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ABSTRACT: The composition and transformations of biomass burning aerosols (BBA)
have been measured onboard the NOAA Twin Otter research aircraft during the Fire
Influence on Regional to Global Environments and Air Quality field study. We analyze
real-time aerosol mass spectrometry measurements across three flights during the
afternoon, late afternoon, and night of August 28, 2019, for one midsized wildfire.
Analysis of several metrics showed that the aerosol composition and optical properties
varied depending on the burning conditions at the fire zone and the time of day the BBA
was emitted, with substantial variations in the available sunlight. The total aerosol mass
loadings were dominated by organic components with a much smaller contribution from
inorganic species. A gradual buildup of organic material was observed during the
afternoon as the plume aged, indicating the condensation of photochemically formed low-
volatility oxidized organic compounds. Highly hygroscopic ammonium nitrate was the
main inorganic component, suggesting potential water content in BBA particles and the
likelihood of their aqueous-phase reactivity. Depletions of particle-phase NO;™ and CI™ relative to carbon monoxide were observed
in the late afternoon and nighttime plumes, respectively, aligning with known gas-particle partitioning thermodynamics and the
heterogeneous chemistry of dissolved nitrate and chloride. The wavelength-dependent light absorption by aerosol species was higher
for the plume sampled at night and showed no significant changes with plume age, despite observed trends in composition and mass
downwind. These differences in particle composition and optical properties demonstrate that the processes involved in BBA aging
are not uniform for the same wildfire over the course of the day and depend highly on when the BBA was emitted, as well as the
burning phase at the emissions source.

KEYWORDS: aerosol mass spectrometry, chemical ionization mass spectrometry, particle-into-liquid sampler, real-time chemical analysis,
aerosol aging

H INTRODUCTION black carbon (i.e., soot), with additional contributions from

. 14 . . .
Biomass burning aerosols (BBA) emitted from forest fires and secondary formed sulfates and nitrates. " Primary inorganic

prescribed burning events affect Earth’s climate directly by components of biomass and surface dust propelled by fire-

absorbing and scattering solar radiation,' and indirectly by generated winds also contribute to BBA."> The mass fractions
altering the microphysical properties and lifecycle of clouds.”™> and mixing state of BBA individual particles vary between fire
Additionally, they have significant impacts on air quality and

public health.”""* Because of their high chemical complexity, Received: July 30, 2024

accurately characterizing the properties and impact of BBA Revised: ~ December 12, 2024

remains challenging. Biomass burning events yield a diverse Accepted: December 13, 2024

mixture of multicomponent aerosols distributed across the
accumulation (<1 gm diameter) and coarse (1—5 ym) modes.
Chemically, BBA are predominantly composed of organic and
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Figure 1. Maps of flight trajectories within August 28, 2019 (A) afternoon, (B) late afternoon, and (C) night flights. The data points are color- and
size-scaled to show AMS-derived organic mass concentration (ug m™) downwind of the emission source (marked with red and yellow star). Black
lines and labels mark smoke plume transects and follow the trajectory of the flight path. Orientation and length of yellow arrows are qualitative
representations of wind directions and speeds, respectively. Tables list averaged plume age time and its uncertainty corresponding to the individual
transects in each flight. Transects are sorted based on the increasing plume age averages. Time periods of three flights are 12:44—15:22 (afternoon),
16:24—18:37 (late afternoon), and 19:32—22:07 (nighttime) reported as local time (PDT). Transects sampled at different altitudes have been

disregarded in this study.

events, depending on biofuel type and moisture, burning phase
(e.g, flaming versus smoldering), time of day, and other
variables.'°™**

A combination of multiphase chemical reactions and gas-
particle partitioning processes transform BBA particles during
the transport downwind of the emission zone."* In addition to
processes of plume dilution, the size distribution and mass
loadings of BBA change due to coagulation and gas-particle
condensation of secondary products.”~>* The rate of particle
growth in biomass burning smoke plumes is strongly affected
by environmental factors, including intensity of the sunlight,
particle size, number concentration, ambient temperature and
pressure.”*"*’ Smoke plume transport also induces chemical
and morphological transformations of the primary emitted
BBA particles. A common observation is the substantial
increase of secondary organic species in aged smoke particles

resulting from the condensation of low volatility organic and
inorganic components, such as oxygenated organics, nitrates,
sulfates, and ammonium.”***°™* Furthermore, the water
content of particles may increase when BBA organic material is
internally mixed with hygroscopic inorganic salts. This can
alter their reactivity, light-absorption, and propensity to act as
cloud condensation nuclei (CCN).>***” The considerable
variability in composition and particle characteristics poses
significant challenges for atmospheric models in accurately
representing the weather, climate, and health impacts of
smoke. Consequently, additional field studies are needed to
improve forecasts of the local and regional impacts of biomass
burning emissions on the atmospheric environment and
climate forcing.

We present measurements collected onboard the NOAA
Twin Otter research aircraft during the 2019 Fire Influence on
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Regional to Global Environments and Air Quality (FIREX-
AQ) field study.”® This field campaign aimed at improving the
understanding of wildfire and agricultural fire impacts on air
quality, weather, and climate across the continental United
States.””*” Here, we focus on data from three flights on August
28, 2019 which sampled smoke from the 204 Cow fire (point
of initial wildfire 44.29°N, 118.46°W) during the afternoon,
late afternoon, and at night.lg’38’41 We discuss a range of real-
time airborne measurements of condensed- and gas-phase
species normalized against carbon monoxide (CO) mixing
ratios, featuring a comprehensive assessment of chemical
composition and dilution-driven transformations of BBA
downwind of the fire zone. We evaluate fire intensity metrics
and total actinic fluxes derived for individual plume transects
across the three flights, providing insight on key factors
governing the initial chemical composition and reactivity of
BBA from a midsize wildfire during atmospheric aging.

B EXPERIMENTAL SECTION

Overview of the Field Campaign and Plume Age
Calculations. The FIREX-AQ field study included 39 science
flights by the NOAA “Chemistry” Twin Otter aircraft during
August 3 to September 5, 2019. In this study, we focus on
measurements acquired during August 28 as this was the only
day with three distinct flights with high-quality data
corresponding to plume transects sampling the same emission
source, the 204 Cow fire.*' To facilitate comprehensive
chemical analysis of the smoke plume during atmospheric
aging, flight transects began in close proximity to the emission
source and then systematically traversed the aged plumes at
progressive distances downwind of the fire. Such pattern,
combined with the Twin Otter aircraft flight speed (65—75 m
s7"), resulted in data acquisition and samplin§ of BBA particles
along near-Lagrangian flight trajectories.”’ Consequently,
plume crossings performed within a particular flight are
assumed to sample BBA particles emitted at the same time
period.

The 204 Cow fire was started by lightning on August 9, 2019
and burned a total of 14.24 km? (shown in mission archives)**
of mainly forest during August 28 when the aircraft sampling
was conducted. Metrics on burned area were derived from
NASA’s Visible Infrared Imaging Radiometer Suite (VIIRS)
satellite. The fire burned in the mountains of the Malheur
National Forest in eastern Oregon, U.S. The GOES-16 fire
radiative power (FRP) for this fire varied drastically over the
course of this day, resulting in changes in fire emissions with
time.”' Figure 1 shows the flight tracks of the three flight legs
(L1, L2, and L3) during afternoon (12:44—15:22 PDT), late
afternoon (16:24—18:37 PDT), and nighttime (19:32—22:07
PDT), respectively. For each flight, a minimum of four plume
transects were sampled, which provides an extensive assess-
ment of the changes in BBA composition with respect to the
fire’s plume age over the course of a single day. The sun set at
approximately 18:39 PDT on this date. Individual transects
were manually defined based on CO measurements, serving as
temporal markers for a structured analysis of evolving
composition and physical properties of BBA. Specifically,
instances of CO concentrations exceeding the background
(150 ppb) are indicative of smoke plume transects. To
distinguish between overlapping transects, 3D representations
of flight trajectories are presented in Figure S1. A description
of smoke plume age derivation is included in Supplementary
Note 1. Briefly, this metric was estimated using multiple high-

resolution meteorological data sets, including High-Resolution
Rapid Refresh (HRRR), North American Mesoscale Forecast
System (NAM) CONUS Nest, and Global Forecast System
(GFS 0.25°), and by assuming a vertical plume rise of 7 m
s™1.*" Plume age corresponding to the individual transects are
listed in Figure 1 along with their uncertainties.

Online Measurements Onboard Research Aircraft.
CO levels were measured with near-infrared cavity ring-down
spectroscopy (G2401-m, Picarro Inc., Santa Clara, CA,
USA)."* Aerosol composition was measured with a high-
resolution time-of-flight aerosol mass spectrometer instrument
(HR-ToF-AMS, Aerodyne Research Inc, Billerica, MA,
USA).45’46 The AMS instrument measures concentrations of
nonrefractory condensed-phase chemical species (ug std m™
of air), including organic compounds, NH,*, SO,*~, NO;~, and
Cl". The contribution of organo-sulfur compounds to the
measured aerosol sulfate could not be determined for this data
set."” The AMS was also used to derive the average oxidation
states of carbon (OSc) and oxygen-to-carbon (O/C) ratio
metrics,*** as well as the mass concentrations of nitrocatechol
for each transect.”' Concentrations of gas-phase chlorinated
species and nitric acid were determined using an iodide-adduct
high-resolution time-of-flight chemical-ionization mass spec-
trometer (I~ CIMS).>"!

Real-time light absorption measurements were acquired
using a particle-into-liquid sampler coupled to a liquid
wavelength capillary cell and total organic carbon analyzer
(BrC-PILS), described elsewhere.*"** Absorption at 400 nm
wavelength (Abs,gom) Was subsequently used to calculate the
water-soluble organic carbon mass absorption coefficient
(MAC4g0nm) attributed to the light absorbing organics,
commonly referred to as “brown carbon” (BrC), as per the
following equation:*"

BrC MAC4OOnm i —

[WSOC] (1)
where [WSOC] is the mass concentration of water-soluble
organic carbon, also measured by the BrC-PILS instrument.
Light absorption was further evaluated within the 310—440 nm
wavelength range to determine the absorption Angstrom
exponent (AAE), which relates to light absorption coefficients
(Cyus) and wavelengths (1) as per the following equation:’

— In(cabsl/cabsz)
In(4,/4,) (2)

B RESULTS AND DISCUSSION

BBA particles contain three general components: organic
material, black carbon (soot), and inorganic species. The mass
concentrations and mixing ratios of these components within
discrete smoke plumes depend strongly on the nature of
burned biomass, as well as environmental and burning
conditions, thereby yielding multicomponent BBA emissions.
Figure 2 shows the absolute mass concentrations of non-
refractory, condensed-phase organic material and inorganic
species, measured by an HR-ToF-AMS instrument across
afternoon, late afternoon, and nighttime plumes. The initial
mass concentrations of both organic and inorganic constituents
show substantial differences between three plumes, with lower
concentrations observed in the afternoon and late afternoon
plumes compared to the nighttime plume. These discrepancies
reflect diurnal variations in fire intensity represented as FRP,
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Figure 2. Airborne absolute mass loadings of BBA components
measured within afternoon (top), late afternoon (middle), and
nighttime (bottom) plumes. The mass loadings of organic
components are consistently about ten times higher than the
combined mass loadings of inorganic components.

which was derived from GOES-16 data for each plume transect
at the time of emission and average combustion conditions, as
illustrated in Figure S2. For BBA measured in the afternoon
and night flights, FRP remained below 500 MW, while fire
intensity corresponding to the late afternoon plume was above
800 MW. Additionally, FRP showed an inverse correlation
with the mass concentrations of organic aerosols, with the
nighttime flight presenting the lowest FRP values (<250 MW)
and highest concentration of organics with respect to CO. To
evaluate the impact of burning conditions on the concentration
of organic material, FRP was also correlated with the modified
combustion efficiency (MCE), a metric used to differentiate
between smoldering and flaming burning conditions. MCE was

calculated for individual plume transects as described in
Supplementary Note 2. Figure S2 shows that both metrics are
positively correlated, with lower MCE associated with smaller
FRP and enhanced mass concentrations of organic BBA. This
observation aligns with a previous study,'® which showed that
the emission of organic material in biomass burning events is
substantially increased when the fire is characterized by low
MCE values, corresponding to smoldering burning conditions.
Despite the differences in the absolute mass concentrations
between three flights, the organic components constitute
~89—93% of the AMS-derived total particle mass, with the
remaining ~7—11% ascribed to combined contributions from
sulfate (SO,*7), nitrate (NO,"), nonrefractory chloride (CI7),
and ammonium (NH,") (see Figure S3). Measurements
reported in Figure 2 further indicate that atmospheric
processes such as dilution and aging chemistry induce
alterations in the particle mass concentrations along the
plume transported downwind of the fire zone. Inorganic
aerosol mass loadings increase with plume age during
afternoon, which is likely due to the contributions of
photochemical oxidation and subsequent formation of low
volatility secondary products. Conversely, inorganic aerosol
mass loadings decline along the plumes probed in the late
afternoon and the nighttime flights.

Decreases in absolute aerosol mass concentrations with age
could indicate dilution and mixing. Given the substantial
emissions of CO during biomass burning events and its slow
atmospheric reactivity, online measurements collected within
individual transects were compared and scaled against
concentrations of this gas as a quantitative metric to account
for plume dilution and discern plume evolution.”* Figure 3
displays mass concentrations of organic aerosol, measured by
AMS and normalized to CO mixing ratios, presented for each
of the three flights as a function of the transect age time. The
afternoon plume exhibits increasing dilution-corrected organic
aerosol mass as a function of plume age. In contrast, the late
afternoon and nighttime plumes lose organic aerosol mass as a
function of plume age. The potential processes responsible for
these differences are evaporation of the condensed-phase
organic material (mass loss) and photochemical production of
secondary aerosol species (mass gain), or a combination of the
two resulting in a net of either mass gain or mass loss.
Composition of the organic components in both the gas and
aerosol phase, photochemical conditions (or lack thereof),
temperature, relative humidity, and dilution rate can play
various roles in these processes.”> Plume crossings during the
afternoon flight show an increase of particle-phase organics
downwind of the emission source. The observed buildup aligns
well with previously reported transformations in the biomass
burning plume attributed to photochemical oxidation of the
gas-phase emissions and subsequent condensation of their
oxidized low vapor pressure products onto existing par-
ticles." "> Furthermore, concentrations of ozone peak during
the afternoon flight (Figure S4), suggesting that additional
oxidation processes are potentially occurring during this day
period. Photochemical oxidation during the late afternoon
flight is significantly reduced and formation of secondary
organic material is limited, resulting in an overall depletion of
organics with respect to plume age. Moreover, the aerosol
sampled at night was likely emitted in the last hour before
sunset, with weak sunlight available and a short amount of time
for photochemical reactions before sampling. Nighttime
reactions involving NO; or O; oxidation may lead to secondary
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Figure 3. Evolution of condensed-phase organic mass loadings (left panel) and AMS-derived oxidation state of carbon (OS) and oxygen-to-
carbon (O/C) ratios (right panel) in afternoon, late afternoon, and night plumes. Error bars represent the standard deviation of the measurement
averages representative of individual plume transects. Dashed lines correspond to the linear fits of the data sets. R* values for fit lines are included

for a qualitative examination of the correlation between both data sets.
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Figure 4. Evolution of water-soluble organic carbon mass absorption coefficient at 400 nm (MAC 4¢,,) and absorption Angstrdm exponent (AAE)
in afternoon, late afternoon, and night plumes. Error bars represent the standard deviation of the measurement averages representative of individual
plume transects. Dashed lines correspond to the linear fits of the data sets. R* values for fit lines are included for a qualitative examination of the

correlation between both data sets.

organic aerosol (SOA) production,"®*” but if so, this SOA
production is slower than OA loss in this case. Discrepancies in
the photochemical activity between three flights were
quantified with the Tropospheric Ultraviolet and Visible
radiation model, as depicted in Figure SS. In agreement with
previous study,” the total actinic flux is higher during the
afternoon flight and progressively decreases, reaching zero at
night. The net effect of inhibited photochemical reactions
together with dilution-driven evaporation during the late
afternoon and nighttime flights is that their organic mass
loadings decreased with age.”

Figure 3 also shows the average ﬁc and O/C ratios
calculated from AMS records for individual transects across the
three flights. The average OS. values in BBA for the nighttime
plume are significantly lower compared to the daytime plumes.
Changes in the OS. and O/C ratio for BBA with plume age
reflect a combination of dilution-driven evaporation which can
result in loss of less oxidized species and photochemistry that
causes condensation of more oxidized species.”> BBA oxidation
during afternoon and late afternoon is further enhanced by

NO; oxidation reactions, which are active during daytime due
to the increased production of nitrates and high reactivity of
volatile organic compounds (VOCs).'® For the three types of
plumes sampled, only the late afternoon plume showed a
significant increase in OS; and O/C ratios with respect to
plume age which is indicative of the higher degree of these
oxidation processes at that time of day compared to the other
times.

Without knowing the exact history of the plumes between
the time of emission and subsequent sampling, we can only
hypothesize on the reasons for the observed net effects on the
plume aging properties. Satellite FRP data indicates that the
fire intensity varied significantly throughout the day when the
plumes were emitted, affecting the composition of both the
BBA and the VOCs at the time of emission. Consequently, the
organic species that evaporate or condense while aging vary at
different times of the day. As the organic aerosol mass ratio to
CO increased for the afternoon plume while the OS¢ and O/C
ratios remained relatively constant, the balance of organic
species involved in these processes did not significantly alter
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the overall average organic aerosol composition. The smaller
organic mass loss observed in the plume sampled at night, with
only a slight increase in average ﬁc and O/C ratios, suggests
that the less oxidized species were less affected by sunlight-
induced and NOj; oxidation reactions, and by less evaporation
due to cooler temperatures after sunset (see Figure S6). In
contrast, the late afternoon plume showed the clearest signals
of net evaporation with an expected increase in oxidation.

Evaporation of particle components in BBA plumes upon
dilution has been correlated to the evolution of BrC optical
properties, predominantly reporting on the darkening of BBA
particles in previous studies.”’ % Figure 4 shows the water-
soluble organic carbon MAC,y,, and AAE derived from in
situ PILS-BrC measurements averaged over each plume
transect from all three flights. Despite the different trends in
organics/CO ratios with plume age (Figure 3), these optical
metrics illustrate only slight differences in the BrC light
absorption as a function of plume age throughout each of the
three flights, indicating no substantial BrC darkening or
bleaching in the aged plumes at the time range of our flights.
The relative optical stability of BrC in these plumes was also
reported based on the MACy¢q , Values published earlier.”'
However, it is important to note that the light absorption
measured by the PILS-BrC instrument is determined from the
concentration of water-soluble organic compounds as defined
by eq 1. Hence, variability in the solubility of light-absorbing
species, induced by aging and photochemistry, will result in
change of MAC and AAE values. While light absorption by
BrC does not evolve significantly within the sampled plumes,
discernible differences are observed between each of the three
plumes. Specifically, the nighttime BrC MAC 0, values are
twice as large as those measured in the afternoon and late
afternoon plumes. These observed differences likely reflect
variations in initial burning conditions and FRP, concurrently
leading to wvariability in the content of common BrC
chromophores, such as nitrophenols.”® As shown in Supple-
mentary Note 5, nighttime BBA particles exhibited enhanced
AMS-derived mass concentrations of nitrocatechol, a prom-
inent atmospheric nitrophenol formed from NO, reactions
with biomass burning emissions.”* "> While nitrocatechol may
not be the dominant chromophore present, it contributed a
slightly larger fraction of the total particle mass at night
compared to afternoon and late afternoon samples, and
showed a positive correlation with MAC,4,, (see Figure
S8). This suggests that other similar species may also
contribute to the optical properties of strongly absorbing
BBA. Given that all three flights sampled smoke particles
emitted from the same fire event, variations in biomass fuel
type are a less likely explanation for the observed variability in
MAC at different times of the day. The most likely reason for
the differences is that the plumes sampled at night were
emitted when the fire intensity was low before sunset.

While the organic mass fraction of the BBA measured by the
AMS was above 89%, the inorganic fraction was not
insignificant (see Figure S3). The high hygroscopicity of the
inorganic material defines the water-uptake characteristics of
BBA particles when internally mixed with organic material.***’
Consequently, it is crucial to examine noncarbonaceous species
emitted from fire events, as the humidification of BBA through
inorganic-induced hygroscopic growth impacts its chemical
reactivity, optical properties, and propensity to act as
CCN.“*"” The composition of inorganic components was
systematically assessed based on the molar ratios of the most

common NH,*, SO,*7, NO;~, and Cl™ inorganic species.
Figure 5 shows the average cation-to-anion ratios derived from
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Figure S. Average AMS-derived cation-to-anion ratios corresponding
to afternoon, late afternoon, and nighttime plume transects. The ratio
is determined from the ions molar masses and defined as (NH,*/18)/
(2x SO,.*7/96 + NO,/62 + CI7/35.5). The black dashed line
represents a cation-to-anion ratio = 1. Error bars represent the
standard deviation of the measurement averages representative of
individual plume transects. Dashed lines correspond to the linear fits
of the data sets. R? values for fit lines are included for a qualitative
examination of the correlation between both data sets.

AMS measurements during three different flights. A molar
balance ratio of NH,"/(2X SO~ + NO;~ + CI7) equal to 1
indicates complete neutralization of S0O,*7, NO;~, and CI”
through the formation of (NH,),SO,, NH,NO;, and NH,Cl
salts.”® The ratios of 1.0—1.5 observed for the afternoon and
late afternoon flights indicate complete neutralization of
common inorganic acids in BBA along with contributions of
additional ammonium salts, likely related to neutralization of
organic carboxylic acids, which has been previously reported
for daytime biomass burning events.”” Conversely, lower ratios
of 0.5—1.0 common in the nighttime plume indicate acidity of
BBA, especially in younger plume transects. The acidity of
BBA was inferred from the Extended Aerosol Inorganics
Model (E-AIM) (https://www.aim.env.uea.ac.uk/aim/aim.
php).”” The pH values of particles sampled across the three
flights ranged between 2 and 3, in agreement with values
reported for air masses impacted by biomass burning events.”’
It is important to note that if a fraction of the reported AMS
nitrate and sulfate mass is due to organo-sulfates and organo-
nitrates, the actual ratios would be higher. Moreover, AMS is
less sensitive to KCl due to its refractory nature at the
temperature used to vaporize incoming aerosols (~600 °C).*
Given that KCl is a major source of condensed-phase chlorine
emitted during biomass burning, AMS measurements under-
estimate Cl™ mass concentrations.

Figure 6 illustrates the temporal evolution of individual
condensed-phase NH,", S0,*7, NO;™, and CI~ components.
Afternoon measurements show a simultaneous buildup of
NH," and NO;7, associated with photochemically driven gas-
phase formation of nitric acid as well as organic nitrates from
NO,, followed by partitioning into particle phase with nitric
acid and ammonia combining to produce ammonium
nitrate.”””* Different from the afternoon and nighttime, a

https://doi.org/10.1021/acsearthspacechem.4c00215
ACS Earth Space Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00215/suppl_file/sp4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00215/suppl_file/sp4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00215/suppl_file/sp4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00215/suppl_file/sp4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00215/suppl_file/sp4c00215_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.4c00215/suppl_file/sp4c00215_si_001.pdf
https://www.aim.env.uea.ac.uk/aim/aim.php
https://www.aim.env.uea.ac.uk/aim/aim.php
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00215?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.4c00215?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.4c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

5 10
m  Afternoon R2 Values: R2? Values:
Late Afternoon 8
=4 . . -
z “1 A Nighttime 0.55 z 0.17
& g
"-E o 64 e aA
€ TA T A
Q34 - o s b
3 -~ - 3
A
O P .
o a-A 8 ¢
M R - * “ '\n
T - o
Z 24 4
24
1 ; . v 0 : ; T
0 1 2 3 4 0 1 2 3 4
1.8
N R2 Values: R2 Values:
61 \\ 154 .
—_ Uda .
£ \ 0.63 s . 0.73
& A\‘\ §1.2-
l?E 4 4 \ o ‘\AA
E - 50'9_ A
8 v, = .
Q - 8 I
D) N Q06 AL
- — \
O 241 \ o A
w \\ \\
N 0.3 .
0 T T T 0.0 - r r .
0 1 2 3 4 0 1 2 3 4

Average Plume Age (hour)

Figure 6. Evolution of condensed-phase NH,*, NO;~, SO,*7, and Cl~ mass loadings within afternoon, late afternoon, and nighttime plumes. Error
bars represent the standard deviation of the measurement averages representative of individual plume transects. Dashed lines correspond to the
linear fits of the data sets. R? values for fit lines are included for a qualitative examination of the correlation between both data sets.

noticeable decay of NO;™ mass loadings with respect to CO is
observed upon aging of the late afternoon plume, likely
reflecting evaporation of NH,NO; back to its gas-phase
components of NH; and HNOj; driven by plume dilution, as
per the following chemical reaction:

NH4N03(particle) R d NH3(g) + HNO3(g) (Rl)

The evolution of condensed-phase NO;~ with respect to
plume age, measured during the afternoon and late afternoon
flights, aligns with the predicted gas-particle partitioning of
HNO; and NO;™~ derived from the E-AIM model, as shown in
Figure S9. HNO;/NO;~ decreases as the plume ages during
the afternoon, due to formation of NH,NO,; whereas the
partitioning during late afternoon favors the degassing and
subsequent buildup of HNO; in the gas-phase. Differently, no
overlap is observed between HNO;/NO; ratios measured
during the nighttime and those calculated by the E-AIM
model, which underestimates the contribution of particle-phase
NO;™. This discrepancy is likely a result of unaccounted
common cations such as K* and Ca?*, which form nitrate salts
that are not included in the model. This aligns with findings
from our previous single-particle study,”* where levels of
potassium-containing species were reported to be higher
during the nighttime. Moreover, the equilibrium of reaction
R1 is an interplay between the photochemical formation of
nitric acid, relative humidity (RH), ambient temperature, and
dilution effects in the evolving plumes. As a result, changes in
the mass loadings of the condensed phase NO;™ are mirrored
by changes in the mixing ratios of the gas-phase HNO;, as

illustrated in Figure S10. The inverse quantitative relationship
between NO;~ and HNO; concentrations is notably distinct in
the daytime plumes, highlighting the significance of this
equilibrium in the biomass burning plumes. The nighttime
trend differs, with NO;™ concentrations consistently higher
than those of gas-phase HNO;, and no reciprocal changes
observed. This nighttime pattern could be due to stabilization
of the aerosol nitrate when the air mass cools after sunset as
well as higher RH (see Supplementary Note 4 for
meteorological measurements), which favors NH,NO; to
remain in the condensed phase. Despite of the trends in the
evolution of NO;™ being primarily attributed to environmental
factors, discrepancies between nitrate concentrations across the
three flights may be dictated by variability in burning
conditions at the emission source. Mass loadings of SO,
measured in the same plume during the afternoon remain
nearly constant, indicating that levels of particulate sulfates are
largely governed by the emission source.”” A gradual increase
of SO, is observed in the late afternoon plume with respect
to plume age, whereas the dilution-corrected SO,>~ decreases
in the nighttime plume. These trends in condensed-phase
SO,>” are consistent with findings from a previous biomass
burning study.” Specifically, sunlight exposure during the
daytime enhances the production of oxidative species,
including H,0O, in the atmospheric water, driving the buildup
of SO,>~ through aqueous-phase oxidation of SO,.”° This
aligns with the OS. and O/C ratios reported in Figure 3,
which indicates more extensive aerosol oxidation in the late
afternoon plume compared to the nighttime. Formation of
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sulfates downwind of the fire zone during late afternoon is
further supported by the increasing mass fraction of SO,*~
shown in Figure S3. In contrast, the decay of SO,*~ during the
nighttime may reflect the loss of short-lived organo-sulfur
species formed through the reaction of oxygenated organics
with sulfuric acid generated by oxidation of SO,.>>"
Additionally, the discrepancies in the evolution of SO,*~
between afternoon and late afternoon flights may be attributed
to differences in the burning conditions at the emission source,
despite both sampling periods experiencing comparable
sunlight exposures (Figure SS).

Figure 6 also shows mass loadings of condensed-phase CI™
observed in three plumes. Compared to other inorganic
components, contributions of Cl~ are minor, accounting for
only a small percentage of the total AMS components (see
Figure S3). Chlorine in fire events primarily originates from
particles containin§ KCl salts emitted by the burning of specific
types of biomass.'* In the afternoon and late afternoon plumes,
nonrefractory chloride measured by the AMS remained
relatively constant with respect to CO. However, in the
nighttime plume, CI™ was relatively enhanced closer to the fire
zone but showed significant depletion in aged BBA particles.
Similar trends are observed when comparing the mass fraction
of CI” across the three flights. Due to the limited sensitivity of
AMS toward KCl, the observed loss of nonrefractory chloride
from aerosol is attributed to the degassing of highly volatile
HCI following the gas-particle partitioning of NH,CI, which
form§7via reversible equilibrium with precursor gases NH; and
HCL

NH,Cl(,q) <> NH;(,qq) + HCl(q ) (R2)

NH,Cl is more thermodynamically stable in fully neutralized
particles, such as those observed in the afternoon and late
afternoon plumes. However, NH; and HCI can evaporate from
the hygroscopically grown BBA particles with higher water
content in the nighttime plume, which exhibit higher acidity
(see Figure S). Furthermore, chloride in nighttime BBA
particles with higher water content may react with organic
acids, releasing HCl gas into the atmosphere and leavin
chloride-depleted particles enriched in organic salts.”
Regardless of the time of day, the molar concentration of
gaseous HCI measured in the plumes are ~10 times larger than
the available condensed-phase CI7, as illustrated in Figure S11.
This difference likely suggests that large amounts of HCI are
formed from chlorine in the form of primarily emitted KCl,
which is less efficiently measured by the AMS due to its
thermodynamic stability. Consequently, concentrations de-
rived from AMS underestimate the real contribution of
chlorine-containing species to the total particle mass.
Discrepancies between HCl and CI” can also be influenced
by the relatively higher vapor pressure of gas-phase HCI
compared to gas-phase HNO; for systems containing both
NH,NO; and NH,Cl,”* enhancing the concentration of HCI
in the ambient. Concentrations of the condensed-phase CI™ are
on par with the observed gas-phase concentrations of nitryl
chloride (CINO,), which is likely formed through the particle-
phase hydrolysis of N,O;s, followed by the reaction with
dissolved CI” and the evaporation of CINO,, summarized
below.””®

N;O559) + HOpq) < HZO'NO;(aq) + Nog(aq) (R3)

HZO'NO;—(aq) + Cl(_aq) g ClNOZ(aq,g) T +H20(aq) (R4)

Photolysis of the CINO,, products will therefore increase
atmospheric radical oxidants.

B CONCLUSIONS

In this study, we assessed particle- and gas-phase constituents
and optical properties of aerosols within the biomass burning
plumes originating from the 204 Cow fire, a midsized wildfire,
during the FIREX-AQ _field study. These measurements were
conducted over a single day in a near-Lagrangian manner to
evaluate how the chemical composition and optical properties
vary at different times of the day. Real-time aerosol mass
spectrometry measurements were examined to provide insights
into the dynamic evolution of nonrefractory aerosol
components. The presented data underscores complex inter-
play of environmental factors and emission sources on BBA
composition, offering insights into the dynamic nature of
aerosol particle transformations and behavior during different
time periods for the same wildfire. The chemical composition
differed depending on the time of day when the BBA was
emitted and sampled, and was plausibly influenced by the
burning conditions at the fire zone. Compared to the afternoon
and late afternoon BBA, the nighttime aerosol composition was
generally less oxidized, contained insufficient ammonium to
balance the measured anions, and presented relatively more
nitrate, nitrocatechol and nonrefractory chloride. Photochemi-
cally driven increases in the concentrations of condensed-phase
organics, NH,", and NO;~ were observed in the afternoon as a
function of plume age. In contrast, a discernible depletion of
organic and nitrate components occurred in the late afternoon.
While nonrefractory chloride was relatively higher in the
nighttime plume, it decreased to levels similar to those
observed in the afternoon and late afternoon. Despite
variations in the evolution trends of chemical species across
three plumes, the optical metrics of BrC components
(MAC,0nm and AAE) showed no major changes with
atmospheric aging. Light absorption by BrC was different
between each of the plumes, where nitrocatechol was
indicative of more absorption at night. Overall, this study of
a single wildfire plume over 1 day demonstrates that the BBA
composition, optical properties, and subsequent attributes due
atmospheric aging are variable. This suggests that differences in
emissions at the source, the amount of sunlight available for
photochemistry, and daytime versus nighttime NO; chemistry
were crucial for understanding how BBA evolve in the initial
few hours after emission.
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