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ABSTRACT:Wildfire-influenced air masses under regional back-
ground conditions were characterized at the Mt. Bachelor
Observatory (∼2800 m a.s.l.) in summer 2019 to provide a better
understanding of the aging of biomass burning organic aerosols
(BBOAs) and their impacts on the remote troposphere in the
western United States. Submicron aerosol (PM1) concentrations
were low (average±1σ= 2.2±1.9μgsm−3), but oxidized BBOAs
(average O/C = 0.84) were constantly detected throughout the
study. The BBOA correlated well with black carbon, furfural, and
acetonitrile and comprised above 50% of PM1during plume events
when the peak PM1concentration reached 18.0μgsm

−3. Wildfire
plumes with estimated transport times varying from∼10 h to >10
days were identified. The plumes showedΔOA/ΔCO values ranging
from 0.038 to 0.122 ppb ppb−1with a significant negative relation to plume age, indicating BBOA loss relative to CO during long-
range transport. Additionally, increases of average O/C and aerosol sizes were seen in more aged plumes. The mass-based size mode
was approximately 700 nm (Dva) in the most oxidized plume that likely originated in Siberia, suggesting aqueous-phase processing
during transport. This work highlights the widespread impacts that wildfire emissions have on aerosol concentration and properties,
and thus climate, in the western United States.

KEYWORDS:aerosol mass spectrometry, soot-particle aerosol mass spectrometer (SP-AMS), submicrometer aerosols (PM1),
biomass burning organic aerosols (BBOAs), atmospheric aging, long-range transport

1. INTRODUCTION

Biomass burning (BB) is a major source of atmospheric
aerosols and significantly impacts global climate, public health,
and regional air quality.1−3 Depending on the physical
properties and chemical composition of the aerosols, they
can scatter or absorb solar radiation, act as cloud condensation
nuclei, and alter cloud albedo.4−7BB is a large source of both
primary organic aerosols (POA) and volatile organic
compounds (VOCs) that can act as precursors for secondary
organic aerosols (SOA).8−10BB is also a large source of brown
carbon (BrC), an aerosol component that is able to absorb
sunlight in the visible wavelengths and positively influence
global climate forcing.11−13

Wildfires are a highly variable and“uncontrollable”source of
BB emissions that cause haze in both pristine areas and urban
centers.3,14 In the western United States, wildfires are
becoming increasingly prevalent, and their emissions have
been tied to elevated regional PM2.5concentrations and high
pollution episodes that violated National Ambient Air Quality
Standards (NAAQS).3,15−20Additionally, studies are continu-

ing to show that wildfire plumes are able to influence aerosol
loading and atmospheric chemistry up to thousands of
kilometers from the source.21−24Furthermore, OA that has
undergone atmospheric processing has been found to be more
detrimental to human health.25,26A deeper understanding of
the chemical and optical properties of wildfire emissions and
the evolution of BB aerosols in the atmosphere will help
constrain atmospheric chemical transport models and global
climate models.4,27−29

Biomass burning organic aerosols (BBOAs) can have a wide
range of volatility, with the volatility generally decreasing with
increased atmospheric processing.18,30,31The oxidation of
VOCs and intermediate volatility organic compounds
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(IVOCs) emitted from BB has been seen to form low-volatility
products, which can increase SOA production and the
atmospheric lifetime of the aerosols.32−34The exact properties
of BBOA are highly dependent on burn conditions, fuel type,
and the magnitude of atmospheric processing.9,18,35−40While
many previous studies have investigated the composition of
freshfire emissions in laboratory and ambient conditions, as
well as the transformation of BBOA infire plumes over the
course of thefirst hours of atmospheric aging,40,41only a few
have investigated highly processed wildfire emissions at remote
locations such as islands,42,43high-altitude locations,44−46and
the remote troposphere.24,47These studies have found that
long-range transport of BB emissions can cause episodic
increases of aerosol concentrations and that multiple days of
aging may significantly influence ambient BB aerosol character-
istics. However, it remains poorly understood how wildfire
emissions and atmospheric aging processes affect the chemical
composition and physical properties of background aerosols in
pristine environments, and what impacts these have on climate.
In the present study, we provide an overview of the physical
and chemical properties of aerosol particles and trace gases
studied using a suite of real-time instruments at the Mt.
Bachelor Observatory (MBO), a remote, high-altitude site in
the American Pacific Northwest (PNW) during the summer of
2019. MBO has been operated as an atmospheric chemistry
observatory since 2004,27and due to its remote location and
minimal anthropogenic influence, it is an ideal site for
measurements of wildfire plumes ranging from locally emitted
to long-range transport events from Alaska and Asia.17,18,27,48,49

During this study, hereafter named MBO19, we show that
regionally transported BBOA is an important component of
submicrometer aerosols (PM1) even during periods of
relatively lowfire activity and aerosol loading. In addition,
we utilize the variety of BB plume sources to understand how
aerosol properties change as a function of physical and
photochemical age.

2. METHODS

2.1. Sampling Site.An intensive measurement campaign
was conducted at the MBO, located at the summit of Mt.
Bachelor (43.981°N 121.691°W, 2764 m a.s.l.) from August 1
to September 10, 2019. Mt. Bachelor is an isolated volcanic
peak approximately 31 km east of the city of Bend, Oregon
(population 80,000). Few wildfires were active upwind of
MBO during the sampling period, although there werefires
throughout western North America (Figure S1). In compar-
ison, heavy wildfire plumes originating in Northern California
and Southern Oregon were frequently sampled during the
summer 2013 Biomass Burning Observation Period (BBOP)
campaign at MBO (Figures S1 and S2).18,19,35

Boundary layer dynamics play an important role in the
diurnal variation of aerosol composition at MBO. During
daytime, upslope air can bring modified boundary layer (MBL)
air masses to the sampling site, while at night, the site is
influenced by free tropospheric (FT) air masses.27,50These
different regimes can be differentiated based on ambient water
vapor concentrations with values greater than 5.23 and 4.60 g
kg−1corresponding to MBL conditions during August and
September, respectively.27

2.2. Real-Time Measurements.Size-resolved aerosol
composition and volatility were studied at 2 min time
resolution using a soot-particle aerosol mass spectrometer
(SP-AMS; Aerodyne Research, Inc.) downstream of a custom-

built, automated thermodenuder (TD,Figure S3). The SP-
AMS and its use in studying wildfire smokes are described in
detail elsewhere.40,51,52Briefly, the instrument operates by
focusing aerosols through an aerodynamic lens with a size
cutoffof 1μm aerodynamic diameter (PM1). Particles are then
sized prior to colliding with a 600°C resistively heated
tungsten vaporizer. The resulting gaseous molecules are
ionized by 70 eV electron impact and are detected using a
high-resolution time-of-flight mass spectrometer.53,54In this
study, the SP-AMS was operated only in the lower mass
resolution (m/Δm= 2500) and higher sensitivity“V-Mode”
for an increased signal-to-noise (S/N) ratio, allowing the bulk
ensemble mass spectra for nonrefractory (NR) PM1to be
calculated.54This includes the quantification of organics, the
ammonium salts of sulfate, nitrate, and chloride. The SP-AMS
also allows for the simultaneous quantification of refractory
black carbon (rBC) using an intracavity laser vaporizer.51,52A
thermodenuder based on the design described in Fierz et al.
was installed upstream of the SP-AMS to quantify aerosol
volatility.55Additional information regarding SP-AMS oper-
ation and thermodenuder temperature settings is given in SI
Section 1.2 and Figures S3−S5.
Information on additional real-time instrumentation de-
ployed during this study is provided in SISection 1.2.3. Briefly,
speciated VOC measurements were made every 1 min with a
proton transfer reaction time-of-flight mass spectrometer
(PTR-ToF-MS 4000, Ionicon Analytik, Austria), with the
mass resolution up to m/Δm 4000.56The PTR-ToF-MS
background was checked every hour. During the campaign, it
was calibrated every 2 days by the dynamic dilution and
subsequent addition of 25 distinct VOCs including furfural and
acetonitrile from gas standard mixtures.57A scanning mobility
particle sizer (SMPS) consisted of a TSI 3082 electrostatic
classifier with a TSI 3776 water-based condensation particle
counter collected number distribution at a 5 min time
resolution between 14 and 615 nm. In addition, other data
used in this study include CO (Picarro G2302 cavity ring-
down spectroscopy) and submicrometer aerosol scattering
coefficients (σsp) at wavelengths 450, 550, and 700 nm (TSI
Model 3563 integrating nephelometer). CO andσspdata are
reported in 5 min averages. Theσspvalues were corrected for
drift and scattering truncation according to the scheme laid out
by Anderson and Ogren.58Additional calibration details are
provided in Briggs et al.17In this study, we focused onσ550nm,
which correlated well (r2> 0.96) with bothσ700nmandσ450nm.
2.3. SP-AMS Data Analysis and Positive Matrix

Factorization Analysis.SP-AMS results were analyzed with
the SQUIRREL (v. 1.53A) and PIKA (v. 1.23A) software
packages in Igor Pro (v. 8 Wavemetrics, Lake Oswego, OR).
All mass concentrations were determined using the high-
resolution mass spectral (HRMS) data and are reported in
STP conditions (273.15 K, 101325 Pa), notated with“μg
sm−3”. Additional details regarding the SP-AMS ionization
efficiency calibration and treatment of gas-phase interference
are given in the SISection 1.2.1. The SP-AMS limit of
detection (LOD) was calculated as 3 times the standard
deviation during an extremely clean period when the average
(±1σ) SMPS mass concentration was 0.013 (±0.017)μgsm−3.
The LOD was 139, 18, 18, 9, 25, and 53 ng m−3for organics,
nitrate, sulfate, chloride, ammonium, and black carbon,
respectively, for an averaging time of 2 min. These LOD
values are higher than expected due to the decreased S/N
caused by the installation of a radio frequencyfilter on the SP-
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AMS to reduce signal interference from nearby equipment,
including cell phone transmitters. The molar ratios of elements
(O/C and H/C) for the bulk OA were calculated using the
“Improved Ambient”method.59

Positive matrix factorization (PMF)60 was used to
decompose the SP-AMS HRMS data using the PMF evaluation
tool (PET)61into a set of static factors and their time-
dependent contributions. The association of individual factors
with specific emission sources or atmospheric processes was
examined through analyses of the spectra, temporal variation
patterns, and comparison with external tracers.62The time
series of organic ions, major inorganic ions, and TD data
during both the laser on and laser offperiods were included
within the PMF analysis to decrease ambiguity in the solution
space and provide insight into the volatility of each factor.18,63

A detailed description of the preparation, analysis, and
evaluation of PMF solutions is given in SISection 1.3 and
Figures S6−S8. Thefinal PMF solution consists of a low-
volatility oxygenated OA (LV-OOA), a semivolatile oxy-
genated OA (SV-OOA), and a BBOA.

3. RESULTS AND DISCUSSION

3.1. Aerosol Characteristics at MBO during Summer
2019.The concentrations of different aerosol components
varied dynamically at MBO throughout the campaign (Figure
S9). Generally, low PM1concentrations were seen during
summer 2019, ranging from <0.14 to 18.0μgsm−3with an
average (±1σ) of 2.22 (±1.86)μgsm−3. Aerosol loading was

on average dominated by organics (82.1%), followed by sulfate
(11.3%), ammonium (4.1%), rBC (2.4%), and nitrate (2.0%)
with chloride and potassium at or below LOD for most the
campaign. The meteorology was typical for summer at a high-
altitude site: the temperature ranged from−1.6 to 20.7°C
(average±1σof 12.0±4.5°C) and RH varied from 7.4 to
100% (52±23%). Although the weather was typically cool
and dry, there were periods when MBO was in clouds and rain,
which coincided with the lowest PM1concentrations.
MBO has been used extensively for trace gas and aerosol
measurements since 2004, allowing for data comparisons with
previous campaigns. Specifically, the results from 2019 are
compared to the HR-AMS data collected at MBO during the
BBOP in summer 2013, which is discussed in previous
publications.17−19,35,50Substantially, higher PM1concentra-
tions (up to 210μgsm−3) were sampled in 2013,18whereas
the MBO19 measurements allow for detailed chemical
characterization of discrete BB plumes that are significantly
more aged and diluted than those sampled in 2013. The
average PM1concentration during MBO19 is consistent with
low loading periods observed during BBOP (NR-PM1= 2.8±
2.8μgsm−3), as well as other high-altitude, background sites
around the world (3.8±3.4μgsm−3).50

A commonly used HR-AMS tracer for BB is the signal atm/
z60 over the total OA signal, known asf60.

37In this study, over
95% of the signal atm/z60 is from the C2H4O2

+ion (m/z=
60.021), a fragment primarily generated from anhydrous sugars
(e.g., levoglucosan) during cellulous combustion.64−66For

Figure 1.Overview of BBOA characteristics and the influences of atmospheric aging based on observations made during MBO19 and BBOP.
Scatterplots off44andf60for (a) bulk OA data and (b) OA factors resolved through PMF analysis of the SP-AMS data. (c) Changes inΔOA/ΔCO
with estimated transport times of wildfire plumes. The MBO19 data in (a) is colored by CO concentration. The dashed black lines in (a) and (b)
represent the backgroundf60value of 0.3% and the boundaries set for ambient BBOA in Cubison et al. (2011). Data points with OA < 1μgsm

−3

were removed to reduce noise. Thef44andf60values in thefive wildfire plume events identified during MBO19 are indicted by the colored boxes in
(b), with the box bounds representing the 25th and 75th percentiles, and the error bars representing the 10th and 90th percentiles. Points in (c) are
the MBO19 wildfire plume events and BB plumes identified in Collier et al. (2016). The solid line in (c) is the bestfit of all of the points with the
gray area representing the 95th confidence interval. Thefitting equation is provided in the legend of (c).
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ambient OA,f60< 0.3% generally represents no BB influence,
whilef60> 1% represents prominent BB influence.

37The
campaign average off60was 0.29±0.12% with events ranging
up to 1.2% (Figures 1andS12). The periods with elevatedf60
also showed an increase in CO concentrations (up to 180
ppbv;Figure S9d), aerosol absorption and scattering (up to 6
and 70 Mm−1, respectively, at 530 nm), and PM1(up to 18.0
μgsm−3;Figure S9c). Additionally, there were elevated
concentrations of rBC, acetonitrile, and furfural, all of which
are BB tracers (Figure S9g).39,67

The relative abundance of anhydrous sugars in BB aerosols,
as represented byf60, has been found to decrease during
atmospheric transport due to evaporation or decay of BB-POA
and concurrent production of BB-SOA.37Indeed, thef60values
during this campaign are generally lower than in fresh wildfire
plumes and are consistent with other aged BB plumes sampled
during BBOP and at other remote locations.18,35,37,68Figure
1a,b compares the aerosol composition from MBO19 and
BBOP in thef44−f60space.f44,defined analogously tof60,is
dominated by the CO2

+fragment, correlates with bulk aerosol
O/C ratio, and represents the level of oxidation of OA.69The
f44−f60space is a common technique to investigate the effect of
aging on the properties of BBOA with more aged/oxidized
BBOA moving toward a lowerf60and a higherf44.

37,70During
MBO19, OA spanned a wide range of f60andf44values,
indicating the influence of BB as well as the presence of
additional, non-BB sources at the site (Figures 1a andS11).
CO is a well-known tracer for BB emissions. Although photo-
oxidation of biogenic VOCs can be a significant source of CO
in remote regions as well, the strong correlations between CO

and BB tracers such as benzene, acetonitrile, and rBC suggest
that the CO enhancements at MBO were largely due to BB
influence.Figure 1a shows that elevated CO concentrations
correspond with highf60values as well as highf44values,
suggesting that BB is an important source of highly oxidized
aerosols. Furthermore, the OA data from the MBO19 and
BBOP campaigns overlapped in thef60−f44space (Figure 1a),
suggesting similarities between the BBOA sources and
atmospheric aging processes. However, BBOA in MBO19
was overall significantly more aged. In addition,Figure 1c
shows a negative correlation between the enhancement ratio of
OA relative to CO (ΔOA/ΔCO) in wildfire plumes and plume
transport time, which highlights the impacts of atmospheric
aging on BBOA characteristics (see detailed discussions in
Section 3.4).
Nonsoil potassium salts (ns-K) have been identified as a
tracer for BB in previousfield studies.66,71−73SP-AMS is able
to detect potassium through both surface ionization on the
tungsten vaporizer74and laser vaporization of potassium salts
internally mixed with rBC.51,75However, concentrations of K+

were low and noisy throughout this campaign, which is
consistent with previous studiesfinding minimal K+enhance-
ments in wildfire plumes in this region of the PNW.18,76The
reason for this lack of enhancement is unclear; however,
previous studies have found K+emission dependent on fuel
type.77

3.2. Organic Aerosol Sources at MBO and Biomass
Burning Influences.To evaluate the influence of transported
wildfire plumes on aerosol chemistry at MBO, PMF analysis
was performed and resolved three meaningful factors. They

Figure 2.(a−c) Spectra of OA factors colored by ion family. HRMS ions are included form/z< 140, and UMR ions form/z> 140.“Improved
Ambient”elemental ratios for each factor are denoted in the legend, with the“Aiken Ambient”value in parenthesis. (d) Fractional contribution of
each species as a function of total PM1loading. (e) Volatility profiles of OA factors, sulfate, and nitrate. Error bars show the standard deviation of
the calculated slope. BBOA factors derived in Zhou et al. 2017 are also included for reference in (e).
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include a BBOA (O/C = 0.84, 18% of OA), a semivolatile
oxygenated OA (SV-OOA) (O/C = 0.67, 76% of OA), and a
low-volatility oxygenated OA (LV-OOA) (O/C = 1.25, 6% of
OA). The factor mass spectra and volatility thermal profiles are
shown inFigure 2, and the time series and diurnal profiles are
shown inFigures S9 and S10. The time series of the BBOA
factor correlated with rBC (r2= 0.52) and showed sporadic but
large enhancements that are consistent with transported BB
plumes (Figure S9e). The factor was moderately oxidized with
an O/C of 0.84 and anf60value of 0.64%. The MBO19 BBOA
is situated between the moderately oxidized BBOA-2 and the
highly oxidized BBOA-3 resolved during BBOP in thef44−f60
space (Figures 1b andS10). The volatility profile of the
MBO19 BBOA also falls between those of BBOA-2 and
BBOA-3 (Figure 2e). These results highlight the fact that the
oxidized BBOA observed at MBO contains extremely low-
volatility species, e.g., 16% of the MBO19 BBOA mass was
found to remain in the particle phase at TD temperature as
high as 280°C.
The variation of BBOA concentration correlated poorly with
ambient water vapor, signifying that there was wildfire
influence on aerosol composition within both the MBL and
the FT (Figure 3). BB sources are almost exclusively located
within the MBL, but large wildfires are able to inject aerosols
into the FT, where the rate of deposition decreases and long-
range transport of aerosols is facilitated.23This suggests that
BBOA sampled within the FT is likely more heavily processed.
In addition, sincefires dominated byflaming combustion have
larger plume injection heights and are more likely to penetrate
the FT78plumes that have undergone long-range transport
may be more likely to have been emitted byfires with high
modified combustion efficiency (MCE) characteristic of
flaming combustion.
The majority of the OA mass seen during MBO19 (76%)
was contributed by the moderately oxidized SV-OOA factor
(O/C = 0.67). There was a strong association of high
concentrations of SV-OOA with higher water vapor values,

occurring when MBO resided within the MBL (Figure 3) and
the diurnal trends of the SV-OOA concentration and water
vapor are similar (Figure S10b). Based on the correlation with
gas-phase oxidation products such as methanol (r2= 0.82),
methyl ethyl ketone (r2= 0.75), and formic acid (r2= 0.73), as
well as significant contribution from CxHy

+fragments in the
HRMS (37% of the OA signal) and a high C2H3O

+to CO2
+

ratio of 0.99, this factor is likely primarily composed of
biogenic SOA.79,80The increased concentration of SV-OOA
between 11:00 and 20:00 likely represents an upslopeflow of
BL-influenced air that was enriched with fresh SOA produced
through daytime photochemical processes of regional biogenic
VOCs. Finally, the LV-OOA factor was highly oxidized (O/C
= 1.25) with a significant contribution from CO2

+and CHO+

ions in the HRMS (Figure 2c). This factor represents a highly
oxidized, regional background aerosol and accounts for 6% of
OA during MBO19. Additional details of the PMF solutions
are described in SISection 1.3.2.
The composition of PM1varied across the range of total
PM1concentrations (Figure 2d). At very low PM1loadings
(<1μgm−3), sulfate and LV-OOA together made up 41% of
the PM1mass, with BBOA contributing only 5%, although
there were periods with sulfate contributing up to 80% of total
PM1. Higher LV-OOA and sulfate concentrations were mostly
seen at low water vapor values, primarily at night, when FT air
masses were sampled (Figure 3). This is an indication that
sulfate aerosols and highly oxidized OA were enhanced in the
regional FT, afindingthatisconsistent withprevious
observations at MBO.50As the PM1loading increased, the
fractional contribution from BBOA increased and contribu-
tions from sulfate and LV-OOA decreased. At PM1>5μgm

−3,
BBOA accounted for 50−62% of PM1mass (Figure 2d). These
results highlight the important influences that wildfire
emissions have on aerosols in the remote region of PNW,
even under relatively clean air conditions.
3.3. Case Studies on Aged Wildfire Plumes at MBO.

The location of MBO gives us a unique opportunity to sample

Figure 3.Concentration of species as a function of water vapor, colored by time of day. Solid black lines indicate the mean concentration within
each water vapor mixing ratio bin, with errors bars indicating 1 standard deviation. The dashed line indicates the cutoffbetween the free
troposphere and the modified boundary layer.27ISO+TERP shows the sum of isoprene and monoterpenes.
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BB influenced air masses that had undergone substantial
atmospheric processing and provides a glimpse into how
atmospheric processing may influence the properties of aged
BBOA. During this campaign,five distinct BB plume events
(see shaded regions inFigure S9) were identified in a similar
fashion as previous studies at MBO.81Specifically, plume
events were defined as time periods satisfying the following
conditions (1) CO > 110 ppb andσ550nm>20Mm

−1and (2)
r2between CO and PM1> 0.6. Overall, the plume periods
showed increased PM1concentrations, dominated by OA, and
elevated BBOA and rBC concentrations (Figure 4). The
average HRMS of the bulk OA for each plume event is shown
inFigure S16, and additional details are included inFigure
S17.
Plume event 1 showed the highest PM1loadings with an
average of 5.8±3.1μgsm−3and the BBOA factor making up
52% of the total mass (Figure 4). HYSPLIT back trajectories
show the sampled air mass passing over the Milepost 97fire
(42.913,−123.268) approximately 10 h prior to reaching
MBO (Figure S18). This makes it a useful example for

regionally emitted BBOA that has undergone relatively limited
atmospheric processing. Indeed, this period appears to contain
reasonably fresh BBOA with thef60reaching 1.25% andf>100mz
reaching 14.7%. The average HRMS during this period showed
a high contribution from the CxHy

+family, lowerf44and O/C
of 0.45 (Figure S16). In contrast, plume event 2 showed
significantly more oxidized aerosols (O/C = 0.69), a smallerf60
(0.50%), and a lowerf>100mz(10.4%). It was characterized by
extremely low water vapor mixing ratio (3.52±0.99 g kg−1)
and was the only plume that was sampled within the FT. Back
trajectory analysis of this event indicates that it was transported
from a series of largefires in Siberia (Figure S19). Plume 2 also
showed enhancement of sulfate and LV-OOA compared to the
other plumes, which is consistent with highly aged aerosols
transported within the FT (Figure S17). Events 3−5 represent
BB plumes originating from active wildfires in Northern
California with transport times estimated at 12−96 h (Figures
S19−S21). Events 3 and 4 showf60values of 0.30% and 0.25,
respectively, close to the backgroundf60values (0.3±0.06%)
seen for ambient OA,37likely due to mixing with fresh,

Figure 4.(a−f) Median concentration of key particle and gas-phase species. Dashed lines represent the background concentrations of each species
during the campaign, calculated as the 10th percentile of the species throughout the campaign. (g) rBC concentration normalized to CO. (h)
Plume age estimated from HYSPLIT back trajectory. Whiskers indicate the 25th and 75th percentiles during each plume except for (g), where
whiskers indicate 1σof the orthogonal distance regression between the species. The transport time shown inFigure 5spans between the closest and
furthestfire detection that the plume passed over. The table shows a summary of the plume durations and likely sources of each plume event.
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biogenic SOA. Indeed, the OA of events 3 and 4 are
significantly less oxidized than the BBOA-3 factor observed
during BBOP, which also hasf60< 0.3% (O/C = 0.58 and 0.57,
respectively, vs O/C = 1.06 for BBOA-3). Despite these
characteristics, events 3 and 4 show enhancements of all other
BB tracer species, confirming the influence from BB emissions
(Figure 4). The OA within plume event 5 also showed
characteristics of aged BBOA, with an O/C of 0.59 and anf60
of 0.39%.
The influence of plume processing on the concentration of
gas-phase species is complex and shows significant variation
between events. While both CO and acetonitrile were
enhanced considerably during all of the plume periods, furfural
was elevated only in less aged plumes (Figure 4e,f). This is
because CO and acetonitrile are fairly inert in the atmosphere
with a lifetime longer than 1 month,82,83whereas furfural reacts
quickly with hydroxyl and nitrate radicals in wildfire plumes,
thus may show lower enhancement in aged emissions. Indeed,
as displayed inFigure 4e,h, the average enhancement of
furfural concentration in individual events anticorrelates with
plume age. The very low furfural concentration in plume 2 is
consistent with the long-range transport and extensive
atmospheric aging of the smoke originated from Siberia.
Acetonitrile had the highest concentrations in event 2 and the
smaller enhancements above the background within the other
plume events may be due to either an elevated background
concentration throughout the PNW due to the long lifetime or
differing combustion conditions and fuel types at the different
fires.84,85

The enhancement of rBC relative to the enhancement of
CO (ΔrBC/ΔCO) can be used as an indicator of the
combustion efficiency of the BB source with increasedΔrBC/
ΔCO occurring duringflaming combustion.38,86,87During
each plume event, rBC showed moderate correlations with CO
(r2ranging from 0.25 to 0.58) and theΔrBC/ΔCO values
were consistent with previous measurements of fresh and
transported BB emissions.86,88The highestΔrBC/ΔCO were
measured during plume events 1 and 2, suggesting that these
fires had more influence fromflaming conditions. However, it
is also possible thatΔrBC/ΔCO decreased during transport by
two different pathways. First, rBC may be removed via
deposition during long-range transport. This is most relevant
to plume event 2 due to the possibility of wet deposition and
cloud processing. Second, mixing of the BB plumes with CO
produced from the oxidation of biogenic VOCs may enhance
the background CO concentration. This could explain the
lower values seen in plume events 3 and 4, which were most
influenced by biogenic sources.

The size distributions during each plume event (Figures 5
andS23) can also provide insight into the processing history of
the aerosols. Laboratory studies show that the mass-weighted
size distributions of fresh BB aerosols are typically small (Dva<
100 nm) but quickly grow through condensation and
coagulation over the course of aging.89,90In addition, at
urban locations with intense residential wood burning, the
mass-based size distribution of BBOA was found to be broad,
presenting a smaller mode peaking between 150 and 200 nm
and a larger mode peaking between 400 and 500 nm.91,92

Plume events 1 and 5 both showed single modes, peaking at
400 and 500 nm, respectively, which is consistent with aged
BBOA. This highlights the rapid growth of aerosols during the
atmospheric transport of BB plumes. Event 2 also showed a
single mode, but it peaks at 700 nm, suggesting more
pronounced aqueous-phase processing during transport. This
is also consistent with previous studies at MBO that have
found BB plumes transported from Siberia have a larger size
mode.93Interestingly, event 2 shows the smallest number-
based size mode at 90 nm (Figure 5a). It is likely that this
mode represents free tropospheric sulfate aerosol formed
through new particle formation, a process that has been
previously recorded at MBO.50Plume events 3 and 4 showed
broad size distributions, between 250 and 500 nm, which can
be explained by the mixing of BBOA with smaller biogenic
SOA.
3.4. Evolution of Aerosol Properties in Aged Wildfire

Plumes.The plume events identified during MBO19 allow for
a quantitative analysis of the effect of prolonged aging on BB
aerosol properties. Events 3−5 were further divided to
optimize the correlations between OA and CO, as well as
toluene and CO. For each event, the physical plume age was
estimated from the HYSPLIT model and the photochemical
age was determined based on the decay of toluene relative to
CO (ΔToluene/ΔCO) or benzene (ΔToluene/ΔBenzene).
The correlations between toluene and CO were strong during
events 1, 3, and 4, withr2ranging from 0.79 to 0.95 (Figure
S24). There was no enhancement of toluene during event 2
and therefore anr2of 0. Although the toluene signal was
elevated during event 5, it had a negligible correlation with
CO. The reason is unknown but could be due to the mixing of
fresh and aged plumes or influence from anthropogenic
emissions; therefore, event 5 was excluded from further
analysis. Generally,ΔToluene/ΔCO,ΔToluene/ΔBenzene,
and physical age were well correlated (Figure S26); however,
ΔToluene/ΔCO showed a more consistent trend than
ΔToluene/ΔBenzene and is discussed below as a proxy for
photochemical age. Additional details regarding theΔTo-
luene/ΔCO calculation, the alternate use of ΔToluene/

Figure 5.(a) Number-based size distribution of PM1measured by SMPS and (b) mass-based size distribution of organic aerosols measured by SP-
AMS. Distributions are averaged for the duration of each plume.
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ΔBenzene as a photochemical age metric, and comparison to
literature values are described in SISection 1.4.
Figure 6shows the change in aerosol properties as a function
of both the physical age andΔToluene/ΔCO. There is a
positive relation (p< 0.05) between both bulk OA O/C andf44
and plume physical age, indicating oxidation processes
occurring during transport (Figure 6a,b). A negative relation
is seen betweenf60and physical age as well, after plume
sections withf60values below the 0.3% background value are
excluded. This decreasing trend off60is consistent with the loss
of anhydrous sugars during transport, which is also shown in
Figure 1b. Here, the evolution of OA is seen within thef44−f60
space as OA moves toward higherf44values corresponding to
increased plume processing (i.e., from event 1 to event 5 to
event 2). Events 3 and 4 deviate from the trend line and are
located more closely to the SV-OOA factor in thef44−f60space,
likely due to influences by biogenic emissions (see discussions
inSection 3.3).
Of particular interest is the change of the OA enhancement
ratio relative to CO (ΔOA/ΔCO) with atmospheric aging
(Figure 1c).ΔOA/ΔCO is independent of dilution but will
change with either SOA production or OA losses through

evaporation, deposition, and/or photodegradation reactions.94

Somefield and laboratory studies have found substantial SOA
production during the aging of BB smoke,70,95while others
have seen no enhancement18,96or a decrease in OA mass.37,97

All of the plumes identified during MBO19 show good
correlations between OA and CO (r2> 0.70) with enhance-
ment ratios varying from 0.038 to 0.122 ppb ppb−1.
Significantly higherΔOA/ΔCO (0.219±0.067 ppb ppb−1;
calculated from Collier et al.35) were observed during BBOP
for regionally transported, but less aged, wildfire plumes. The
MBO values agree well with the ΔOA/ΔCO measured in
wildfire plumes sampled during several aircraft campaigns
compiled by Jolleys et al.,94where theflight-average values
ranged from 0.019±0.002 to 0.329±0.006 ppb ppb−1and
the values were systematically higher in fresher plumes than in
aged plumes.
A large range ofΔOA/ΔCO values, varying from 0.092 to
0.442 ppb ppb−1, is seen at intermediate plume physical ages
between 6 and 12 h at MBO (Figure 1c). This spread is likely
due to differences in initial emission characteristics, such as the
concentration of SOA precursors, burning condition, or fuel
types.35,98However, at above 12 h,ΔOA/ΔCO shows a strong

Figure 6.Relationships between aerosol properties and (a−d) physical age estimated from HYSPLIT back trajectories and (e−h) photochemical
age calculated fromΔToluene/ΔCO.p-Value determined from two-tailedt-test. Note that plume 5 is not included in (e−h) due to lack of
correlation between toluene and CO. Whiskers represent the error of the linear regression.ΔOA/ΔCO is calculated as a dimensionless ratio (ppbv
ppbv−1). Fit lines for the MBO19 data shown in (a), (b), and (d) are represented by the gray solid lines, with the gray area representing the 95th
confidence interval.
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negative trend (p< 0.05) with physical age (Figure 6d). This
suggests either the continued evaporation of volatile BB-POA,
OA loss via deposition, and heterogeneous oxidation or loss of
BB-SOA via evaporation or fragmentation reactions. In
addition, from this relationship, it appears that after 10−20
days of aging,ΔOA/ΔCO may begin to approach zero due to
chemical destruction of BBOA. The extremely lowΔOA/
ΔCO value seen in event 2 may also be affected by aerosol wet
deposition during long-range transport. It is worth noting that
this analysis represents a small population of BB plumes and
more measurements ofΔOA/ΔCO at transport ages >1 day
are needed to further probe this trend.
TheΔToluene/ΔCO was variable between the plumes,
ranging from as high as 2 pptv ppbv−1during plume 3 to 0
pptv ppbv−1during plume 2, which is consistent with the loss
of toluene through oxidation reactions (Figure 6). Overall, the
trends seen between aerosol properties andΔToluene/ΔCO
agree well with the trends seen with physical age. However,
due to the exclusion of plume 5 as discussed above, the
relationships are less statistically robust. Furthermore, plume 1
appears to be an outlier; it displays a lowerΔToluene/ΔCO,
indicating processing, despite a low O/C, short estimated
physical age, and other signs of fresh BB. It is possible that this
plume had a lower toluene emission ratio due to differences of
MCE or fuel type in thefire. Despite this,ΔToluene/ΔCO
appears to be a promising metric for quantifying photo-
chemical age in aged BB plumes.

4. ATMOSPHERIC IMPLICATIONS

Our atmospheric measurement study in the summer of 2019 at
MBO, a remote, high elevation site with minimal anthro-
pogenic influence, allowed a unique chance to study aged
aerosols with influence from wildfires. The results are relevant
to the tropospheric background in western North America
during wildfire season, which often spans most of summer and
fall. The atmospheric conditions during this study were typical
for a pristine remote location as the PM1concentration was
very low (2.22±1.86μgsm−3) and was dominated by organic
species (81%). However, biomass burning evidently affected
this site, as seen through increased concentrations of CO, rBC,
acetonitrile, furans, and SP-AMS tracer ions for anhydrous
sugars. Five mild wildfire plume events were observed and their
transport times were estimated to vary from∼10 h to >10
days. The OA in these aged wildfire plumes showed
increasingly higher O/C ratio, larger size mode, and lower
volatility with longer transport time and higher photochemical
age. Additionally, a decrease ofΔOA/ΔCO as a function of
transport time was seen, at a rate of approximately−0.022 ppb
ppb−1day−1, suggesting a net loss of BBOA relative to CO
during long-range transport caused by processes such as
evaporation, photolysis, and deposition. Near-field measure-
ments of BB plumes, however, often observed thatΔOA/ΔCO
increased or remained constant during transport. These results
yield important considerations for parameterizing the behavior
of BBOA within global chemical transport and climate models
over the course of multiple days, one of which is that it may
not be appropriate to extrapolate changes inΔOA/ΔCO based
on near-field measurements out to multiple days.
PMF analysis of the SP-AMS mass spectra resolved an aged
BBOA factor and two OOA factors representing SOA
originated in the boundary layer and the free troposphere,
respectively. The BBOA factor had a higher O/C (= 0.84) and
a lowerf60(= 0.61%) compared to fresh BBOA factors but was

consistent with the aged BBOA factors determined previously
at MBO.18BBOA accounted for an average 18% of the OA
mass during this study; however, there is evidence that the
BBOA factor resolved by PMF in this study may have
underestimated the contribution of BB to total OA and should
be treated as a lower limit. As shown inFigure S15, there were
time periods when the BBOA concentration approached 0μg
sm−3, but rBC, CO, and furfural showed enhanced
concentrations and strong correlations with total OA.
Furthermore, the distribution of ion signals among the OA
factors suggests that the SV-OOA factor was influenced by BB
during low OA periods. For example, C2H4O2

+(m/z60) and
C3H5O2

+(m/z73) are established BB tracers, but nearly 60%
of their signals are attributed to the SV-OOA factor (Figure
S14). Similar underestimations could occur during otherfield
campaigns with low-concentration periods where data is
analyzed by PMF. Finally, the volatility profile of the BBOA
also highlights that aged BB emissions may represent an
important source of low and extremely low-volatility organic
compounds (LVOC and ELVOC) in remote areas. These
results underscore the widespread influence of wildfires on
aerosol properties and atmospheric chemistry in the western
United States during summertime, which may have important
implications on regional and global climate.
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