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ABSTRACT: Biomass burning is the largest combustion-related
source of volatile organic compounds (VOCs) to the atmosphere.
We describe the development of a state-of-the-science model to
simulate the photochemical formation of secondary organic aerosol
(SOA) from biomass-burning emissions observed in dry (RH
<20%) environmental chamber experiments. The modeling is
supported by (i) new oxidation chamber measurements, (ii)
detailed concurrent measurements of SOA precursors in biomass-
burning emissions, and (iii) development of SOA parameters for
heterocyclic and oxygenated aromatic compounds based on
historical chamber experiments. We find that oxygenated aromatic
compounds, including phenols and methoxyphenols, account for
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slightly less than 60% of the SOA formed and help our model explain the variability in the organic aerosol mass (R* = 0.68) and O/C
(R* = 0.69) enhancement ratios observed across 11 chamber experiments. Despite abundant emissions, heterocyclic compounds that
included furans contribute to ~20% of the total SOA. The use of pyrolysis-temperature-based or averaged emission profiles to
represent SOA precursors, rather than those specific to each fire, provide similar results to within 20%. Our findings demonstrate the
necessity of accounting for oxygenated aromatics from biomass-burning emissions and their SOA formation in chemical

mechanisms.

1. INTRODUCTION

Volatile organic compounds (VOCs) participate in photo-
chemical reactions to form secondary organic aerosol (SOA),
which accounts for a significant fraction of the submicron
atmospheric aerosol mass." Biomass burning, which includes
wildfires, prescribed burning, agricultural fires, and residential
wood combustion, is the largest combustion-related source of
VOCs to the atmosphere.””* However, the contribution of
biomass burning to the regional and global SOA burden is
quite uncertain,” and consequently, the impacts of biomass-
burning aerosols on climate, air quality, human health, and
visibility®™® are uncertain as well. There is a need to better
understand the precursors and formation pathways of SOA
from biomass-burning sources.

Laboratory experiments performed on biomass-burning
emissions, using environmental chambers and oxidation flow
reactors, have shown that VOC oxidation results in SOA
production and an enhancement in OA mass.””"? In instances
where the OA mass increased with photochemical aging, the
observed SOA production in these experiments varied
substantially, with SOA production between zero to six times
the primary aerosol emissions. Although some prior work has
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found it challenging to explain the variability in the SOA
produced across different fires, these studies have concluded
that precursors, such as alkanes and single-ring aromatics that
are important for fossil fuel combustion, contribute little to the
measured SOA mass.'”'**" Thus, an improved understanding
of the VOCs responsible for biomass burning-related SOA is
needed.

Detailed speciation of VOCs in biomass-burning emissions
is now available through measurements using one- and two-
dimensional gas chromatography—mass spectrometry (GC/
MS)"™" and chemical ionization mass spectrometry
(CIMS).**~** By linking the detailed VOC speciation to the
laboratory-measured SOA formation, several studies have
attributed a substantial fraction of the SOA mass to a few

Received: March 4, 2020
Revised:  June 19, 2020
Accepted: June 19, 2020
Published: June 19, 2020

https://dx.doi.org/10.1021/acs.est.0c01345
Environ. Sci. Technol. 2020, 54, 8568—8579


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Akherati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yicong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+M.+Coggon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abigail+R.+Koss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+L.+Hodshire"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanako+Sekimoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carsten+Warneke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carsten+Warneke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joost+de+Gouw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lindsay+Yee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+H.+Seinfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+B.+Onasch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+C.+Herndon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walter+B.+Knighton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walter+B.+Knighton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+D.+Cappa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Kleeman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Y.+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesse+H.+Kroll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+R.+Pierce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+R.+Pierce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shantanu+H.+Jathar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.0c01345&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01345?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01345?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01345?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01345?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c01345?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/54/14?ref=pdf
https://pubs.acs.org/toc/esthag/54/14?ref=pdf
https://pubs.acs.org/toc/esthag/54/14?ref=pdf
https://pubs.acs.org/toc/esthag/54/14?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01345?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

VOC classes of SOA precursors: monoterpenes (e.g, a-
pinene), oxygenated aromatics (e.g, phenols), heterocyclic
compounds (e.g., furans), and polycyclic aromatic hydro-
carbons (PAHs, e.g., naphthalene).'”*"*> Ahern et al.'” found
monoterpenes to be important for two conifers (i.e., black
spruce and ponderosa pine) and furans to be important for
grasses (i.e., wiregrass) while Bruns et al.*' and Stefenelli et
al.>® found oxygenated aromatics and PAHs to be important
for SOA from wood stoves. Lim et al. (2019) found tight
correlations between the SOA produced and the initial VOC
mass, with stronger correlations observed for VOCs more
volatile than monoterpenes. These earlier studies suggest that
the dominant SOA precursors vary widely based on the fuel
and there is a continued need to better understand these
precursors across the diversity of fuel types found within the
broad source category of biomass burning.

Finally, studies that have modeled SOA formation from
biomass-burning emissions in laboratory experiments have not
systematically accounted for the influence of vapor losses to
the chamber walls,*¢™*® multigenerational aging,29 or kinetic
gas/particle partitioning,” all of which could influence SOA
formation and the interpretation of the chamber data. It is
likely that some, if not all, of the differences between earlier
studies could be attributed to differences in the experimental
methods (e.g, aging time scales) and artifacts (e.g, particle
and vapor wall loss rates). There is a need to use models that
simulate the detailed physicochemical evolution of the OA
mixture and account for experimental artifacts.

In this work, we develop and use a coupled chemistry—
thermodynamics—microphysics organic aerosol model to
simulate the formation and composition of SOA from new
chamber experiments performed on biomass-burning emis-
sions representative of those found in the western US. The
primary finding of this work is that oxygenated aromatics are
important precursors of SOA formation in chamber experi-
ments performed on biomass-burning emissions.

2. MATERIALS AND METHODS

2.1. Environmental Chamber Measurements. We
performed a total of 11 photo-oxidation experiments using
the Colorado State University (CSU) 10 m® Teflon environ-
mental chamber on emissions from six western US fuels
(Ponderosa pine, Lodgepole pine, Douglas fir, manzanita,
Engelmann spruce, or subalpine fir), as part of the FIREX (Fire
Influence on Regional and Global Environments) laboratory
campaign conducted at the Fire Sciences Laboratory in
Missoula, MT, in 2016.3"** Some fuels were studied in
multiple experiments (e.g., Ponderosa pine) while some were
studied only once (e.g., Engelmann spruce). Details for all 11
chamber experiments are provided in Table S1. Briefly, a
known mass of a single fuel (298—4376 g) placed on a
concrete pallet was electrically ignited and the smoke from the
fire was diverted into a large stack. Smoke from the stack was
drawn and injected into the chamber and irradiated with UV-A
lights (32 W X 80 = 2.6 kW) to simulate photochemical
oxidation. Five of the chamber experiments were performed
under high NOy conditions (>400 ppbv) with HONO added
as an OH precursor. Three experiments were performed under
modest NOy conditions (2—20 ppbv) with H,0, added as an
OH precursor; NOy in these experiments was limited to that
generated by the fire. One experiment was performed with UV
lights only (no intentional addition of HONO or H,0,), and
two experiments used ozone (O;) as an oxidant (~400 ppbv).
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During the O; experiment, oxidation was first performed with
O3 in a dark chamber, and after slightly more than 2 h, the UV
lights were turned on.

A high-resolution aerosol mass spectrometer (HR-AMS)
was used to estimate OA mass concentrations and the
elemental composition (e.g, O/C ratio). The raw OA mass
concentrations were corrected for losses and artifacts in the
HR-AMS using a scaling factor (SF), which was determined by
comparing measurements of nonrefractory aerosol from the
HR-AMS to those estimated from measurements made using a
scanning mobility particle sizer (SMPS) and single particle
soot photometer (SP2). The SF accounts for instrument-
specific factors, including transmission, collection, and
ionization efficiencies (see the Supporting Information Section
“Scaling Factor Calculation”). We also used the composition-
dependent collection efficiency (CDCE) approach proposed
by Middlebrook et al. (2012) to correct the OA mass
concentrations but this approach seemed to produce similar
results to those from the use of the SF. Following Ahern et
al,'? suspended OA mass concentrations were corrected for
particle wall losses by assuming that the loss of OA mass at a
mass-to-charge ratio of 95.086067 (C,H,,*), which was
assumed to be a nonvolatile and nonreactive marker for
POA, was purely from particle losses to the walls. These
corrections resulted in two estimates for OA mass concen-
trations assuming: (i) SOA vapors only condensed on the
suspended particles (w = 0) and (2) SOA vapors condensed
on both the suspended particles and the particles deposited on
the walls (w = 1).**® The central estimate in the particle-wall-
loss-corrected OA mass concentrations was calculated as an
average of these estimates. The uncertainty was approximated
by assuming that the two estimates were separated by four
standard deviations. For simplicity, the particle-wall-loss-
corrected OA mass concentration at lights on was defined as
POA and any increase in OA mass was defined as SOA. We
assumed that particle-wall-loss-corrected POA mass concen-
trations remained constant during the experiment; more details
about this assumption are discussed in “Treatment of POA”
below in Section 2.2. We assumed an uncertainty of 28% on
the O/C measurements based on previous laboratory work
performed with the HR-AMS.**

The modeling relied on OH estimates and O; measurements
to determine the oxidation chemistry of the SOA precursors.
The OH concentrations and exposure were estimated by
tracking the decay of deuterated butanol (D9) as measured
using a quadrupole proton transfer reaction mass spectrometer
(PTR-MS).***® O, was directly measured with a reference
instrument. We used the number size distributions measured
using the SMPS to determine the initial particle size
distributions at the beginning of the experiment.

2.2. SOM-TOMAS Modeling. We developed the statistical
oxidation model-two moment aerosol sectional (SOM-
TOMAS) model to simulate the chemistry, thermodynamic
properties, and kinetic gas/particle partitioning of SOA
produced during photo-oxidation of biomass-burning emis-
sions. A detailed description of the SOM and TOMAS models
can be found in earlier work.?®37 73" Briefly, the SOM uses a
carbon—oxygen grid to track the chemical evolution of the gas-
and particle-phase species arising from VOC oxidation. Each
cell in the carbon—oxygen grid is a model species that
represents the average properties of the oxidation products
with the same carbon (N¢) and oxygen (Ny) number. All
properties of each model species (e.g, reactivity (koy) and
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volatility (C*)) are expressed in terms of N and Ny. The
following six parameters determine the formation, evolution,
and thermodynamic properties of the oxidation products in a
SOM grid: (i—iv) p,—ps the yields of four functionalized
products that add one, two, three, and four oxygen atoms to
the carbon backbone, respectively; (v) my,,, the parameter that
characterizes the fragmentation probability, B,,, = (O: C)";

and (vi) ALVP, the decrease in the saturation vapor pressure
(or C*) of the model species per addition of an oxygen atom.
The SOM has been previously used to model SOA formation
from individual VOCS,ZS’37 VOC mixtures,”® engine emis-
sions,** and precursors in an urban air shed.””**’® The SOM
and TOMAS models are coupled in that the particle-phase
species in SOM are tracked in the TOMAS size sections.
TOMAS in our setup has 36 size sections spanning dry
diameters of approximately 3—10,000 nm. In each size section,
TOMAS tracks the number of particles and the mass of each
SOM model species in the particle phase. In this work,
TOMAS simulates coagulation between size sections and
kinetic condensation/evaporation of mass between the particle
and vapor phases for all SOM model species.

2.2.1. SOA Precursors. Koss et al.>> used a proton transfer
reaction—time of flight—mass spectrometer (PTR-ToF-MS) to
measure stack emissions of ~150 unique hydrocarbons and
lightly oxygenated gas-phase organic compounds and ~370
partially speciated gas-phase organic compounds from $7
separate fires during FIREX. The PTR-ToF-MS was able to
identify molecules with up to 4 oxygen atoms per molecule and
up to an O/C ratio of 2. Partially speciated VOCs were those
where Koss et al.*® could not determine an exact speciation
and assumed that the detected species only comprised C, H,
and O. Alkanes and partially speciated compounds larger than
C,oy reduced and oxygenated aromatics, heterocyclics, and
biogenics were considered to form SOA in this work.
Altogether, 86 speciated VOCs and 61 partially speciated
VOCs that were lumped by carbon and oxygen number were
modeled to form SOA. Concentrations of SOA precursors
measured in the stack were averaged over the duration of the
fire and ratioed with acetonitrile to calculate fire-specific
emission ratios (i.e, VOC,/acetonitrile). Acetonitrile was
chosen over other inert tracers such as CO because the
background (room) concentrations of acetonitrile were
relatively much lower than those in the stack. The PTR-
ToF-MS instrument measured emissions in the stack and not
in the chamber (except for Fire007). Hence, initial
concentrations of the SOA precursors at the beginning of
the chamber experiment were calculated by multiplying the
stack-based emission ratios with the acetonitrile concentrations
measured using a different quadrupole PTR-MS that sampled
from the chamber.*>*' Based on simultaneous measurements
made during FIREX in a different chamber across 30 individual
experiments,”> we found that the acetonitrile concentrations
measured using the quadrupole PTR-MS were 38% higher
than those measured using the PTR-ToF-MS (Figure S2),
possibly from multiple isobaric interferences from the unit
mass resolution of the quadrupole PTR-MS. The initial
concentrations of the SOA precursors were scaled by 0.62 to
account for this difference. Stack emission data from the PTR-
ToF-MS were directly available for five of the 11 chamber
experiments. For the remaining, PTR-ToF-MS-derived emis-
sion ratios (to acetonitrile) from all fires performed with the
same fuel as that used in the chamber experiment were
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averaged before being used for that particular chamber
experiment. Emission ratios for the SOA precursors, lumped
by the VOC class, for each of the 11 chamber experiments are
presented in Table S2. We also considered the uncertainty
reported in the PTR-ToF-MS measurements and examined its
influence on model predictions of SOA. Lower- and upper-
bound estimates for SOA production due to these
uncertainties in the emission measurements were calculated
by running two sets of simulations for each experiment,
assuming that all SOA precursors were either at their lower or
upper bounds, based on the 95th percentile confidence interval
documented in Koss et al.”> The uncertainty varied by VOC
(15—100%; 20), with lower uncertainties for smaller carbon
number VOCs and hydrocarbons and larger uncertainties for
larger oxygenated VOCs. The uncertainty in the model
predictions for SOA was approximated by assuming that the
lower and upper bounds were separated by four standard
deviations. We should note that we did not consider the SOA
formation from semivolatile organic compounds (SVOCs)
emitted by biomass burning'’ and recommend that this be
examined in the future.

2.2.2. SOM Parameterizations for Traditional Precursors.
Each SOA precursor based on the PTR-ToF-MS data and its
reaction with OH/O; was modeled explicitly in the SOM-
TOMAS model. The parent VOC was allowed to react with
OH (for all SOA precursors) and O; (biogenic SOA
precursors only). In modeling the SOA formation, the 147
(86 + 61) potential SOA precursors were assigned to one of
nine surrogate compounds or compound classes: (i) n-
dodecane, (ii) benzene, (iii) toluene, (iii) m-xylene, (iv)
naphthalene, (v) isoprene, (vi) a-pinene, (vii) an alkylfuran
mixture consisting of 60% dimethylfuran and 40% 2-
methylfuran, (viii) phenol and guaiacol, and (ix) syringol;
more details can be found in Table S3. This is in line with
other approaches*” and necessary because experimental
observations and parameterizations of SOA formation are
not available for each individual compound. The SOM
parameters for each of these surrogates were developed
based on high-NOy chamber experiments and are listed in
Table S4. We chose to use SOM parameters for the high-NOx
chamber experiments because simulations performed with a
modified version of the master chemical mechanism (MCM)
suggested that the peroxy radicals (RO,) predominantly
reacted with NO in nine of the 11 chamber experiments,
even those in which no additional HONO was added;*' the
branching ratio (/) that quantifies the RO, fate was calculated
for all of the experiments and is presented in Figure S3.
Although not definitive, the MCM simulations helped
minimize the uncertainty linked to extrapolating the high-
NOy SOA parameters based on single VOC experiments to the
biomass-burning experiments analyzed in this work. Alkanes
larger than C,, were modeled as n-dodecane, Cq and larger
single-ring aromatics were modeled as m-xylene, all mono-
terpenes and sesquiterpenes were modeled as a-pinene, and all
PAHs were modeled as naphthalene. Although SOA mass
yields for the different monoterpenes found in biomass-
burning emissions may vary by more than a factor of 2,'°
Ahern et al."> showed that the use of @-pinene as a surrogate to
model SOA formation from all monoterpenes only marginally
changed model predictions. For these traditional SOA
precursors, the surrogate choice was similar to that used in
previous applications of the SOM™* and the SOM parameters
for these surrogates were corrected for the influence of vapor
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Figure 1. (a) Decay of D9 (deuterated butanol, pink) and VOCs, summed by class, with time and the OH exposure estimated based on the decay
of D9; color scheme for VOCs can be found in the legend to the extreme right. (b) Model predictions of OA mass concentrations (green) and O/
C ratio (blue) compared with measurements. Both results are for a lodgepole pine experiment performed under high NOy conditions (Fire007).
(c) Bar to the right shows the modeled contributions of POA and precursor-resolved SOA to the end-of-experiment OA.

wall losses based on the loss rates estimated by Zhang et al.*®

(kvap,on 2.5 X 107* s7'). Heterocyclic compounds that
included furans and substituted furans were modeled using the
alkylfuran mixture while oxygenated aromatics, except for
syringol, were modeled as phenol or guaiacol (more details in
the next paragraph). In the absence of additional information,
partially speciated SOA precursors larger than C;, were
modeled as n-dodecane.

The surrogates and SOM parameters used to model the
SOA precursors in this work only inform the statistical
trajectory for the oxidation chemistry and it is very likely that
the surrogate itself and the SOA precursor (as long as they are
not identical) have different SOA mass yields.** For example,
SOA precursors with a carbon number larger than the
surrogate will have higher SOA mass yields and vice versa.
This approach has been found to work well>” and is generally
consistent with observations for alkane'"”””® and alkene
(including biogenic) VOCs.”””*" The SOA mass yields for Cg
and larger single-ring aromatics do not seem to vary strongly
with carbon number so this approach likely overestimates the
SOA contribution from these precursors. There is limited
evidence on how SOA mass yields for heterocyclics and
oxygenated aromatics vary by the carbon number. As discussed
in the next section, the SOM parameters used to model the
SOA formation from heterocyclics and oxygenated aromatics
were determined in a way to approximately account for the
influence of the carbon number on the SOA mass yields.

2.2.3. SOM Parameterizations for Heterocyclics and
Oxygenated Aromatics. Recently, He et al.”® performed
high-NOy chamber experiments with an alkylfuran mixture
(60:40 mixture of 2-methylfuran and dimethylfuran by mass)
and developed SOM parameters (i.e., p;—p,, Mg, and ALVP
described earlier) to simulate the SOA formation and O/C
ratio from that mixture; these parameters were corrected for
vapor wall losses using an estimated vapor wall loss rate
coefficient (k,y0n) of 1.28 X 107 s~ for that specific chamber.
Furans and substituted furans account for a substantial fraction
of heterocyclic compounds in biomass-burning emissions,
and hence, we used the SOM parameters for the alkylfuran
mixture, in the absence of SOA mass yield data, to represent
the SOA formation from all heterocyclic compounds. SOM
parameters for all oxygenated aromatics were developed here
using the high-NOy chamber experiments of Yee et al.* for
phenol and guaiacol. The chamber SOA mass yields for phenol
and guaiacol in Yee et al.** were similar to those observed in
other experiments performed with phenolic species.” ™" A
single SOM parameter set was able to explain the evolution of
the SOA mass concentrations in the phenol and guaiacol
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experiments when differences in their molecular formulas were
accounted for, indicating that the oxidation chemistry of these
two species might be similar. A separate SOM parameter set
was developed for syringol because the phenol- and guaiacol-
based parameters overestimated the SOA formation from
syringol by nearly a factor of two. The model-measurement
comparisons for the phenol, guaiacol, and syringol experiments
are shown in Figure S4. The SOA parameters for the phenolic
species slightly underpredicted the O/C values measured for
SOA from those species (between 0.8 and 1).°> The
oxygenated aromatics parameters were corrected for the
influence of vapor wall losses based on the loss rates estimated
by Zhang et al.* (kvapOr =2.5x 107*s7") as these experiments
were performed in the same chamber.

2.2.4. Treatment of POA. Previous work has found POA
from biomass-burning emissions to be semivolatile.”>** Bian et
al,,>® based on the results of a kinetic model, argued that the
loss of semivolatile POA vapors to the Teflon walls can lead to
substantial evaporation of the suspended POA mass in
chamber experiments performed on biomass-burning emis-
sions. Hennigan et al.” suggested that POA can undergo
heterogeneous oxidation on the time scale of a chamber
experiment. In contrast to these earlier studies, we did not find
evidence for evaporation or photochemical processing of POA
during the FIREX chamber experiments. This is consistent
with findings from experiments performed with a smaller
chamber during FIREX.”® In at least one experiment where the
chamber contents were monitored in the dark for more than an
hour, the particle-wall-loss-corrected POA mass concentrations
did not vary much (~2—3%) during the dark period (see
Figure la for Fire007). This could mean that the POA was
primarily composed of sufficiently low-volatility material to not
be affected by the loss of semivolatile vapors to the Teflon
walls that could lead to evaporation of the suspended POA
mass. Alternatively, it is possible that the evaporation rates
linked to the loss of semivolatile POA vapors to the Teflon
walls were too slow to be observed during the dark period in
that experiment. The slow evaporation rates could indicate a
mass transfer limitation because of a viscous or semisolid
aerosol, which has been previously observed for combustion-
related POA.*”* Furthermore, particle-wall-loss-corrected
concentrations of the OA mass at a mass-to-charge ratio of
60.02113 (C,H;0,"), one that includes contributions from
directly emitted compounds such as levoglucosan, mannosan,
and galactosan,”**~®" did not change much during the photo-
oxidation periods for all chamber experiments (Figure SS).
This might suggest that POA was not being photochemically
processed during our chamber experiments. Based on the
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Figure 2. End-of-experiment model-measurement comparison for (a) OA mass enhancement ratios (ratio of final-to-initial particle-wall-loss-
corrected OA mass), (b) SOA production (ug m™), and (c) OA O/C enhancement ratios (ratio of final-to-initial O/C ratios) for all 11 chamber
experiments. Statistical metrics based on a linear fit to the model-measurement comparison are presented at the bottom of each panel. rmse = root

mean squared error.

available evidence in our specific experiments, we assumed in
our simulations that the particle-wall-loss-corrected POA mass
concentrations remained constant during the photo-oxidation
experiments. Future modeling studies may need to explicitly
model the POA volatility and the phase state of OA and their
impacts on gas/particle partitioning. This assumption also
allowed us to calculate the lower limit of SOA mass produced
during the experiment by subtracting the initial POA from the
particle-wall-loss-corrected OA mass concentrations. Any loss
of POA, either through evaporation or photochemical
oxidation, should increase the SOA estimates.

2.2.5. Accounting for Experimental Artifacts. In the SOM-
TOMAS model, losses of vapors to the walls of the Teflon
chamber are modeled here following Zhang et al*® and
Krechmer et al.%” Briefly, the first-order loss rate of vapors to
the walls is assumed to be equal to k,,,,, and the release of
vapors from the walls is modeled using absorptive partitioning
theory where the Teflon wall is assumed to have an equivalent
mass concentration that varies based on the volatility of the
model species (C,y = 16 g m™> to 10 mg m~).%” Recently,
He et al.*® estimated an average ko, Of 1.28 X 1073 57! for
the CSU chamber from the observed loss rates of small,
electrically neutral particles (<100 nm). In addition to losses of
vapors to the chamber walls, vapors were also lost to the
flexible aluminum transfer duct that brought smoke from the
stack to the chamber (ID ~20 cm X length ~20 m, volumetric
flow rate of 0.47 m® s™', and residence time of 1.5 s) or in the
ejector diluters used to fill the chamber with smoke. To
investigate the losses of SOA precursors to the walls of the
transfer duct, we compared emission ratios of SOA precursors
in the stack to those in the chamber for Fire007 (Figure S6);
this was the only experiment where the PTR-ToF-MS sampled
from both the stack (during the burn) and the chamber (after
the burn and chamber filling were complete). We found that
the intermediate-volatile SOA precursors (10* < C* < 10° ug
m™>) were moderately lost in the transfer duct with the largest
losses seen for oxygenated aromatics (average of ~30%).
These precursor loss percentages parameterized to C*, based
on the Fire007 experiment, were applied to determine the
initial concentrations of SOA precursors for all chamber
simulations.

2.2.6. Simulations. We performed the following sensitivity
simulations to investigate the influence of model inputs on
SOA production: (i) no losses of vapors to the walls of the
Teflon chamber, (ii) no losses of SOA precursors to the
transfer duct, (iii) no losses of vapors to the walls of the Teflon
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chamber and no losses of SOA precursors to the transfer duct,
(iv) initial concentrations of SOA precursors calculated using a
campaign-averaged emission profile, and (v) initial concen-
trations of SOA precursors calculated using the low- and high-
temperature pyrolysis profiles of Sekimoto et al.** For (iv), the
emission profiles for all 57 fires measured by Koss et al.*®
during the FIREX laboratory campaign were first normalized
and then averaged to determine a campaign-averaged emission
profile. Sekimoto et al.** performed positive matrix factoriza-
tion on all the emission data measured by Koss et al.** and
found that two emission profiles, namely, a low- and high-
temperature pyrolysis profile, were able to explain the
variability in emissions across these S7 fires. In (v), we used
the low- and high-temperature pyrolysis profiles identified by
Sekimoto et al.** and combined them using averaged,
experiment-specific low- and high-temperature weights to
calculate a fire-specific emission profile. The base, Koss et al.
(2018), and Sekimoto et al.** emission profiles as an emission
ratio with acetonitrile, aggregated by the SOA precursor class,
and for all fires analyzed in this work are listed in Table S2.

3. RESULTS

3.1. Example Experiment. In Figure la, we show the
modeled decay of SOA precursors with time and the measured
decay of D9 and the fit used to determine the OH exposure for
the chamber experiment performed on emissions from
lodgepole pine (Fire007). We left out the measured decay
for visual clarity but the model-measurement comparison in
SOA precursor decay is shown in Figure S7. In Figure 1b, we
show the modeled and measured temporal evolution of the OA
mass concentration and O/C ratio for the same experiment. In
this experiment, HONO was added as an OH precursor to the
chamber, which resulted in high NOy concentrations (~900
ppbv at lights on) and a high OH exposure (1.4 X 10’
molecules h cm™ or 9.3 photochemical hours at an OH
concentration of 1.5 X 10° molecules h cm™). The SOM-
TOMAS model was able to reasonably reproduce the
magnitude and evolution of the OA mass concentration and
O/C ratio during the photo-oxidation period. The average-
modeled OA mass concentrations were slightly higher than the
average-measured OA mass concentrations but with significant
overlap of the uncertainty ranges. In contrast, predictions of
the average O/C ratio agreed very well with the measurements.
Sensitivity simulations performed by gradually decreasing the
initial SOA precursor concentrations to match the average-
predicted OA mass concentrations with the measurements
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resulted in an underprediction of the O/C, highlighting the
tight coupling between OA mass concentrations and O/C
ratios for the predictions. The use of a constant POA
reproduced the flat POA profile measured during the dark
period. As shown in the bar chart in Figure 1c, while POA
continued to account for a substantial fraction of the aged OA
(>50%), the majority of the modeled SOA mass seemed to
arise from the oxidation of oxygenated aromatics. Time-series
comparisons for OA mass concentrations and O/C ratios for
all chamber experiments are shown in Figures S8 through S17.

3.2. Study-Wide Comparison for OA and SOA Mass
and O/C. The model-measurement comparisons for the end-
of-experiment OA mass enhancement ratio (the ratio of the
final-to-initial OA masses), SOA production, and O/C
enhancement ratio for all 11 chamber experiments are shown
in Figure 2. For most experiments, the model was able to
generally track the measured temporal evolution in the OA
mass concentrations and O/C ratios (see Figures S8—S17),
and hence, we only compared end-of-experiment values in
Figure 2. An analogue of Figure 2, but one where the model
predictions are compared to the measurements at four different
points during each experiment, is provided in the Supporting
Information (Figure S18). The SOM-TOMAS model was able
to reproduce the OA mass enhancement ratio (Figure 2a) and
SOA production (Figure 2b) to within a factor of 2 across all
chamber experiments, despite significant differences in the fuel
type (pines to shrubs), initial OA loading (10—58 ug m™),
initial seed surface area (120—740 um? cm®), and OH
exposure (<10° to 1.4 X 10’ molecules h cm™ or <1 to ~10
h of photochemical aging assuming an OH concentration of
1.5 X 10° molecules cm™). For both the OA mass
enhancement ratio and SOA production, the model was able
to explain 68 and 79% of the observed variability, respectively.
The model was able to reproduce the measured enhancement
in the O/C ratio and the model explained 69% of the observed
variability. We also compared model predictions of the SOA
O/C ratio to the measurements. We calculated the SOA O/C
ratio for the measurements by assuming that the measured
change in the O/C ratio was purely from the condensation of
SOA (rather than through the evaporation and/or oxidation of
POA). Across the 11 chamber experiments, the model-
predicted SOA O/C ratio of 0.64 + 0.04 was slightly higher
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than the measurement-derived SOA O/C ratio of 0.58 + 0.2
(mean + standard deviation). Because there were significant
differences in the model-measurement comparison across
experiments, we examined if the model error correlated with
any of the input variables (Figure $19). We did not find any
strong correlations possibly because there were many more
variables than chamber experiments that contributed to
differences between experiments. Analysis of a larger dataset
might be required to identify deficiencies in the model to
simulate certain physical and chemical processes. Overall, the
model-measurement comparison for the OA mass enhance-
ment ratio, SOA production, and O/C enhancement ratio
indicated that the model was able to represent the majority of
the key precursors and processes needed to simulate the OA
evolution during photo-oxidation of biomass-burning emis-
sions. We did not model the SOA formation from SVOCs'’
(Hatch et al, 2018) and it is possible that the model
performance could be improved if these precursors were
considered.

3.3. Precursor Contributions to SOA. The contribution
of the different SOA precursors to gas-phase emissions, OH
reactivity, and SOA production is shown in Figure 3 as an
average over the 11 chamber experiments and results for each
individual experiment are shown in Figure S20. Heterocyclic
compounds, which were mostly composed of furans and
substituted furans, accounted for nearly a third of the SOA
precursor emissions by mass while oxygenated aromatics,
which were exclusively composed of phenols and methox-
yphenols, accounted for a fifth. Altogether, the SOA precursors
(excluding the partially speciated compounds) were about 38%
of the total VOC emissions (Figure S21a) and, interestingly,
similar to SOA precursor fractions found in gasoline, diesel,
and aircraft exhaust.”® As heterocyclic compounds, oxygenated
aromatics, and biogenic VOCs have a much higher reactivity
with OH relative to alkanes and reduced aromatics,®* these
three classes accounted for almost 90% of the initial OH
reactivity linked to SOA precursors. Koss et al.** showed that
together, these classes accounted for a large fraction (60%) of
the total OH reactivity (Figure S21b).

Model predictions suggested that oxygenated aromatics
contributed up to 60% of the SOA mass produced in our
chamber experiments, despite this class contributing to only a
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Figure 4. Model predictions of end-of-experiment SOA mass concentrations compared between simulations performed (a) with and without
experimental artifacts and (b) with fire-specific and averaged emission profiles.

fifth of the emissions and OH reactivity linked to the SOA
precursors. Heterocyclic compounds and biogenic VOCs,
respectively, were estimated to contribute ~20 and ~10%
each to the total SOA mass while alkanes and reduced
aromatic compounds made even smaller contributions (<6%
each). The heterocyclic compounds did not contribute
significantly to SOA production because of their small SOA
mass yield,”®° despite accounting for a substantial fraction of
the emissions and OH reactivity of the SOA precursors.
Among the oxygenated aromatics, five species, namely, phenol,
cresol, guaiacol, methylguaiacol, and catechol, accounted for
slightly less than half of the total SOA and ~80% of the SOA
from oxygenated aromatics. The relative contribution of the
different oxygenated aromatics to the emissions, OH reactivity,
and SOA production was roughly similar, especially for the five
major contributors. This is despite having a slightly different
potential to form SOA on account of their different carbon and
oxygen numbers.

3.4. Influence of Experimental Artifacts. We inves-
tigated the influence of the experimental artifacts, namely,
those associated with the transfer duct and chamber walls, on
model predictions of SOA. Results from those simulations are
shown in Figure 4a, where we compare the SOA predicted
without the experimental artifacts to the SOA predicted in the
base simulations with artifacts accounted for. Simulations
performed without the loss of SOA precursors in the transfer
duct resulted in an average increase of 44% in SOA mass
concentrations compared to those in the base simulations. The
increase was roughly proportional to the 30% increase in initial
concentrations of oxygenated aromatics in the simulations
where transfer duct losses were not considered. Similarly,
turning vapor wall losses off inside the chamber resulted in an
average increase of 47% in SOA predictions compared to those
in the base simulations. This relative level of increase in SOA
mass concentrations appears to be similar to the average
increase of 40% estimated previously for several SOA
precursors under high NOy conditions.”® The vapor-wall-loss
effect was smaller than what would be expected given a short
gas/wall partitioning time scale (~13 min). This is because
oxygenated aromatics and their oxidation products, on account
of their relatively higher OH reactivity, are likely to proceed
quickly through the cascade of oxidation reactions to form
SOA,*® which should make the precursors and oxidation
products less susceptible to vapor wall losses.”> When
considered together, that is, on turning transfer duct and
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chamber losses off, the model predicted a combined increase of
105% in SOA mass concentrations. These results imply that in
the absence of dilution and similarity in chemistry, photo-
chemical oxidation within biomass-burning plumes should
have twice the potential to form SOA as in the chamber.

3.5. Impact of Average Emission Profiles. We simulated
the SOA production using two additional approaches to
calculate the initial SOA precursor concentrations: (i)
campaign-averaged emission profile for fuels found in the
western US™ and (ii) use of the temperature pyrolysis profiles
of Sekimoto et al.** Both approaches simulate the calculation
of an emission profile in the absence of direct measurements.
Predictions from these simulations are compared against those
from the base simulations in Figure 4b. The use of the
temperature pyrolysis profiles produced slightly higher SOA
mass concentrations (~20%) while the campaign-averaged
emission profile produced slightly lower SOA mass concen-
trations (~20%) when compared to the base simulations.
These differences could be attributed to a proportionate
increase and decrease in the initial concentrations of
oxygenated aromatics and heterocyclics calculated from the
emission profiles. These emission profiles are listed in Table
S2. These results indicate that, in the absence of direct
measurements, averaged or pyrolysis-based emission profiles
may be used to determine the SOA precursor concentrations
in biomass-burning emissions with the understanding that
these may add an additional layer of uncertainty (found to be
20% for the fires investigated in this work) in representing the
potential of these emissions to form SOA during photo-
oxidation.

4. DISCUSSION

Although laboratory experiments have typically shown clear
evidence for SOA production and an enhancement in OA mass
with photochemical aging, field measurements have not
observed an enhancement in OA mass with aging in
biomass-burning plumes; see Hodshire et al.”’ and references
therein. Because oxygenated aromatics have relatively short
atmospheric lifetimes with respect to OH, they will, depending
on the OH concentrations, rapidly form SOA in the first few
hours after emission. If oxygenated aromatics contribute to
most of their SOA close to the fire, it might partly explain why
aircraft-based measurements, which are limited in how close
they can get to the fire (~15—60 min after emission), do not
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consistently show an enhancement in OA mass (i.e.,, the SOA
formation has happened prior to the closest measurement). An
additional piece of evidence that oxygenated aromatics might
be forming SOA before or close to the first aircraft transect is
that, on average, the initial O/C observed in the field on the
first transect was higher than the initial O/C in the chamber
(and closer to the final O/C observed in the chamber; Figure
$22). This however neither agrees with the findings from the
smaller chamber during FIREX®® nor does it explain field
observations of an increasing O/C of the OA with age beyond
the first transect that could be linked to heterogeneous
chemistry.””*”

Several studies have hypothesized that the lack of an
enhancement in OA mass in the field could be explained if the
photochemistry-driven SOA formation was balanced by
dilution-driven POA evaporation.®~"° In this work, based on
the available evidence, we assumed that the POA mass
concentrations did not vary during the chamber experiment
but note that there was very little dilution in our experiments
compared to what would be observed in a biomass-burning
plume. This hypothesis currently remains untested for field
data and any hypothesis testing would need to not only model
the SOA formation from oxygenated aromatics and hetero-
cyclic compounds but also model the evaporation kinetics of
the POA and subsequent oxidation of the evaporated vapors to
correctly interpret the field observations.

In both chamber studies performed during the FIREX
laboratory campaign, namely, the data used in this work and
the data from Lim et al,'® the scaling factor, used to correct
the raw OA mass concentrations from the HR-AMS, seemed to
vary with photochemical oxidation. In both instances, the
scaling factor seemed to decrease with oxidation, which
produced a larger correction in the OA mass concentrations
as the emissions were aged. In contrast to these studies, Liu et
al.”! found little evidence for the scaling factor changing with
time when sampling aerosol from wildfires during the Biomass
Burning Observation Project (BBOP). Differences in the
laboratory and the field could arise from differences in the
relative humidity: mostly dry in the current laboratory case
(<20%) but higher in the field (>40%), which may lead to
differences in the particle phase state. Regardless, laboratory
and field measurements of OA made with an HR-AMS need to
be carefully corrected before being used to evaluate models.
We note that in sensitivity simulations performed with bounds
on the scaling factor (0.5—1), the model measurement
comparison did not change dramatically and did not affect
the key findings from this work (Figure S23).

One of the limitations of the chamber experiments here was
that the experiments were performed under dry conditions
(relative humidity <20%) where the only pathway for SOA
formation was through gas-phase oxidation followed by
partitioning of lower volatility products to the particle phase.
In a biomass-burning plume, where the relative humidity is
likely to be much higher, oxygenated VOCs such as phenols
and furans, which are somewhat water-soluble, could partition
into aerosol water and undergo a different chemical fate than
that explored in this work.”>””® The simultaneous, but
competing, production of SOA from oxygenated VOCs
through gas- and aqueous-phase pathways needs to be better
understood in the future.
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