 Cluster #3 (N-containing),
which accounts for 3.5% (704 particles), shows a significant
nitrogen contribution in addition to carbon and oxygen.
Although nitrogen quantification by EDX is inaccurate, its
qualitative presence in BBA particles suggests contributions
from ammonium, nitrates, and N-containing organics, aligning
with AMS-derived mass concentrations of NH4

+ and NO3
−

salts.35 Cluster #4 (Elemental Carbon), representing 9%
(1,819 particles), includes particles with the dominant signal
from carbon, indicating EC composition. Of note, the
sensitivity of EDX toward oxygen is limited. Hence, cluster
#4 potentially represents a combination of graphitic soot and
amorphous organics with low oxygen content.

A typical SEM image of particles collected during the late
afternoon is shown in Figure 2A, with additional SEM images
representing all in-plume samples provided in Figure S8.
Consistent with previous studies, our BBA samples exhibit a
complex distribution of particles with diverse morpholo-
gies.19,69−71 Figure 2B presents 8-bin/decade particle size
distributions (PSD) for the in-plume samples collected during
the late afternoon (H3, H6, H8, and H20) and the nighttime
(H49, H52, H56, and H57) flights, along with size-resolved
contributions from each cluster. To facilitate a visual
comparison between PSDs inferred from CCSEM and
UHSAS measurements, the CCSEM data were scaled to
particle size measurements by converting mobility diameter to
aerodynamic diameter, which corresponds to MOUDI
sampling. While this conversion method requires known
metrics of particle dynamic shape factors, settling velocity,
and density,72 we only utilized the particle density which was
assumed to be 1.4 g/cm3, as previously discussed for biomass
burning events.43 PSDs inferred from CCSEM and UHSAS
measurements were superimposed and anchored at 0.50 μm to
facilitate visual comparison across the panels of Figure 2B,
which depict size-resolved chemical composition. This align-
ment is necessary because the chemical imaging techniques
provide only relative fractions of the analyzed particles. Figure
2C displays the normalized average contribution of each
particle-type population relative to the total particle counts in
late afternoon and nighttime samples, along with the estimated
plume ages (plume age was not calculated for sample H20
because the sample was obtained as the plane flew up then
down in a spiral for landing). The contribution of the Organics
cluster #1 in late afternoon samples ranges from 80 to 88%.
While a slight increase in the fraction of particles in the
organics cluster is observed at later plume ages, the differences
between corresponding transects are not significant. Thus,
comparing combined samples where particles for each category
were added together from each of the two flights offers more
significant insights into BBA particle composition and the
temporal variations of the aging smoke plume. Figure 2D
shows the contribution of each cluster with respect to late
afternoon versus nighttime particle populations. While differ-
ences in Organics cluster #1 between both flights are not
substantial, the contribution of the K-containing cluster #2 with
respect to the total particle population is smaller during the
late afternoon (2%) compared to night samples (6%). The
average fraction of elemental carbon particles in cluster #4 is
also higher for the nighttime samples. Discrepancies are also
observed between both flights for cluster #3, with N-containing

particles contributing more significantly during the late
afternoon (7%) compared to the nighttime (3%). Despite
noticeable differences in cluster #3, these findings are
semiquantitative due to the limited reliability of EDX
microanalysis for low-Z elements < Na.50,73 The uncertainties
in the k-means clustering, as determined through Silhouette
analysis of the reported cluster populations, reveal that
approximately half of the particles in the K-containing cluster
#2 exhibit compositional characteristics significantly deviating
from the cluster centroid values, as shown in Figure S7. This
finding reflects the complexity and high variability of the EDX
spectra recorded for particles within this cluster.

The differences between the late afternoon and nighttime
samples may be influenced by sample H56, which contains the
highest fraction of K-containing particles with significant
variability between them. This sample was obtained over the
same time as the plume transect with an age of 2.4 h analyzed
in the complementary study.35 This smoke plume transect had
the highest ratio of the AMS organic mass to carbon monoxide
(171 μg m−3) and the lowest AMS average oxidation state of
carbon (−0.72) for all transects measured on that day. It was
also the nighttime transect with the highest AMS organic mass
fraction and the lowest AMS ammonium mass fraction. As
shown below, there were other differences noted from this
sample compared to the others obtained on the nighttime
flight. Thus, this particular smoke transect was unique in
several ways.

The results described here are based on classifying individual
particles into four distinct clusters. A comparison of these
results directly with dilution-corrected mass concentrations, as
reported in our complementary study on the same flights,35

should be considered qualitative. While the real-time aerosol
composition data reported by the AMS revealed changes or
stability in aerosol composition as a function of plume age, no
corresponding trends were apparent in the CCSEM data.
Furthermore, the AMS is not sensitive to potassium salts
(cluster #2) or elemental carbon (cluster #4), both of which
were inferred from the X-ray microanalysis. As a result,
systematic comparisons between AMS data of the bulk
composition and the single-particle analysis performed using
CCSEM/EDX and STXM/NEXAFS, are not feasible. None-
theless, chemical imaging techniques provide invaluable per-
particle information on refractory chemical species that are not
quantified by AMS, including KCl, soot, and mineral dust.
Assessment of Particle Viscosity. Previous studies have

shown that airborne particles undergo morphological changes
when collected by impaction.74,75 Highly viscous and semisolid
particles retain their shape and size upon impact, whereas
liquid-like particles flatten. The viscosity of particles deposited
on substrates can be estimated from their height-to-width
(Hobs/W) ratios,54 which can be assessed using SEM images
taken at tilted angle, as shown in Figure S9. This approach
assumes that observed particles are mostly organic and their
inorganic components have only minor effects on their
observed height-to-width ratios. In our study, the late
afternoon samples displayed a wide variation of particle
morphologies, including spherical, dome-like, and flat particles
with broad range of Hobs/W ratios. In contrast, nighttime
samples were dominated by liquid-like flat particles. Figure 3
presents the Hobs/W ratios measured for ensembles of
individual particles, which were used to estimate particle
viscosity based on our recently reported approach.54 The late
afternoon samples were dominated by semiviscous (104−108
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Pa·s) and glassy (>1010 Pa·s) particles, with an average Hobs/W
of 0.75 ± 0.2, as shown in Figure S10. Conversely, the majority
(70%) of the nighttime particles exhibited low viscosity, as
indicated by their low average aspect ratios (0.3 ± 0.1), with
some contribution from semiviscous particles. An exception to
the nighttime trend is sample H56, which presents a broader
Hobs/W distribution extending over the more viscous range.
The distinct case of sample H56 may have resulted due to

variations in the oxidation state of carbon which was reported
to be the lowest during the period where this sample was
collected,35 making particles less susceptible to water uptake
during elevated humidity conditions at nighttime. Differences
in particle viscosity are principally attributed to higher relative
humidity (RH) during nighttime, which causes hygroscopic
growth of particles, prompting their liquid-like transformations
due to the plasticizing and dissolving effects of water. The
differences in RH measured during the late afternoon and
nighttime flights are illustrated in Figure S11. Ambient
conditions become more humid at night, with average RH
values of ∼40−45% in the late afternoon and ∼50−55% at
night. It has been shown, that variations of RH between 40%
and 55% can potentially reduce viscosity of BBA particles from
∼106 to ∼104 Pa·s.76 This change corresponds to a decrease in
characteristic e-folding diffusion times for 200 nm particles
from several hours to just a few minutes.77 Moreover,
formation of highly viscous tar balls during daytime biomass
burning events has been previously reported and is often
attributed to the loss of water, degassing of intermediate and
semivolatile organic components, and the polymerization of
remaining organic species induced by sunlight expo-
sure.19,70,71,78−80 While the Hobs/W ratios method offers a
semiquantitative approach to distinguish between liquid-like,
semiviscous, and glassy BBA,54 a more quantitative assessment
of particle viscosity remains challenging and is beyond the
scope of this study.
Chemical Speciation and Internal Mixing of Particles.

Chemical speciation of carbon functionality within individual
particles was determined from STXM/NEXAFS data sets. The
average NEXAFS spectra collected at the carbon K-edge for all
selected in-plume samples are shown in Figure S12. The OD
profiles from NEXAFS measurements reflect the overlapping
absorption bands of various carbon transition energies. To

Figure 3. Particle viscosity assessment based on Hobs/W aspect ratios
of individual particles measured from SEM images taken at an 80°
tilted angle. Upper and lower panels show measurements correspond-
ing to the late afternoon samples and nighttime samples, respectively.
Panels are arranged left-to-right to reflect increasing plume age and
BBA evolution in daytime and nighttime, respectively.

Figure 4. (A) Representative STXM map of BBA particles from sample H57, showing distribution of OC (green), EC (red), and IN (teal). (B)
PSDs acquired from STXM chemical imaging compared to UHSAS size measurements; two data sets are superimposed and anchored at 0.50 μm to
facilitate visual comparison. Individual panels are arranged left-to-right to reflect increasing plume age and aerosol evolution during late afternoon
and nighttime, respectively. (C) Normalized relative contribution of different particle internally mixed classes in individual samples shown in
respect to plume age (error bars indicate uncertainty of the plume age calculations). (D) Relative contribution of particle heterogeneity
classifications, reported as fractions of total particle count, representative of late afternoon and nighttime smoke plumes.
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determine carbon speciation and the contribution of each
organic group to the total X-ray absorption, the average spectra
were deconvoluted. All samples exhibited complex chemical
speciation, with contributions from alkene, carboxyl, alcohol,
carbonyl, and aliphatic groups, along with traces of carbonate
(−CO3), as illustrated in Figures S13 and S14. Despite this
chemical diversity, the late afternoon samples showed higher
contribution from oxygenated functional groups to the total
NEXAFS spectra. Specifically, carboxyl and carbonyl groups
accounted for 20% and 19% of the total X-ray absorption,
respectively, compared to ∼ 15% in the nighttime samples.
Differences between late afternoon and nighttime flights were
also evident in the AMS-derived oxidation state of carbon and
oxygen-to-carbon ratios.35 These discrepancies likely result
from previously reported differences in the combustion
conditions at the time of emission between late afternoon
and nighttime smokes,35 as well as higher sunlight exposure
during late afternoon, which promotes the photooxidation of
VOCs. Additional peaks were observed at 297.1 and 299.7 eV,
which correspond to L3 and L2 edges of potassium,55

respectively, consistent with the elemental microanalysis results
obtained from CCSEM/EDX. STXM measurements were
further used to assess chemical heterogeneity within individual
particles, distinguishing between their OC, EC, and IN
components, and their lateral arrangements within individual
particles, which influence the optical and hygroscopic proper-
ties of aerosols.81 A representative carbon “map” shown in
Figure 4A illustrates the internal mixing of the three principal
chemical components. Similar to results of EDX microanalysis,
particles were predominantly composed of organic species,
with some EC content and traces of IN. The lateral

distribution of OC, EC, and IN was evaluated on a per-pixel
basis to categorize components of individual particles as OC,
OC+EC, OC+EC+IN, and OC+IN. A detailed description of
this particle classification framework using STXM “maps” is
provided elsewhere.55 Figure 4B presents STXM-determined
PSDs overlaid with the particle size data for all in-plume
samples, along with the internal mixing state classifications for
each size bin. The particle number concentrations in the
nighttime samples were overestimated for larger particles
reported by STXM and CCSEM. This overestimation is
attributed to the large contribution of liquid-like particles
frequent in the nighttime samples, which resulted in greater
flattening upon impaction and, consequently, a larger apparent
2D projected area of the imaged particles. Figure 4C illustrates
the internal heterogeneity of individual particles from late
afternoon and nighttime samples, showing an overall increase
in the fraction of particles entirely comprised of OC, indicative
of a buildup of organic components downwind of the emission
source. Figure 4D shows that this process is more pronounced
during late afternoon, with approximately 65% of the total
particle population consisting entirely of OC, compared to
around 46% for nighttime particles. Additionally, IN-
containing particles (i.e., OC+IN and OC+EC+IN) are more
dominant in night samples, contributing to approximately 45%
of the analyzed particles. In the late afternoon samples, their
fraction is smaller, at 29%, which is consistent with the
CCSEM/EDX findings. Particles with all three components
(OC+EC+IN) account for a larger fraction in nighttime
samples (∼12%) compared to those collected during the late
afternoon (∼4%). While all late afternoon and nighttime
particles encompass a mixture of OC, EC, and IN, enhanced

Figure 5. (A) Representative map of spatially resolved, particle-specific OVF measurements. (B) PSDs acquired from chemical imaging compared
to UHSAS size measurements; two data sets are superimposed and anchored at 0.50 μm to facilitate visual comparison. Individual panels are
arranged left-to-right to reflect increasing plume age and aerosol evolution during late afternoon and nighttime, respectively. (C) Normalized
relative contribution of particles with different OVF as a function of plume age (error bars indicate uncertainty of the plume age calculations). (D)
Relative contribution of particle OVF ranges, reported as fractions of total particle count, representative of late afternoon and nighttime smoke
plumes.
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sunlight exposure during the late afternoon flight favors a more
pronounced photochemical accumulation of SOA material
during smoke plume transport. Consequently, late afternoon
BBA particles are more chemically homogeneous as the
buildup of OC effectively masks the contributions of EC and
IN particle components.
Organic Volume Fraction and Hygroscopicity Param-

eters. The OVFs determined from STXM/NEXAFS data are
commonly used to investigate the evolution of aerosols emitted
from biomass burning events, providing insight into the
accumulation or loss of organic and inorganic materials on
individual particles.43 Figure 5A displays a representative map
of spatially resolved OVF, calculated using eqs E1−E5
summarized in Supporting Information, Note 4. The field-of-
view shown in this figure corresponds to the same region
shown in Figure 4A, where the presence of IN and EC is
evident in areas with low OVF, confirming the effectiveness of
these two types of STXM “maps” in evaluating the organic
content within particles. Figure 5B presents size-resolved OVFs
for the late afternoon and nighttime particle samples, alongside
the UHSAS size data, similar to Figures 2B and 4B. Notably,
both late afternoon and nighttime samples are dominated by
particles with OVF > 0.6. However, Figure 5C,D reveals that
the late afternoon samples contain a larger fraction of particles
(∼85%) classified as mostly organic (i.e., OVF = 0.8−1.0),
compared to the nighttime samples (∼73%).

Similar to previous research,43 the OVFs were employed to
evaluate the water uptake activity of collected BBA particles,
addressing the uncertain impact of biomass burning smoke
plumes on cloud forming properties.82 Average OVF
corresponding to individual late afternoon and nighttime
samples are listed in Supporting Information, Note 4. The κ
parameter,59 which characterizes the hygroscopic behavior of
aerosols, was calculated on a per-particle basis using eq 2.
Figure 6A illustrates the distribution of κ values for each in-

plume sample, revealing significant variability. The mean κ
values range between 0.20 and 0.32, with the lowest value
(∼0.21) observed during the late afternoon (i.e., H6 and H20)
and the highest value (∼0.31) during nighttime (H57). These
values are consistent with previously reported κ values for
mixed organic/inorganic BBA particles sampled at different
times (∼0.12−0.25).43,83 To compare the relative hygro-

scopicity of BBA from late afternoon and nighttime emissions,
κ values from the same flight were combined and averaged.
Figure 6B presents representative κ parameters for both flights,
calculated to be approximately 0.24 for late afternoon particles
and 0.28 for nighttime particles. This suggests that nighttime
particles are more hygroscopic and have a higher potential to
serve as cloud condensation nuclei (CCN). The temporal
variations in water uptake activity can be attributed to
differences in ambient RH and the content of water-soluble
inorganic species within aerosols, particularly K-containing
particles, which were found to have a greater presence in the
nighttime samples. It is important to note that STXM-derived
κ values are influenced by OVF calculations, which can vary by
∼ 10% and ∼ 35% depending on the assumed organic and
inorganic reference compounds, respectively.52,56,84 Conse-
quently, this study focuses only on comparing the relative
trends in the κ values calculated for the late afternoon and
nighttime BBA particles.
Particle Mixing State and Diversity. The assessment of

particle diversity and mixing state metrics utilizes the mass
fractions of individual components within each particle, as
previously described.62 In this study, mass fraction metrics
were derived from STXM/NEXAFS measurements and
calculated using eqs E12−E14 (Supporting Information,
Note 5), focusing on three individual components: OC, EC,
and IN, as illustrated in Figure S15a,c. Across all samples, OC
consistently contributes the largest fraction, while EC is also
commonly present. IN fractions are notably more prevalent in
particles from the nighttime samples, consistent with CCSEM/
EDX findings. Mass fractions were further used to calculate the
Shannon entropy (Hi) of component distribution within a
particle, from which the particle specific diversity (Di) is
calculated using eq E18. Di reflects the number of components
within individual particles, ranging from 1 (only one
component contributes the total particle mass) to a maximum
of 3 (equal fractions OC, EC, and IN contribute to an
individual particle). Noninteger Di values indicate uneven
contributions from these three components. Di values
computed for particles from the late afternoon and nighttime
samples are included in Figure S15b and d, respectively.
Nighttime particles exhibit greater chemical diversity, with
comparable contributions OC, EC, and IN, whereas late
afternoon particles show minimal or no presence of IN.
Further mixing state information was inferred from the bulk
diversity (Dγ) and average particle diversity (Dα) metrics. Dγ
represents the number of components in the particle bulk,
while Dα indicates the average number of components within
individual particles. Similar to Di, these diversity parameters
yield noninteger values when the mass fractions of OC, EC,
and IN are unequal. Dγ and Dα were then used to calculate the
mixing state index χ using eq E21, which describes the
representativeness of the chemical composition of individual
particles compared to the particle population and discriminates
between internally and externally mixed particle populations.
Figure 7 presents Dγ, Dα, and χ metrics representative of in-
plume and background samples collected during both flights.
Late afternoon and nighttime samples form distinct groups
based on their mixing state parameters, with nighttime BBA
particles exhibiting higher chemical diversity, as indicated by
elevated Dγ and Dα values. These differences are primarily due
to higher IN fractions in the nighttime samples, contributing to
a more heterogeneous chemical composition. Despite the
variations in Dγ and Dα between late afternoon and nighttime

Figure 6. Hygroscopicity parameter κ estimated from STXM-derived
OVFs for (A) individual late afternoon and nighttime samples and
(B) averaged for the late afternoon and nighttime data sets.
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particles, most samples exhibit χ values below 0.50, indicating
that individual particles are externally mixed and not
chemically representative of the bulk. In the Dγ vs Dα space,
particles from late afternoon samples are more tightly clustered
compared to those from the nighttime, indicating greater
compositional variability in the nighttime particles. This
observation aligns with the slightly broader distributions of
their κ values, as shown in Figure 6. The χ values reported in
this study are consistent with previous findings, with BBA
particles typically showing χ values between 0.25 and 0.50.43 A
more detailed analysis of the expected correlation between
plume age and mixing state index χ is beyond the scope of this
study, as the plume aging time between adjacent samples is
likely too short for significant chemical transformations
detectable by spectro-microscopy imaging techniques.
Light-Absorbing Properties of BBA. Light absorption by

WSOC was measured across the UV−vis wavelength range
(310−500 nm) with a 10 s resolution using the BrC-PILS
instrument, as previously documented.85 These measurements,
combined with WSOC concentrations, enabled the calculation
of the mass absorption coefficient of BrC components
(MACBrC) within individual samples.36 The detailed proce-
dures for MACBrC calculations during the microscopy sampling
periods are outlined in Supporting Information, Note 10. As
illustrated in Figure S16, both late afternoon and nighttime
samples exhibited higher MACBrC values in the shorter
wavelength range (310−330 nm), followed by an exponential
decline at longer wavelengths − a typical characteristic of
BrC.86,87 To quantify this wavelength-dependent light
absorption, absorption Ångström exponent (AAE) coefficients
were calculated and compared between late afternoon and
nighttime samples. Specifically, AAE values were derived from
the BrC-PILS absorbance records integrated over correspond-
ing time periods for each sample, using linear regression fits of
ln(MACBrC) vs ln(λ) data, as shown in Figure S17. To improve
linearity and facilitate comparison between AAE optical values,
MACBrC was reported within the 330−440 nm wavelength
range. Generally, the late afternoon samples had higher AAE
values than nighttime ones.

An assessment of light absorption properties of BrC from
various sources was previously conducted to establish an
optical classification framework.88 While the approach was
initially introduced using the imaginary part of the particle
refractive index at wavelength 550 nm and the power law
exponent, our study categorizes samples based on the
correlation between AAE and log10 MACBrC_400nm, leveraging
the reliability of MACBrC measurements at shorter wave-
lengths. Conversions between the optical parameters initially
utilized and those reported in this study are described
elsewhere.80 Figure 8 presents the AAE vs log10 MACBrC_400nm

data from our study, mapped with respect to four optical
classes: very weakly (VW-), weakly (W-), moderately (M-),
and strongly (S-) absorbing BrC. The optical properties of
BBA from WSOC-BrC measurements for all late afternoon and
nighttime samples predominantly fall within the W-BrC class,
with log10 MACBrC_400nm values extending into the M-BrC
range if AAE values are not considered. These findings align
with previous studies investigating BBA particles.80,89,90

Given that BrC optical properties of particles are inherently
related to the extent of π-bond conjugation in their organic
components,21 values of % sp2 (C*�C) hybridization were
derived from NEXAFS spectra of individual particles in each of
the microscopy samples collected (color legend in Figure 8).
Detailed derivation of this metric is shown in Supporting
Information, Note 11. Both graphitic (elemental) and aromatic
carbon have high percentages of sp2 hybridization. The average
% sp2 hybridization falls within the range of 40−60% across all
samples, consistent with previously reported values for BBA
particles.21 A loose inverse correlation exists between
calculated AAE from the WSOC-BrC measurements and %
sp2 hybridization calculated from the NEXAFS spectra that is
more pronounced in the late afternoon flight. Thus, the
wavelength dependency of light absorption by the water-

Figure 7. Mixing state diagram for late afternoon and nighttime
samples showing bulk (Dγ) and average single particle (Dα) diversity
parameters. Dashed lines represent thresholds for mixing state index
(χ) values established previously by Riemer and West, 2023. Four
cartoon illustrations represent examples of different mixing states.

Figure 8. Optical classification of BBA following the framework of
Saleh.88 Filled rectangles in the top right corner diagram highlight
BrC ranges of very weakly (VW), weakly (W), moderately (M), and
strongly (S) absorbing BrC. Dashed rectangle illustrates region of
AAE and log10 MAC values shown in the main figure. Error bars on
the x-axis represent the standard deviation of the log10 MAC400nm
values. Error bars on the y-axis represent the uncertainties of the
slopes (AAE) as calculated from the linear fits. Orange and dark
purple error bars correspond to late afternoon and nighttime samples,
respectively. Data points are color-coded with respect to the STXM-
derived % sp2 hybridization metric.
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soluble components of BBA particles and the extent of
contributions from compounds with π-bonding and sp2 hybrid
orbitals in the microscopy samples indicate complementary
characteristics of BBA optical properties and composition. It is
important to recognize the limitations of this analysis in
establishing a direct empirical correlation between the
chemical and optical properties of collected samples. Highly
oriented graphitic or aromatic material (high % sp2 hybrid-
ization) with relatively high absorption properties remains
undetected by the BrC-PILS instrument due to its insolubility
in water, leading to negative biases in BrC-PILS measurements
of BrC content and its light absorption. Therefore, the results
shown in Figure 8 should be interpreted with caution as these
likely reflect an upper limit of AAE values and possibly a lower
limit of MAC values for BrC from ambient BBA.

■ CONCLUSIONS
This study examined variations in chemical composition and
optical properties of particles emitted from the same wildfire
during the late afternoon and at night. Using complementary
spectromicroscopy techniques, we performed detailed chem-
ical imaging of individual particles. No consistent trend in
composition and mixing states was observed at different plume
ages within one flight, suggesting that particle aging processes
may not have been sufficiently explored with the experimental
time scales for the CCSEM/EDX analysis. However, distinct
differences were noted between late afternoon and nighttime
BBA particles. While organic components dominated all
samples, nighttime particles showed greater chemical complex-
ity with higher contributions from inorganic species,
particularly potassium salts. This was reflected in their lower
OVF values and increased chemical diversity. The accumu-
lation of secondary organic material due to photochemical
processes led to a higher fraction of organic carbon particles in
the STXM spectra of late afternoon samples. Viscosity
assessments using electron microscopy images indicated that
nighttime BBA particles, influenced by higher relative humidity
and inorganic salts, exhibited more liquid-like viscosity
potentially suggesting faster dissolution and mixing of soluble
components. Online BrC-PILS measurements of light
absorption enabled calculations of MAC400nm and AAE values,
categorizing the samples as “weakly” to “moderately absorbing”
BrC. The % sp2 hybridization from STXM/NEXAFS spectra,
ranging between 40 and 60%, indicated a mixture of EC and
OC components, with a loose inverse correlation between AAE
and % sp2 hybridization.

This study’s multimodal approach offers valuable insights
into the chemical, viscoelastic, hygroscopic, and optical
properties of BBA particles, showing significant differences
between late afternoon and nighttime BBA particles, influenced
by factors like the burn conditions at the time of emission,
sunlight exposure, and relative humidity. These diurnal
differences suggest that the environmental impact of BBA
emitted from the same source could vary depending on the
time of day, with nighttime particles potentially being more
effective at promoting cloud formation due to their higher
hygroscopicity. These findings highlight the need for more
comprehensive assessments of individual particles and their
transformations, underscoring the importance of considering
their complex metrics and properties in modeling predictions
of BBA impacts on the atmosphere.
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