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Anonymous Referee #1

Bruns et al. describe controlled laboratory measneats of fresh and aged emissions from the
residential combustion of beech wood. The authereated these emissions using a
commercial wood burner. Using a high-resolutiontprotransfer reaction time-of-flight mass
spectrometer, the authors measured primary VOCsanis under stable flaming conditions.
For aging experiments, the emissions were direicteda Teflon chamber and oxidized by OH
radicals generated from the photolysis of nitroe&laPrimary emissions exhibited significant
enhancements of oxygenated species (particulaitispand aromatic compounds. The
emissions of typical nitrogen-containing biomaseing markers, such as acetonitrile, were
significantly lower than those observed from opamimng. During aging experiments, the
authors observed significant consumption of NMOGsnE&ertain species, such as formic acid
and phthalic anhydride, showed significant enharex@s Acetic acid, however, exhibited no net
increase, which the authors attribute to the balagmf secondary production + OH
consumption.

The manuscript is written clearly and the conterts well organized. The study is interesting,
well executed, and the results provide insights the chemical evolution of wood smoke, which
is poorly constrained yet important for regionat guality. My primary comments pertain to the
conclusions drawn about secondary NMOG and therghtens of low acetonitrile. In

particular, | believe the authors should provideepanded discussion (and potentially further
insights) into the variability of NMOG oxidationgatucts (see point 2). Upon addressing these
comments, | recommend the manuscript for publioatio

We have addressed the Referee’s comments as ddielt®w, including modifying the
manuscript to provide an expanded discussion anldefiuinsights into the variability of NMOG
oxidation products and observations of low acetid@iemissions.

Comments

1) Secondary NMOG:
The authors discuss a number of processes thatl edfdct the observed net decrease in NMOG
mass, including gas-to-particle partitioning ancheersion of gasphase species to those that
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cannot be detected by the PTR-ToF-MS. Howeveglutiors do not include a discussion about
vapor-phase wall loss. Bian et al. (2015) simulateslloss of primary biomass burning
emissions to a Teflon chamber and demonstratedithifoss can significantly affect both
particle and gas-phase organics. In the averageaukition, ~75% of gas-phase vapors were lost
to the chamber. Stockwell et al. (2014) observsedds of biomass burning organic compounds
(including acetic acid) to surfaces at very difigreates. Can the authors estimate and/or
discuss the impact of wall loss and potentiallyiuie uncertainties to the 5 — 30% loss in
NMOG mass?

NMOG wall losses were inferred by monitoring NMO@ncentrations prior to initiating
photochemistry and by assessing the smog chamhbéditioms affecting loss rates during aging
as detailed by Zhang et al. (2014 and 2015) (Zh&ndg;appa, C.D., Jathar, S.H., McVay, R.C.,
Ensberg, J.J., Kleeman, M.J. and Seinfeld, J.Hludnce of vapor wall loss in laboratory
chambers on yields of secondary organic aerosotdedings of the National Academy of
Sciences 111, 5802-5807, 2014; Zhang, X., SchwaRtds., McVay, R. C., Lignell, H.,
Coggon, M. M., Flagan, R. C., and Seinfeld, J.\Fapor wall deposition in Teflon chambers,
Atmos. Chem. Phys., 15, 4197-4214, 2015). Bia.¢2015) found that the concentration of
gas-phase emissions generated during open buragrgased by 86% due to vapor wall losses
in a dark chamber using best estimate parametersnodel. When using effective wall
saturation concentrations based on the study ofigkaal., Bian et al. (2015) found that the net
vapor loss to the walls decreased by 65% compardtetbest estimate. While open biomass
burning emission profiles share similarities wigisidential burning emissions, differences can
be large (e.g., see response below regarding emis$initrogen-containing species), making it
difficult to apply the findings of Bian et al. (2B)Lto residential burning, particularly as vapor
losses are very sensitive to the model parameWesthink more investigation of residential
wood combustion emissions is needed to be ablpgly aeaningful uncertainties on the loss in
NMOG mass in the current study, but we agree wighReferee that a discussion of potential
NMOG wall losses is needed in the manuscript anthavee modified the text as follows (Pages
16-17, lines 349-359):1f addition to gas to particle phase partitioning &rmation of gas-
phase species not quantified here, a decrease GIkass with aging could also be due to
losses of gas-phase species to the chamber walis@zet al., 2014; Bian et al., 2015).
Measurements of NMOGs in the chamber prior to aghegstable, indicating that the chamber
walls are not a sink for NMOGs, but rather that N®KJare in equilibrium with the chamber
walls, particles and the gas phase. Zhang e2@14) show that the rate of NMOG wall loss is
proportional to seed aerosol concentration and @tentration, both of which were relatively
high in the current experiments (Table S1; OH catre¢ions were ~1.4xIGnolec cn).

Under these experimental conditions, NMOG wall éssare not expected to be large. However,
future studies are needed to provide insight ieor wall loss of residential wood combustion
emissions during aging.

In addition to wall loss, | think the authors sho@lso discuss the variability of secondary
organic production. This discussion is provided iomary emissions (Section 3.2), but few
insights are drawn from the variability of oxidatiproducts. There are significant differences
between the trends observed during Expts. 2,3 laosktobserved during Expts. 1,4,5 (Figs. 4
and 5). For example, acids and O-containing compiswshow a general increase in Expts 1,4,5,
but a decrease in Expts 2,3. It is notable thatititeal NMOG distributions in Expts 1,4,5



contain a higher fraction of aromatic and oxygembs&gomatics. Could it be that these
compounds are a significant source of secondargsaand O-containing compounds? It should
also be noted that other compounds not measurguidign-transfer could also impact these
trends (e.g. ethylene). This variability is quitéeiresting and a discussion pertaining to these
differences may help in understanding the varigibif OVOC formation in open burning (e.qg.
de Gouw et al. 2006 vs Yokelson et al. 2003).

We agree with the Referee that more discussioh®wariability of the aged emission profiles is
needed and we have added a new section in the orgtue address this topic (3.5 Aged
emission variability). We have also included tigcdssion on variability of SOA formation
potential in this section. The text has been mediés follows (Pages 19-20, section 3.3)s “
described above, the primary emission profilesyelsas total NMOG mass emitted, vary
considerably for experiments 2 and 3 compared pegments 1, 4 and 5, with much higher total
NMOG emissions in experiments 2 and 3. It is elgubthat the aged emission profiles also
exhibit variability based on the primary emissiofi®tal acid and O-containing species decrease
with aging in experiments 2 and 3, in contrastpegiments 1, 4 and 5, where these classes
increase with aging (Figure 4). Formic acid shdiveslargest increase with aging in all
experiments (~190-480 mg kgelative to the primary EF, Figure 5), howevereiperiments 1,

4 and 5, this increase contributes much more toatad acid mass as the total acid mass is ~5-15
times lower compared to experiments 2 and 3. Aslogous case occurs for maleic anhydride
for the O-containing class of compounds. As forata and maleic anhydride are formed from
the oxidation of aromatic compounds (Bandow etl#185; Sato et al., 2007; Praplan et al.,
2014), among others, a higher fraction of aronstrecies to the total NMOG emissions will
contribute to increases in acid and O-containing®d4. Inclusion of NMOGs not quantified

by PTR-ToF-MS could impact the trends observedguie 47

2) Acetonitrile

In Section 3.3, the authors discuss the variabditacetonitrile. The authors attribute the
observations of low acetonitrile to burning condlits. While burning efficiency and O2 fraction
certainly affect NMOG emissions, very recent wakdnstrates that fuel composition plays a
major role in the variability of nitrogen-contairgnivOCs (Coggon et al. 2016). In that study, the
authors show that wood (low nitrogen content) emisggnificantly lower fraction of nitrogen-
containing VOCs than other tree components, sudbags and boughs (high nitrogen
content).

Given this new work, the authors should also disd¢he effects of fuel composition.

Assuming that the beech wood is free of stemss twideaves, then it is likely that low
acetonitrile emissions result from the combustiblow nitrogen-containing fuel.

Have the authors also considered looking at thessimins of other nitrogen-containing NMOGs
that are sensitive to proton-transfer, such as berigrile or HNCO? These species would also
likely exhibit lower EFs compared to open burniriduels with higher nitrogen content.

We thank the Referee for bringing the recent wdr€aggon et al. (2016) to our attention. The
beech wood in our study was free of stems, twigsyés and bark, and based on the work of
Coggon et al. (2016), we therefore expect thatatively low fraction of the total NMOGs was
N-containing compared to burning of biomass comgjteaves, etc. This fact may explain the
relatively low acetonitrile emissions in our stuttynpared to open biomass burning, where
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leaves, bark, etc. are typically present. The annemission factors of 3N and HNCO
ranged in our study from 3.6-6.4 mgkgnd BLD (<tens of pptv)-11 mg Rgrespectively.
Emission factors of acrylonitrile ¢EisN) observed during open burning are higher thasgho
observed in the current study (~10-90 mg k&kagi et al., 2013), as expected based on the
lower acetonitrile emission factors observed indbirent study and the findings of Coggon et
al., 2016.

We have expanded the discussion of acetonitrilsgons to include this information (Page 14,
lines 288-300): fh agreement with the current study, ambient measants of acetonitrile made
in Colorado (USA) were not associated with fresidential burning emissions (Coggon et al.,
2016). Lower ambient measurements of nitrogenaioimtg NMOGs (including acetonitrile)
during residential burning compared to open burmvege attributed to the generally lower
nitrogen content in fuels burned residentially (Gog et al., 2016). Lower nitrogen content of
the fuel is likely a contributor to the relativdtyw acetonitrile emissions in the current study.

The primary emission factors of other nitrogenateelcies, such agd:N (likely corresponding
to acrylonitrile) and HNCO ranged in our study fr8m6-6.4 mg kg and BDL-11 mg kg,
respectively. Emission factors oflzN in the current study are lower than those obskerve
during open burning (e.g., ~10-90 mg'kghkagi et al., 2013)), as expected based on tero
acetonitrile emission factors observed in the qurstudy and the findings of Coggon et al.
(2016)”

Other Comments

Line 45: The descriptor “residential wood combustids unclear. Other studies have
investigated the emissions from fuels typicallyniedrin stoves (e.g. Douglas Fir, Stockwell
2015). To avoid confusion, please specify thatareuspeciating wood combustion emissions
from commercial stoves.

The text has been modified as follows to speciéit thood combustion emissions were speciated
from commercial stoves (Page 3, lines 44-48)tffough two studies have speciated a large
fraction of the NMOG mass emitted during residdntiaod combustion in commercial
burners...”

Line 76: Please provide more details about the burks the appliance fitted with a catalyst or
secondary combustion zone? A description or schiemauld be helpful for other researchers
studying the emissions from other wood burners.

The burner was manufactured in 2009 and is netffittith a catalyst or other emission control
device. There is no secondary combustion zonphdtograph of the burner was added to the Sl
(new Figure S1) and a description of the burner adied to the main text (Page 4, lines 77-78):
“... aresidential wood burner (Figure S1; single coribnchamber, operated in single batch
mode; Avant, 2009, Attika)...”

Line 90-91 What kind of lights are used to pho®I#ONO? Can the authors provide flux
measurements (or cite a source containing thisiméion)?



In the chamber, HONO is photolyzed using 40 UV tigbf 90-100 W (Cleo Performance,
Philips) (Page 5, lines 98-99). Emission spectth@se lights, as well as inferred h@md
HONO photolysis rates for a similar set-up to therent study, can be found in Platt et al.
(2013): Secondary organic aerosol formation frosotjae vehicle emissions in a new mobile
environmental reaction chamber, Atmos. Chem. P13s9141-9158, 2013. This reference has
been added to the manuscript.

Line 91: How do these levels of NOx compare toglimsm other biomass burning sources?
NOx will also depend on fuel composition (e.g. Bigret al. 2010). Furthermore, how do NOx
levels change after initiating the photolysis of NQ? Did the authors also measure ozone? If
so, how much was formed as a result of photochémioaessing? | believe these conditions are
important to discuss, especially for future stud@sised on biomass burning aging.

For NQ,, the primary EFs ranged from ~0.5-0.7 §*Kg160-350 ppbv in the chamber (mainly
NO); no primary measurement available for experimgnwhich are much lower than literature
for open burning (Stockwell et al., 2015 from ofémmass burning of ponderosa pine (~2-5 g
kg™) and black spruce (4-5 g k). Lower NQ (and N-containing NMOGSs) EFs are expected
due to the lower nitrogen content of the fuel usashpared to open burning (Coggon et al.,
2016). Upon aging, NQncreased to ~250-380 ppbv after reaching OH expssof ~(4.5-
5.5)x10 molec cn? h, due to HONO photolysis. We have to note th@g Was measured using
a chemiluminescence analyzer, and therefore themfntioned concentrations should be
considered as upper estimates, as the measureanemected by NPspecies (especially nitric
acid).

Considering these high N@alues and the levels of measured reactive NM@Qisa beginning
of the experiments (NMOG/N@Qatios of ~1-10), @production is favored. For these
experiments, we did not measurgd@ncentrations. However, previous measurements
conducted under similar conditions indicate ariahiD; production with aging. After an initial
increase, @concentrations significantly decrease due to g#wahse of NMOG/NQratios
(NMOG consumption and NQncrease with HONO photolysis).

The primary NQ values were added to the manuscript in a new talitee Sl (Table S1), which
includes other experimental parameters, as sugbbgtthe other Referee. The following was
added to the main text (Page 5, line 8&)xjerimental parameters and primary emission values
are summarized in Table Zand (Page 5, lines 94-96):&vels of NQ in the chamber prior to
aging range from ~160-350 ppbv and increases to 388(spbv after reaching OH exposures
of ~(4.5-5.5)x10 molec cn? h (NQ, data unavailable for experiment™1).

Section 3.2. The discussion about burn variabitittnuch appreciated. Can the authors propose
reasons for these differences? The tight reprodiityitof MCE makes me think it’s not
necessarily burning efficiency. Could there alsosbgability in how the burner operates that
could lead to these differences (e.g. temperatudg)?et al. observed significantly different
emission factors of PAHs from a commercial burnkemburning lignite at various
temperatures. Hansson et al. (2004) observed difies in nitrogen NMOG distributions as a
function of temperature for the pyrolysis of baridather biomass sources. | would imagine
that similar effects could be true for the comhusiof beech wood.
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We agree with the Referee that MCE, which is vémjlar in all experiments, is unlikely to be
the cause of the difference in emission profilesvben the experiments. As great care was
taken to replicate each burn as closely as pos@lde similar starting wood mass, nhumber of
logs/kindling pieces and wood arrangement priagtition) and experimental conditions (e.g.,
dilution factors), there is no obvious explanationthe inter-experimental variability. The
burner was housed in an uninsulated building anduggested, the variability could be due to
effects of differences in outdoor temperature antthrner which would influence the
combustion rate. Each fire was allowed to burnlf&20 minutes prior to injecting emissions
into the smog chamber, which allowed the burnevdaam up, however, we did not make
temperature measurements in the burner or chimmetyesmperature differences may have
remained. The discussion on inter-burn variabiligs expanded to include these points (Page
13, lines 262-266):The burner is housed in an uninsulated buildingtarcemission profile
variability could be due to effects of outdoor tesrgiure variability on the burner. For example,
emission profiles from burning lignite and pyrolysif bark and other biomass sources have been
shown to vary with burn temperature (Hansson e2ab4; Syc et al., 2011).

Fig. 4: | assume that each panel is the temporalwion of gas-phase species from each aging
experiment. Is that correct? Please clarify.

Each panel corresponds to the temporal evolutioa fingle experiment. The figure legend has
been maodified, .. Temporal evolution of gas-phase species categbhiydunctional group
throughout aging in the smog chamber for experimérh (a-e).
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Anonymous Refer ee #2

This paper presents measurements of gas-phasespauitted from combustion of beech in a
‘modern’ residential heating stove in both fresldaged states. Five replicate laboratory
experiments were conducted in which emissions &asteady flaming combustion were sampled
into a laboratory smog chamber, from which thereensampled for both a primary
characterization period and during oxidation by @¢tmed via HONO photolysis. The use of
replicate experiments is useful, as it assessesxtamnt to which emissions vary even within
narrowly controlled circumstances — as it turns,aptite a bit. Interestingly, many of the
emissions of concern (CO, OA, BC) are quite coastsicross tests, as is the SOA produced
during aging. In contrast, the composition and egiois factors of NMOG varied substantially,
with two tests having markedly different NMOG eiaiss The evolution of NMOG is described
in which many identified species show the expettedy with OH oxidation, while other species
(acids, other O-containing species) showed enhaaoem

This paper is clearly written and the measuremant$ analysis appear to be of high quality.
This topic is of great interest to the readershifA@P as it provides important insights into the
composition and evolution of an important clasbiomass burning emissions. Below | have
highlighted several points that would like to seld@ssed in revisions. The main focus of my
comments is on the difference between the twosetperiments — | would like to see a bit
more discussion of the conditions that lead toehdiferences and how the two ‘anomalous’
experiments (#2, #3) differ from the others. Tkss to be a key point, and while the
differences are discussed, there’s little invegtayaof what might have influenced this
difference. For example, the fuel consumed waslykalf during these experiments than the
others, why? One general comment is that | wadyreafiuired to read the other Bruns et al.
2016 paper in order to understand and interpresthessults. While | understand that the
authors split these aspects of the reporting ofpitegect to avoid a cumbersome manuscript, |
would like to see this one ‘stand alone’. So, atldast | would suggest that a table of basic test
parameters (like Table 1 in Bruns et al 2016) beuded, perhaps in the SI. Another general
comment is that there is a bit of an over-emphasidifferences between results observed here
(one fuel, one combustion condition) and obserwstimore generally. In most cases, these
comparisons are appropriately caveated, but in soas®s the generalizations are a bit
sweeping (e.g. Line 283) — | ask the authors te iNs a once over to ensure that these results,
while certainly providing key insights and datagarot over-extrapolated. Finally, | second
many of the concerns/questions of the first referee

Once these general and specific points have bedreased, | recommend the manuscript for
publication in ACP.

We have expanded the discussion on the differdretsgeen the two sets of experiments (2 and
3vs 1, 4 and 5) as described in detail below. agfee that this manuscript should ‘stand-alone’
and have taken the suggestion of the Referee ta &alole with the experimental parameters to
the SI (new Table S1). We have also modified ¢éx¢to ensure the insights from these data are
not over-extrapolated, as described below. Theoreses to the concerns/questions of the first
Referee are detailed above.



Specific points

| am a bit confused by Table 2 — this indicates@ditrile as the only N-containing species, but
EF of acetonitrile is ~10 times lower than that fbcontaining species? Is the rest of this mass
contributed by un-identified compounds? It alsogidieseem as if N-containing species
contribute 20-30 mg/kg to NMOG mass on Figure 1 jtwould be hard to see there. N-
containing species were higher for Expts. 2-3,dmrosol-phase nitrate was substantially lower
(even accounting for lower fuel consumption) (Brehal. 2016). Were there any other notable
differences? E.g. NOx levels? Have you examinashskacy nitrate formation during aging?

There are 14 N-containing species which contriboitiis category and it is correct that 13 of
these N-containing species have not been strubt@sdigned (the exception is acetonitrile).
One reason for the lack of assignments is a sgartipublished data on N-containing emissions
from residential wood combustion compared to emissbf other classes of compounds.
However, an educated guess can be made aboutlseitiese compounds based on reasonable
structures (e.g., 4E3N likely corresponds to acrylonitrile, as discussethe response to the
other Referee). A brief discussion and the rarfgarossion factors observed foglzN and
HNCO (in the O- and N-containing category), two pmunds of interest in open biomass
burning emissions, have been added to the texe(Péglines 288-300; see response to other
Referee). Future work to identify more N-contagnspecies emitted during residential wood
combustion would be informative, similar to theaetwork on identifying N-containing
emissions from open biomass burning (i.e., Cogg@h. £2016, Stockwell et al., 2015). The
majority of the mass contributing to the N-contafnclass is distributed among several
compounds and the total mass of N-containing spesithe lowest of all classes, which is likely
why it is difficult to see these individual N-coimiang species in Figure 1.

N-containing species were higher and aerosol phiasge lower in experiments 2 and 3
compared to experiments 1, 4 and 5, however, thaseno notable difference in N@missions
between experiments 2 and 3 (~0.5 and 0.7 iespectively) compared to experiments 1, 4
and 5 (~0.5 and 0.6 g Rgrespectively; NQdata not available for experiment 1). With aging,
particulate nitrate (N€) showed varied behavior; however, there is nodtitegtween

experiments 2 and 3 compared to experiments 1d4arifter correction for wall losses, NO
remains stable in experiment 1, Ni@creases by ~15% of its primary value during a&hitiging
and then remains stable in experiment 2gl€creases by ~10% of its primary value during
initial aging and then remains stable in experingrand NQ increases by ~15% of its primary
value in experiments 4 and 5 and then slowly deg®avith further aging. AMS measurements
of NO;s includes inorganic and organic species; howevaracterization, including
guantification, of organic nitrate species is aladling using aerosol mass spectrometry and
more work is needed to investigate particulate wigaitrates from residential wood
combustion. The presence of bark, twigs and lebgge recently been shown to influence the
emission of N-containing species during burninggd@m et al., 2016), however, no difference
in fuel composition is expected between the expenishas all bark and twigs were removed
prior to combustion. As described above in a raspdo other Referee, differences in emission
profiles may have been due to differences in antltéeanperature effecting burner operation
leading to differences in combustion rates.



L255 — Figure 2 is just mentioned here, and thislddear a bit more discussion and the
differences between experiments discussed a HiefuiOne thing that stands out about these
two experiments (2, 3) is that the CO2 loadinghm ¢thamber was substantially (almost half)
lower than the other three experiments (despitdabethat the MCEs and many other quantities
are essentially the same. If the injection time dihation conditions were the same, this suggests
that perhaps the combustion rate was lower (whiolld/probably be indicated by lower flue
temperature). Are there any other contextual orrapienal details that were different?

This point was raised by the other Referee as ville MCE, which is very similar in all
experiments, is unlikely to be the cause of théedghce in emission profiles between the
experiments. As great care was taken to replieath burn as closely as possible (e.g., similar
starting wood mass, number of logs/kindling piemed wood arrangement prior to ignition) and
experimental conditions (e.g., dilution factorggre is no obvious explanation for the inter-
experimental variability. The burner was housedrruninsulated building and, as suggested by
the both Referee, the variability could be dueffeats of differences in outdoor temperature on
the burner and chimney which would reduce the catidii rate. Each fire was allowed to burn
for 15-20 minutes prior to injecting emissions ititte smog chamber, which allowed the burner
to warm up, however, we did not make temperaturasomements in the burner or chimney and
temperature differences may have remained. Tloeisk#on on inter-burn variability was
expanded to include these points (Page 13, linB2B6): “The burner is housed in an
uninsulated building and the emission profile Vaitity could be due to effects of outdoor
temperature variability on the burner. For exameiaission profiles from burning lignite and
pyrolysis of bark and other biomass sources haga Beown to vary with burn temperature
(Hansson et al., 2004; Syc et al., 2011).

L283 — This is too broad/definitive of a statenteninake based on the narrow set of conditions
tested here.

The text has been modified as follows (Page 14sl804-306): ".making acetonitrile a poor
marker for residential wood combustion under thasming conditions. Coggon et al. (2016)
concluded that acetonitrile may not be a good trimeaesidential burning in urban ar€as.

L317-319 — It would be useful/instructive to attémpnass balance on the NMOG and SOA
loadings to estimate how much of the measured NMtagbe ending up in the condensed
phase in your experiments.

The work detailed in our previous publication oagl experiments provides the first
guantitative closure of the mass balance of thephase species contributing to SOA (Bruns et
al., 2016). We determined that the conversion liQ\Gs traditionally included in models to
SOA account for only ~3-27% of the observed SOA,nebs ~84-116% of the SOA can be
explained by inclusion of non-traditional precussancluding naphthalene and phenol. The text
was modified as follows (Page 16, lines 343-34B):Vious investigation of these experiments
determined that the conversion of NMOGs traditipnadcluded in models to SOA accounts for
only ~3-27% of the observed SOA, whereas ~84-116#%e80A is explained by inclusion of
non-traditional precursors, including naphthalene phenol (Bruns et al., 2015).



L358 — Were terpenes actually quantified? | dorfiect much from birch wood, but if you
measured them (or found them BDL) this should bedcho

As expected from previous studies (e.g., Schaual:,e2001), monoterpenes were below the
detection limit in all experiments. Isoprene enaiss (Table 2) were also relatively low,

although above the detection limit. This informathas been added to the manuscript (Page 18,
lines 394-395): Monoterpene concentrations are below the detetitighin all experiments and
isoprene emissions are relatively low (Tablé 2).

L362 — ‘Good agreement’ is a bit vague, there isgreat agreement in panels c) and
f). Could this indicate possibly misattributiontbese compounds? For this figure, it would be
helpful to show smoothed data (and probably a laxig) to make this a bit more readable.

We have modified the Figure (now Figure S3) to stieevsmoothed data (10 s data smoothed to
5 min moving average) to improve readability. Wedalso added some additional discussion
of this Figure to address the Referee’s commeatsttie agreement is better for some
compounds (i.e., panels a, b, c, e, g, h) comparethers (i.e., panels d, f and i) (Page 19, lines
400-408): There is generally good agreement between the wixsand calculated decay for
each compound which supports the structural assghof each ion. For 2-methoxyphenol and
2,6-dimethoxyphenol (Figure S3 f and i, respectiyghe agreement between the observed and
calculated decays is not as good as for the otfrapounds, with slower decays than predicted.
This discrepancy may be due to fragmentation @iteel compounds to form 2-methoxyphenol
and 2,6-dimethoxyphenol in the instrument or foiorabf these compounds in the chamber
during oxidation. Foo-benzenediol, the decays are initially faster thapected and then
become slower with increased aging, possibly dubdgresence of isomers with different
reaction rates with respect to OH.”

L365-370 - Somewhat confusing lead-in to discussidtigure 3, as discussion emphasizes
differences between experiments and this figurevstawerages across all experiments - may
make sense to just discuss this result then disotessexperiment differences (using Fig. 2)

We agree with the Referee and have introduced &igum the preceding paragraph and then
discussed the inter-experiment differences on S@étion potential using Figure 2 in the next
paragraph (Pages 18-20, lines 396-438)e“have previously identified the compounds
contributing to the majority of the SOA formed dgithese experiments (Bruns et al., 2016).
The average EF for each of these species is showigure 3. Figure S3 shows the observed
decay of the SOA precursors contributing the mo8®A formation during aging in the
chamber compared to the expected decay based @Hlwwncentration in the chamber and the
reaction rate with respect to OH. There is gehegalod agreement between the observed and
calculated decay for each compound which suppleetstructural assignment of each ion. For
2-methoxyphenol and 2,6-dimethoxyphenol (Figurd &3d i, respectively), the agreement
between the observed and calculated decays isrmgaia as for the other compounds, with
slower decays than predicted. This discrepancylmeague to fragmentation of related
compounds to form 2-methoxyphenol and 2,6-dimetpbeyol in the instrument or formation

of these compounds in the chamber during oxidatkor.o-benzenediol, the decays are initially
faster than expected and then become slower witkased aging, possibly due to the presence
of isomers with different reaction rates with resfpe OH.

10



As described above, the overall primary emissiariiles, as well as total NMOG emissions,
vary considerably for experiments 2 and 3 compé&vazkperiments 1, 4 and 5, with
considerably higher total NMOG emissions in experits 2 and 3. To determine the impact of
the high NMOG emission experiments (2 and 3) coexgbéo the lower NMOG emission
experiments (1, 4 and 5) on SOA formation potenimalividual SOA precursors with published
SOA yields are investigated. The SOA formatioreptil for each of these 18 compounds is
determined as the product of the primary EF and#st estimate SOA yield determined from
the literature, as determined previously (Brunale2016). The total SOA formation potential
for each experiment is taken as the sum of thevisidal SOA formation potentials.
Interestingly, the SOA formation potential is sianiin all experiments and the average
enhancement of SOA formation potential in experita@nand 3 compared to the average of
experiments 1, 4 and 5 is insignificant (Figured®spite the considerably different total NMOG
EFs?”
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Abstract

Organic gases emitted during the flaming phasesitiential wood combustion are
characterized individually and by functionality mgiproton transfer reaction time-of-flight mass
spectrometry. The evolution of the organic gasesadnitored during photochemical aging.
Primary gaseous emissions are dominated by oxygesgiecies (e.g., acetic acid, acetaldehyde,
phenol and methanol), many of which have deletsrtmalth effects and play an important role
in atmospheric processes such as secondary orgentisol formation and ozone production.
Residential wood combustion emissions differ comsitily from open biomass burning in both
absolute magnitude and relative composition. Ratfaacetonitrile, a potential biomass burning
marker, to CO are considerably lower (~0.09 pptwiphhan those observed in air masses
influenced by open burning (~1-2 pptv pphvwhich may make differentiation from

background levels difficult, even in regions hegvihpacted by residential wood burning.
Considerable formic acid forms during aging (~200-6ng kg" at an OH exposure of (4.5-
5.5)x10 molec cn® h), indicating residential wood combustion carabhémportant local source
for this acid, the quantities of which are currgnthderestimated in models. Phthalic anhydride,
a naphthalene oxidation product, is also formeecbimsiderable quantities with aging (~55-75 mg
kg™ at an OH exposure of (4.5-5.5)¥tfolec cnt® h). Although total NMOG emissions vary

by up to a factor of ~9 between burns, SOA fornrafiotential does not scale with total NMOG
emissions and is similar in all experiments. Thigly is the first thorough characterization of
both primary and aged organic gases from residemtiad combustion and provides a

benchmark for comparison of emissions generatedrutiiferent burn parameters.
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1 Introduction

Residential wood combustion is a source of gasandgarticulate emissions in the atmosphere,
including a complex mixture of non-methane orgayases (NMOGs) (McDonald et al., 2000;
Schauer et al., 2001; Hedberg et al., 2002; JoaddrSeen, 2005; Pettersson et al., 2011;
Evtyugina et al., 2014; Reda et al., 2015). NMQ@@sact climate (Stocker et al., 2013) and
health (Pouli et al., 2003; Bglling et al., 2008}tbdirectly and through the formation of
products during atmospheric processing (Mason.e2@01; Kroll and Seinfeld, 2008; Shao et
al., 2009), which makes NMOG characterization caiti Although two studies have speciated a
large fraction of the NMOG mass emitted duringdestial wood combustiom commercial
burners(McDonald et al., 2000; Schauer et al., 2001 )seh&tudies relied on offline
chromatographic approaches, which are time consguimiterms of sample preparation and
analysis and can introduce both positive and megyattifacts (Noziére et al., 2015). Relatively
recently, the proton transfer reaction mass spextter (PTR-MS) has emerged as a powerful
tool for online quantification of atmosphericallglevant NMOGs (Lindinger et al., 1998; Jordan
et al., 2009) eliminating many of the artifactsazsated with offline approaches. NMOGs
emitted during open burning of a variety of biomasds in the laboratory have been recently
guantified using a high resolution proton transéaction time-of-flight mass spectrometer
(PTR-ToF-MS) (Stockwell et al., 2015) and seleanimal masses were followed during aging
of residential wood combustion emissions usingadqupole PTR-MS (Grieshop et al., 2009a).
However, a complete high-resolution characterizatibresidential wood combustion emissions

has yet to be performed.

The quantities and composition of NMOGs emittedriyresidential wood combustion are

highly dependent on a number of parameters incfudinod type, appliance type and burn
14
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conditions, and as few studies have charactertzesetNMOGs (McDonald et al., 2000; Schauer
et al., 2001; Hedberg et al., 2002; Jordan and ,3845; Pettersson et al., 2011; Evtyugina et
al., 2014; Reda et al., 2015), further work is meetb constrain emission factors, as highlighted
in the recent review article by Noziere et al. @P1Also, little is known about the evolution of

NMOGs from residential wood combustion with aging.

In this study, we present results from the firg afa smog chamber and a PTR-ToF-MS to
characterize primary and aged gaseous emissiomsré&sidential wood combustion in real-time.
This novel approach allows for an improved charggon of NMOG emissions, particularly
oxygenated NMOGs, which are a considerable fraaifche total NMOG mass emitted during
residential wood combustion (McDonald et al., 2086hauer et al., 2001). This study focuses
on a narrow set of burn conditions, namely the iif@nphase of beech wood combustion, in
order to generate as reproducible emissions ash®$sr a complementary investigation of the
effects of parameters such as temperature on tiesiems. While these experiments are a
narrow representation of real-world conditionss thdvel work provides a benchmark and

direction for future wood combustion studies.

2 Methods

2.1 Emission generation and smog chamber operation

Beech Fagus sylvaticalogs are combusted in a residential wood burkgru¢e S1; single

combustion chamber, operated in single batch mAdant, 2009, Attika) and emissions are

sampled from the chimney through a heated line )7 8liluted by a factor of ~8-10 using an
ejector diluter (473 K, DI-1000, Dekati Ltd.) angjdcted into the smog chamber (~%)m
through a heated line (423 K). Emissions are sadth@lring the stable flaming phase of the
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burn and modified combustion efficiencies (MCE®fied as the ratio between génd the

sum of CO and C@range from 0.974-0.978 (Table 1).

Emissions are injected for 11-21 min and totaltdhiu factors range from ~100-200. All

experiments are conducted under similar conditwitis starting wood masses in the burner of

2.9+0.3 kg and a wood moisture content of 19+2%e $mog chamber has an average
temperature of 287.0+£0.1 K and a relative humidit$5+3% over all five experiments.

Experimental parameters and primary emission vauesummarized in Table SAfter

characterization of the primary emissions, as desdrbelow, a single dose of d9-butanol (2 pl,

butanol-D9, 98%, Cambridge Isotope Laboratories)jexted into the chamber and a continuous

injection of nitrous acid in air (2.3-2.6 | miN>99.999%, Air Liquide) into the chamber begins.

The decay of d9-butanol measured throughout aginged to estimate hydroxyl radical (OH)

exposures (Barmet et al., 2012). Nitrous acid pced OH upon irradiation in the chamber and

is used to increase the degree of aging. LevdNyfin the chamber prior to aging range from

~1650-350 pply and increases to ~250-380 ppbv after reachingeddsures of ~(4.5-5.5)x10

molec ciit’ h (NQ, data unavailable for experiment IJhe small continuous dilution in the

- { Formatted: Superscript

o [ Formatted: Subscript

chamber during aging due to the constant nitroigsiafection is accounted for using CO as an

inert tracer. The chamber contents are irradiaidid UV light (40 lights, 90-100 W, Cleo

Performance, PhilipgPlatt et al., 2013) for 4.5-6 h (maximum OH expeswf (4.7-6.8)x10

molec cn? h which corresponds to ~2-3 days of aging in theoaphere at an OH concentration

of 1x10 molec cri?). Reported quantities of aged species are takémaexposures of (4.5-
5.5)x10d molec cnt h (Table 1; ~1.9-2.3 days of aging in the atmosphesn OH

concentration of 1xT0molec cri?) (Barmet et al., 2012).

2.2 Gasphase analysis
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NMOGs with a proton affinity greater than that oditer are measured using a PTR-ToF-MS
(PTR-ToF-MS 8000, lonicon Analytik GmbH) and @O and Chlare measured using cavity
ring-down spectroscopy (G2401, Picarro, Inc.). PA®R-ToF-MS operates with hydronium ion
([H20+H]") as the reagent, a drift tube pressure of 2.2 pabdrift tube voltage of 543 V and a
drift tube temperature of 90°C leading to a rafithe electric field E) and the density of the
buffer gas ) in the drift tube (reduced electric fiel/N) of 137 Townsend (Td). The
transmission function is determined using a gasdstal of six NMOGs of known concentration
(methanol, acetaldehyde, propan-2-one, tolupnglene, 1,3,5-trimethylbenzene; Carbagas).
As the RH and temperature of the sampled air idainm all experiments, changes in the

detection efficiency of individual species are egpected.

PTR-ToF-MS data are analyzed using the Tofware-pastessing software (version 2.4.5,
TOFWERK AG, Thun, Switzerland; PTR module as disttéd by lonicon Analytik GmbH),
running in the lgor Pro 6.3 environment (versiod, &/avemetrics Inc.). The minimum
detection limit is taken as three standard devigtimbove the background, where the standard
deviation is determined from the measurements cf @n in the chamber prior to emission
injection. Isotopic contributions are constraimeaing peak fitting and are accounted for in
reported concentrations. Possible molecular ftamimcrease with increasimg/z making
accurate peak assignments difficult in the high&trange. Mass spectral data fromz33 to
m/z130 are assigned molecular formulas, as well@¥hisotope of the reagent ion and signal
abovem/z130 corresponding to compounds previously idexttifiuring residential wood
combustion (McDonald et al., 2000; Schauer e801; Hedberg et al., 2002; Jordan and Seen,

2005; Pettersson et al., 2011; Evtyugina et all42®eda et al., 2015). All signal abawéz 130
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is included in total NMOG mass quantification. htgithis approach, ~94-97% of the total

NMOG mass measured using the PTR-ToF-MS has aassignment.

The reaction rate constant of each species withethgent ion in the drift tube is needed to
convert raw signal to concentration. When avadlabidividual reaction rate constants are
applied to ions assigned a structure (Cappellad.e012) (Table &), otherwise a default
reaction rate constant of 2x1@nt s’ is applied. For possible isomers, the reactios ra
constant is taken as the average of available salApproximately 60-70% of the total NMOG
mass is comprised of compounds with known rateteots NMOG signal is normalized to
[H,*®0+H]" to convert to concentration. Emission factorsg)Eformalize concentrations to the
total wood mass burned (e.g., mg'kgads as mg of species emitted per kg wood butned)
facilitate comparison between experiments and al@itated as described previously (Andreae

and Merlet, 2001; Bruns et al., 2015a).

PTR-ToF mass spectrometry is a relatively softzation technique generally resulting in
protonation of the parent NMOG ([M+H] although some compounds are known to produce
other ions, for example through fragmentation arr@gement (e.g., Baasandorj et al. (2015)).
Reactions potentially leading to considerable faiomeof species besides [M+Hare discussed
in the Supplement. The extent to which reactieasling to ions other than [M+Hpccurs is
dependent on instrument parameters sudtds The unknown relative contributions of various
isomers makes it difficult to account for reactigenerating ions besides [M+Hjnd thus, no
fragmentation corrections are applied. Emissi@tois of compounds likely to undergo
extensive reaction to form products besides [M+Hg., methylcyclohexane (Midey et al.,

2003), ethyl acetate (Baasandorj et al., 2015)saturated aliphatic aldehydes (Buhr et al.,
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2002), with the exception of acetaldehyde) arer@ported. Due to interferences, butenes

([C4Hg+H]") are not quantified.
3 Results and Discussion
3.1 NMOG emissions

In all experiments, the largest EFs for a single-glaase species correspond to,CI¥70-1790
g kg') and CO (27-30 g kY (Table 2), which are in good agreement with presi
measurements from residential beech logwood corausthere CQ EFs of ~1800 g Kgand
CO EFs of ~20-70 g kivere measured (Ozil et al., 2009; Schmidl et 811,12 Kistler et al.,
2012; Evtyugina et al., 2014; Reda et al., 20Mdgthane is also emitted in considerable
quantities (1.5-2.8 g kb, similar to previously observed values for beectod burning in
fireplaces (0.5-1 g k§(Ozil et al., 2009), however, at generally lownerdls than total NMOGs
(1.5-13 g k). Total NMOG EFs from beech wood combustion hasebeen previously
reported, but values are similar to studies ofdexsiial wood stove burning of different
hardwoods which have attempted a detailed quaatiific of total NMOGSs, such as McDonald
et al. (2000) (6.2-55.3 g Kgfor a hardwood mixture) and Schauer et al. (2@61) g kg' for
oak). Total NMOG quantities reported in this studier to species quantified using the PTR-

ToF-MS.

Although a large fraction of atmospherically-reletvarganic gases are measured using the PTR-
ToF-MS, some species are not quantitatively detieateluding those with a proton affinity less
than water (i.e., small alkanes). Based on prevstudies of residential burning, alkanes are
estimated to contribute less than ~5% to the NMOGsneé either hard or softwood and the sum
of alkenes and alkynes, some of which are quabldiaith the PTR-ToF-MS, are estimated to
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contribute less than ~15% to the total measured NNMi@Ss (McDonald et al., 2000; Schauer et

al., 2001).

Figure 1 shows the primary NMOG mass spectrumdchexperiment classified by NMOG
functionality and the fractional contribution of ND/& functional groups to the total NMOG
mass. EFs for individual compounds are presemtdé@ble 2. For ease of reading, nomiméis
are presented in the text and figures, however amsotopicm/z for all identified species can be
found in Tables 2 and32. Separation of isobaric species is possible uiad®TR-ToF-MS,
however, isomers remain indistinguishable. Quigstibf gas-phase species generated during
residential wood combustion depend on a varietyaodmeters, such as type of burner and wood
species. However, many compounds are commonlyesivand structures are assigned to
observed ions based on previously identified spgdtcDonald et al., 2000; Schauer et al.,
2001; Hedberg et al., 2002; Jordan and Seen, Z3fersson et al., 2011; Evtyugina et al.,
2014; Reda et al., 2015). A few small, unambiguous are also assigned a structure, including
methanol, formic acid and acetonitrile. Approxigigt70% of the total NMOG mass measured

using the PTR-ToF-MS is assigned a structure basetis method.

NMOGs are categorized by functional groups inclgdisxygenated, total,&ly, nitrogen-
containing and other. Oxygenated subcategoriésdacacids (comprised of non-aromatic
acids), carbonyls (comprised of non-aromatic caytg)noxygenated aromatics (not including
furans), furans, O-containing (comprised of strraity unassigned oxygenated compounds and
multifunctional oxygenated compounds) and O- ancbNtaining (comprised of species
containing both oxygen and nitrogen atoms). Spgeza¢egorized as N-containing contain no
oxygen atoms. Total,Ely subcategories include: aromatic hydrocarbons namdaromatic and

structurally unassigned species (referred to,&k @ the text and figures). Higher molecular
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weight species lacking an ion assignment are catggbas “other”. In the case of possible
isomers, ions are categorized according to theiep@aost likely to dominate based on previous
studies (McDonald et al., 2000; Schauer et al.126f@dberg et al., 2002; Jordan and Seen,

2005; Pettersson et al., 2011; Evtyugina et all42®Reda et al., 2015).

Oxygenated species contribute ~68-94% to the totagry NMOG mass, which has important
atmospheric implications due to the role of themmpounds in photochemical reactions, for
example by altering ©and peroxide formation (Mason et al., 2001; Shaad.£2009).

McDonald et al. (2000) and Schauer et al. (200&Yipusly observed the dominance of
oxygenated NMOGs during residential burning of otlveod types, whereas Evtyugina et al.
(2014) found that benzene and benzene derivatimetsibuted 59% to the total measured
NMOGs, compared to only 26% from oxygenated compsuar residential burning of beech
wood in a woodstove. However, Evtyugina et al1@0Qas well as McDonald et al. (2000) and
Schauer et al. (2001), did not include emissioomfall lower molecular weight NMOGs, such
as acetic acid. Oxygenated NMOGs are also repadedlarge fraction of NMOGs emitted

during open burning of many biomass fuels (Gilmeal.g 2015; Stockwell et al., 2015).

Acids are the most abundant subclass of speciaséxperiments with an average EF of
2000+2000 mg kg and acetic acid ([{40,+H]" at nominaim/z61) is the most highly emitted
compound in all experiments. In addition to acatid, [GH40,+H]" can correspond to
glycolaldehyde, however, Stockwell et al. (2015)rfd that acetic acid contributes ~75-93% to
[C2H4O-+H] ™ during open burning of black sprudei¢ea marianayand ponderosa pin@ifius
ponderosaand thus, it is expected that this ion is alsgdly attributable to acetic acid in the
current study. Acetic acid and formic acid ([{4+H]" at nominaim/z47) are the most

abundant carboxylic acids in the atmosphere anthgrertant contributors to atmospheric
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acidity (Chebbi and Carlier, 1996). However, tharses of these acids are poorly understood
(Paulot et al., 2011) and data on their EFs frosidemntial wood combustion are relatively
unknown. The high acetic acid EFs found here mtei¢hat residential wood combustion can be
an important local source of this acid. Interagiinthe enhancement of acetic achdC{H,05)
over background levels relative to CO enhancem&@@)) in the current study ranges from ~6
to 80 pptv ppbV (Table 1), which is much higher than the avera§8 @ptv ppb¥ (sum of gas
and aerosol phase) measured in an Alpine valleyilggmpacted by residential wood
combustion in winter (Gaeggeler et al., 2008). tirarwork is needed to investigate the source
of this discrepancy, as limited ambient measuresarg available from regions heavily
impacted by residential wood combustion. Howeitas, possible that the ambient
measurements were dominated by emissions produredjgpoor burning conditions (e.g.,
starting phase) where CO EFs are expected to Ihetigan during the stable burning phase

investigated in the current study.

The sum of oxygenated and non-oxygenated aromatipounds contribute ~7-30% (800+300
mg kg®) to the total primary NMOG mass with benzenesjg&-H]" at nominam/z 79), phenol
([CeHsO+H]™ at nominaim/z 95), and naphthalene (ls+H]" at nominaim/z129) as the three
most dominant species. Oxidation products of atiums@ecies are the largest contributors to
residential wood combustion SOA in this study (Brehal., 2016) and both aromatic and
related oxidation products are of interest duédnartparticularly deleterious effects on health (Fu

et al., 2012).

For the other functional group categories, carbamg alcohols contribute ~8-12% (600+600
mg kg") and ~3-5% (300+300 mg Ry respectively, to the total NMOG mass. In gehehe

most highly emitted carbonyl compound is acetaldehfGH,O+H]" at nominaim/z45).

22



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

Methanol ([CHOH+H]" at nominaim/z33) is the most highly emitted alcohol, althoughen
acyclic alcohols can undergo extensive fragmematidhe mass spectrometer. Furans are only
a minor contributor to the total primary NMOG massntributing ~3-5% (300+300 mg Ky
but are of potential interest as several furanewecently identified as SOA precursors (Gémez

Alvarez et al., 2009) and possible open biomassibgmarkers (Gilman et al., 2015).
3.2 Burn variability

Although the same compounds are emitted duringualts, there is variability in EFs between
experiments despite efforts to replicate burnd@sety as possible and the fact that the MCE for
each experiment falls within a narrow range (0.9R#8) (Table 1). Experiments 2 and 3 show
marked differences in total NMOG EFs and NMOG cosifian compared to experiments 1, 4
and 5. For example, the total NMOG EF is ~9 timgbédr in experiment 2 compared to
experiment 5 (Table 2). Acetic acid EFs vary bgaior of ~15 between burns, with high
emissions in experiments 2 and 3 relative to expenmis 1, 4 and 5. The total emission of
oxygenated species also correlates with aceticeanidsions, with total oxygenated EFs
considerably higher in experiments 2 and 3 thaexjpperiments 1, 4 and 5. In contrast, aromatic
hydrocarbons and,Ey EFs show no correlation with total oxygenated &seor acetic acid

EFs. Interestingly, differences in black carborsHfimary organic aerosol EFs and primary
organic aerosol mass to black carbon ratios aceredsobserved between these two groupings of
experiments (2, 3 and 1, 4, 5), as presented prelyigBruns et al., 2016). Enhancements in the
average EF for the different functional groupsxperiments 2 and 3 relative to experiments 1, 4

and 5 are shown in Figure 2.
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The differences in EFs due to inter-burn variapiliustrate the difficulty in constraining EFs

from residential wood combustiof:he burner is housed in an uninsulated buildingtaed

emission profile variability could be due to effecif outdoor temperature variability on the

burner. For example, emission profiles from bugrignite and pyrolysis of bark and other

biomass sources have been shown to vary with lemmpératur¢Hansson et al., 2004; Syc et

al., 2011) Further work to constrain the possible range of gdserated under different
conditions is critical for improving model input&Fs are also dependent on factors such as
appliance type and fuel loading and further workésded to characterize the emissions and the
evolution of these emissions with aging generateahtburning of different wood types and

under different burn parameters.

3.3 Biomassburning tracers

Individual compounds emitted exclusively or in lamguantities during biomass burning are of - - {

Formatted: Space After: 12 pt, Line
spacing: Double

interest for source apportionment and compoundgibating to SOA formation are of

particular interest for climate and health (Fig8fe Acetonitrile is used as an ambient gas-phase
marker for open biomass burning (de Gouw et aD32&ingh et al., 2003). In the current
experiments, acetonitrile EFs are relatively lov6£®.3 mg kg) compared to open biomass
burning (~20-1000 mg Kb (Yokelson et al., 2008; Yokelson et al., 2009a8ket al., 2013;

Stockwell et al., 201

ity) The
enhancements of acetonitrile over background leedddive to CO enhancement,
ACH3CN/ACO, are ~0.08-0.1 pptv ppB\Table 1). This is slightly lower than the only
previously published residential wood combustiorasueements (0.1 to 0.8 pptv pphv
(Grieshop et al., 2009a), but is much lower th@;CN/ACO measurements in ambient air

masses impacted by open biomass burning (~1-2 mbiv'p (Holzinger et al., 1999; Andreae
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and Merlet, 2001; Christian et al., 2003; de Gotnale 2003; Jost et al., 2003; Holzinger et al.,
2005; de Gouw et al., 2006; Warneke et al., 20@ke¥son et al., 2008; de Gouw et al., 2009;
Yokelson et al., 2009; Aiken et al., 2010; Akagakt 2013). However\CH3;CN/ACO during
open burning has been shown to depend stronglyartyfpe; Stockwell et al. (2015) observed
ACH3CN/ACO values from 0.0060-7.1 pptv ppbfor individual open burns of different

biomass type the laboratory In agreement with the current study, ambient mesasents of

acetonitrile made in Colorado (USA) were not assed with fresh residential burning

emissions (Coggon et al., 2016). Lower ambientsmesanents of nitrogen-containing NMOGs

(including acetonitrile) during residential burningmpared to open burning were attributed to

the generally lower nitrogen content in fuels burnesidentially (Coggon et al., 2016). Lower

nitrogen content of the fuel is likely a contributo the relatively low acetonitrile emissions in

the current study.

The primary emission factors of other nitrogenadpelcies, such asidsN (likely corresponding

to acrylonitrile) and HNCO ranged in our study fr8m6-6.4 mg kg and BDL-11 mg kg,

respectively. Emission factors ofzN in the current study are lower than those obskrve

during open burning (e.g., ~10-90 mg'kgkagi et al., 2013)), as expected based on twero

acetonitrile emission factors observed in the aurstudy and the findings @oggon et al.

(2016)”

—Further work is needed to investigate 4l emissions from residential burning of other wood
types, as well as emissions during other burnirasphe.g., smoldering). However, these low
enhancements may be difficult to differentiate frambient background levels, making

acetonitrile a poor marker for residential wood baistionunder these burning conditions
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307 | Coggon et al. (2016) concluded that acetonitrile mat be a good tracer for residential burning

308 | in urban areas.

309 The interference from isobaric compounds when dfyamg acetonitrile using a PTR-MS is an
310 important consideration when high resolution datareot available. Previously, several studies
311 have determined this interference is minimal duopgn biomass burning (de Gouw et al., 2003;
312 Warneke et al., 2003; Christian et al., 2004; Weeret al., 2011). Recently, Dunne et al. (2012)
313 quantified interferences with acetonitrile measwats in polluted urban air using a quadrupole
314 PTR-MS and found contributions of 5-41%mdz42 from non-acetonitrile ions including:

315 [CsH¢]" and the'*C isotope contribution from [Es]*. In the current study, in addition to

316 contributions from [GHg] " and the isotopic contribution from §8s]*, ~30-50% of the total

317 signal atm/z42 is due to [gH20]", which is presumably a fragment from higher molacu

318 weight species. The total contributionmidz42 from species besides acetonitrile is ~70-85%.
319 Although an investigation into the effects of tHERRMS operating conditions (e.g., {0 signal
320 from ion sourcekE/N affecting fragmentation) is outside the scopehef¢urrent study, the

321 possibility of considerable non-acetonitrile sigatin/z42 should be taken into consideration
322 when using nominal mass PTR-MS data to quantifyoadtile from residential wood

323 combustion.

324 Methanol is also used to identify air masses imfb@sl by open biomass burning and

325 enhancement over background levels relative to @i@arcementACH3;OH/ACO) is typically

326 ~1-80 pptv ppbVin ambient and laboratory measurements of fresh bjEmass burning

327 emissions(Holzinger et al., 1999; Goode et al., 2000; Andraad Merlet, 2001; Christian et al.,
328 2003; Yokelson et al., 2003; Singh et al., 200hazadeh et al., 2004; Holzinger et al., 2005; de

329 Gouw et al., 2006; Gaeggeler et al., 2008; Yokettaml., 2008; Yokelson et al., 2009; Akagi et
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al., 2013; Stockwell et al., 2015; Miller et ab1®). Here, we find similar values ranging from
~2-20 pptv ppbV (Table 1), in agreement with Gaeggeler et al. (208® measured a
ACH3OH/ACO value of 2.16 pptv ppbvin an Alpine valley heavily impacted by residehtia

wood combustion emissions in winter.
3.4 Chamber studies of NMOG aging

Previous investigations of aged residential woathlmastion emissions have largely focused on
the evolution of the aerosol phase (Grieshop eR@09a; Grieshop et al., 2009b; Hennigan et
al., 2010; Heringa et al., 2011; Bruns et al., 20 Bruns et al., 2015b; Bruns et al., 2016) and
little is known about the evolution of the gas ha¥he evolution of the NMOG functional
group categories with increasing OH exposure isvehia Figure 4. Figure 5 shows the absolute
change in mass spectral signal between the agepramdry NMOG quantities. Although an
increase in NMOG mass could be expected with adirgto oxygenation, total NMOG mass
decreases by ~5-30% at an OH exposure of (4.6-55)ralec cn? h relative to the primary
emissions in experiments 1-4, likely due to thevewsion of species from the gas to particle
phase, the mass of which increased considerablyagiing (Bruns et al., 2016), and the

formation of gas-phase species not quantified ferg, formaldehyde)Previous investigation

of these experiments determined that the convedlidMOGs traditionally included in models

to SOA accounts for only ~3-27% of the observed S@Whereas ~84-116% of the SOA is

explained by inclusion of non-traditional precussancluding naphthalene and phe(®tuns et

al., 2016) -The total NMOG mass increases slightly, by ~5% xipegiment 5. Quantities of
individual NMOGs and NMOG functional group categariafter reaching an OH exposure of

(4.6-5.5)x10 molec cnit h are presented in Tabl&83 In addition to gas to particle phase

partitioning and formation of gas-phase speciegjoantified here, a decrease in NMOG mass
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with aging could also be due to losses of gas-pbpseies to the chamber walEhang et al.,

2014; Bian et al., 2015)Measurements of NMOGs in the chamber prior foggre stable,

indicating that the chamber walls are not a simkNMOGs, but rather that NMOGs are in

equilibrium with the chamber walls, particles ahd gas phasezhang et al. (20143how that

the rate of NMOG wall loss is proportional to seedosol concertation and OH concentration,

both of which were relatively high in the curremperiments (Table S1; OH concentrations were

~1.4x10d molec cnt). Under these experimental conditions, NMOG \gsbes are not

expected to be large. Future studies are needesdstigate vapor wall loss of residential wood

combustion emissions during aging.

Subcategories of oxygenated species behave differeith aging. For example, total quantities
(mg kg') of oxygenated aromatic species decrease by faofer7-15 and furan quantities
decrease by factors of ~4-9, whereas all other ;matgel subcategories, as well as N-containing
species, remain within a factor of 2 of primaryued at an OH exposure of (4.6-5.5)blec
cm?®h. Aromatic hydrocarbons angHg, quantities decrease with aging by factors of ~1.5-3
The large decreases in oxygenated aromatic spaetelirans illustrate the highly reactive
nature of these species with respect to OH. Théigon of the bulk NMOG elemental

composition during aging is shown in FigurgtSn the Supplement.

In all experiments, formic acid quantities incresasensiderably with aging (by factors of ~5-
50), as does [{H,0s+H]" at nominam/z99 (by factors of ~2-3), which likely corresponds t
maleic anhydride, both of which are formed during txidation of aromatic species among
other compounds (Bandow et al., 1985; Sato eR@l7; Praplan et al., 2014). However, the
fragment resulting from the loss of water from ni@mbeid cannot be distinguished from maleic

anhydride using the PTR-ToF-MS. Formic acid iseradtimated in models, likely due to
28
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missing secondary sources (Paulot et al., 2011}k results indicate that aging of residential
wood combustion emissions can result in considerasétondary formic acid production. The
signal atm/z 149, corresponding to f8,0s+H]", increases by factors of ~2-7 with aging. This
ion likely corresponds to phthalic anhydride, whista known naphthalene oxidation product

(Chan et al., 2009).

Acetic acid formation has been observed in someaearhtopen biomass burning plumes with
aging (Goode et al., 2000; Hobbs et al., 2003; Yazkeet al., 2003), whereas not in others (de
Gouw et al., 2006) and a doublingrofz61, likely dominated by acetic acid, was observed
during aging of residential burning emissions preavious laboratory study (Grieshop et al.,
2009a). Inthe current study, no increase in tlezage acetic acid concentration relative to
CQ) is observed (Table 1). Note that this impliesdoiciion of secondary acetic acid that
compensates for the expected consumption of ~8-FQ86roary acetic acid by reaction with
OH at an OH exposure of (4.5-5.5)%¥folec cn® h. These results indicate that acetic acid
from residential burning of beech wood is dominaiggrimary emissions of this species (Table
1). As with acetic acid, there are discrepanaignéthanol behavior as open biomass burning
plumes undergo aging (Goode et al., 2000; Yoketdal., 2003; Tabazadeh et al., 2004;
Holzinger et al., 2005; de Gouw et al., 2006; Akeigal., 2013). As described by Akagi et al.
(2013), methanol enhancement has been hypothdsizedrelate with terpene concentration
and here, methanol remains within ~1-20% of the prjnvalue after exposure to (4.5-5.5)%10
molec cn® h OH (Table 1), which is expected based on theti@awith OH (Overend and

Paraskevopoulos, 1978) and the low terpene coratemts. Monoterpene concentrations are

below the detection limit in all experiments anolggene emissions are relatively low (Table 2).

29



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

We have previously identified the compounds contiily to the majority of the SOA formed

during these experiments (Bruns et al., 20IB)e average EF for each of these species is shown

in Figure 3. Figure 82 shows the observed decay of thegestSOA precursorsontributing the

most to SOA formatiouring aging in the chamber compared to the expledecay based on

the OH concentration in the chamber and the reactite with respect to OH. Theregisnerally
good agreement between the observed and calculatey for each compoungthich supports

the structural assignment of each ioRor 2-methoxyphenol and 2,6-dimethoxyphenol (Figure

S3 f and i, respectively), the agreement betweembserved and calculated decays is not as

good as for the other compounds, with slower dettasss predicted. This discrepancy may be

due to fragmentation of related compounds to forme2hoxyphenol and 2,6-dimethoxyphenol

in the instrument or formation of these compoumdihé chamber during oxidation. For

benzenediol, the decays are initially faster thgreeted and then become slower with increased

aging, possibly due to the presence of isomers afferent reaction rates with respect to OH.

3.5 Aged emission variability, __ - { Formatted: Font: Bold

As described above, thlereraltprimary emission profiles, as well as total NMOG
emissionsmass emittedary considerably for experiments 2 and 3 conghéweexperiments 1, 4
and 5, witheonsiderably muchigher total NMOG emissions in experiments 2 andt3s

expected that the aged emission profiles also @é&ddbability based on the primary emissions.

Total acid and O-containing species decrease withgan experiments 2 and 3, in contrast to

experiments 1, 4 and 5, where these classes imcvgtsaging (Figure 4). Formic acid shows

Figure 5), however, in experiments 1, 4 and 5, itlisease contributes much more to the total

acid mass as the total acid mass is ~5-15 times losmapared to experiments 2 and 3. An
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analogous case occurs for maleic anhydride fotwm®ntaining class of compounds. As formic

acid and maleic anhydride are formed from the diotieof aromatic compounds (Bandow et al.,

1985; Sato et al., 2007; Praplan et al., 2014) , raputhers, a higher fraction of aromatic species

to the total NMOG emissions will contribute to irases in acid and O-containing NMOGs.

Inclusion of NMOGs not quantified by PTR-ToF-MS tumpact the trends observed in Figure

4.

—~To determine the impact of the high NMOG emissigpegiments (2 and 3) compared to the
lower NMOG emission experiments (1, 4 and 5) on S@#nation potential, individual SOA
precursors with published SOA yields are invesddat{Figure-3}-The SOA formation

potential for each of these 18 compounds is deterthas the product of the primary EF and the
best estimate SOA vyield determined from the litm@tas determined previously (Bruns et al.,
2016). The total SOA formation potential for easiperiment is taken as the sum of the
individual SOA formation potentials. Interestingtiie SOA formation potential is similar in all
experiments and the average enhancement of SOAfimmrpotential in experiments 2 and 3
compared to the average of experiments 1, 4 amdrsignificant (Figure 2), despite the

considerably different total NMOG EFs.

4 Conclusions

This study is the first detailed characterizatiépidmary NMOGs from residential wood
combustion using a PTR-ToF-MS and the first ingzgton of the evolution of the majority of
these NMOGs with aging. Differences in EFs andile®between residential burning and open
burning can be considerable and these result¢réligsthe importance of considering these

emission sources individually. While total emissidrom open burning are much larger than

31



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

from residential burning, the societal relevanceesfdential wood burning emissions is
nontrivial. A large fraction of open biomass bugnderives from wildfires in sparsely
populated regions (Ito and Penner, 2004), wheresidential wood combustion has been shown
to be a major fraction of wintertime submicron arigeaerosol in densely populated
communities (Glasius et al., 2006; Krecl et alQ0Goncalves et al., 2012; Guofeng et al.,
2012; Crippa et al., 2013; Herich et al., 2014; €tal., 2014; Paraskevopoulou et al., 2015).
Interestingly, MCE does not completely captureriitern variability, which is driven by
differences in oxygenated content. This work diesinows that measurements of total NMOGs
or total hydrocarbon measurements are insuffidienéstimating SOA formation potential from
residential wood combustion. While this work cltaesizes the stable burning of beech wood in
a modern woodstove, the composition and quantifi®od combustion emissions are highly
dependent on many factors and further work is niéaleharacterize the emissions and the
evolution of these emissions with aging generatechfburning of different wood types and

under different burn parameters.
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Table1. Modified combustion efficiencies, OH exposuresegorted aged values (molec€m
h) and enhancement of select species relative ter@@ncement above background levels (pptv

ppbv?)
parameter experiment averagé

1 2 3 4 5
MCE 0975 0.978 0977 0974 0.978  0.976+0.002
OH exposure 45x10 55x10 5.3x10 5.2x1d 4.7x10 -
ACH;CNyyimar/ ACO 0079 0.11 0.099 0.077 0.082  0.09+0.01
ACH;CN,ged ACO 0.084 0.1 0.11 0.072  0.069  0.09+0.02
ACH;OHpimar/ ACO 3.4 21 11 2.4 15 8+8
ACH;0H,4dACO 3.4 19 11 25 1.8 7+7
ACHOspriman/ ACO 12 84 57 9.8 5.9 30430
ACHO56edACO 12 68 48 9.4 6.5 30430

#Uncertainties correspond to one sample standariatitav of the replicates.



Table 2. Primary emission factors of gas-phase species @ik

specie: monoisotopi  structural assignme’ functiona groug experimer averag’”
m/z 1 2 3 4 5
CGC, 178000 1781001  177700( 1772000  178400( 1779000 +400
cC 2700( 2600( 2700( 3000( 2700( 28000200
CH, 180C 160(C 200( 280C 150C 1900+50(
NMOG 280(C 1300¢ 9200 320C 150( 60005001
acio 75C 500C 3E00 70C 34C 2000£2001
O-containing 56C 340C 220C 59C 29C 10001001
carbony 31C 1500 96( 27C 170 600+€0C
oxygenated aroma 23C 7€0 520 270 140 400430C
alcoho 13C 66C 36C 90 48 300+30(
furan 93 68C 41C 95 51 300+30(
O- and N-containing 12C 81 77 12C 91 100+2(
CiHy 12¢C 21C 21C 160 64 150460
aromatic hydrocarbo 320 170 420 680 25(C 400x20(
N-containing 20 3¢ 3€ 23 1€ 30+1C
othel 14C 39C 310 160 94 200+10¢
[CHOH+H]" 33.03¢ methanc alcoho 11C 66C 36C 87 47 30C+30C
[CaHaN+H] 42.03¢ acetonitrile N-containing 34 34 4.1 3.€ 3.z 3.540.3
[CaHe+H]* 43.05¢ propen CyHy 38 61 4c 28 15 40+20
[C2H,O+H] 45.03¢ acetaldehyc carbony 94 33C 23C 78 48 20C+10C
[CH20+H]+ 47.01: formic acic acic 9.¢ 9€ 10C 31 4.z 50+50
[C2H60+H]+ 47.05( ethanc alcoho 16 BDL 3. 2t BDL 47
[C4H6+H]* 55.05¢ bute-1,3-diene CxHy 14 3& 32 14 5.7 20+1C
[C3HsO+H] 57.03¢ prog-2-ena carbony 45 16C 12C 45 28 80+60
[C2H0+H] 59.01: oxaldehyd carbony BDL BDL BDL 1.:2 BDL 0.2+0.6
[CsHeO+H]" 59.05( propar-2-one carbony 54 19C 12C 30 3C 8C+70
propanal
[CoHsOx+H] 61.02¢ acetic aci acic 74C 490C 340( 67C 34C 200(+200¢
glycolaldehyde
4H4O+ .03¢ urar uran N +
[CaHsO+H] 69.03 i f 17 14C 82 19 9.7 50+60
[CsHg+H]* 69.07( isopren CyHy 34 12 94 2.8 1.1 3+2
cyclopenten
[C4HeO+H]" 71.05( (E)-but-2-ena carbony 25 12C 72 18 14 5C+40
3-buten-2-one
2-methylprop-2-enal
[CsHag+H]" 71.08¢ (E)-/(2)-pen-2-ene CHy 2.7 5.2 4.C 2.C 0.8¢ 3+2
2-methylbut-1-ene
2-methylbut-2-ene
pent-1-ene
3-methylbu-1-ene
3H O+ .02¢ -oxopropan: carbony £ &
[C3HsO+H] 73.02¢ 2 b 26 14C 9€ 26 £ 60+5C
[C4HgO+HT" 73.06¢ butar-2-one carbony 7.2 44 24 5.2 z 20+20
butanal
2-methylpropanal
3HgOo+ .04t methyl acetal -containing +
[C3HsO+H] 75.04% hyl (e} ini 62 49C 30C 56 28 200+20C
[CeHe+H]* 79.05¢ benzen aromatic 21C 9C 30C 45(C 15C 20C+10C
hydrocarbon
[CsHgO+H] 83.05( 2-methylfurar furan 21 16C 8¢ 21 12 60+60
[CsHgO+H]" 85.06¢ 3-methy-3-buter-2-one carbony 10 6¢ 3¢ 8.7 54 30+30
[CeHi+H] 85.10: (E)-hex-2-ene CxHy BDL 2.2 1.€ 0.6C BDL 1+1
2-methyl-pent-2-ene
C4HeOx+H 87.04¢ utane2,3-dione carbony 51 45C 250 52 2€ 200+20C
" bi di b
[C/Hg+H]" 93.07( toluene aromatic 23 22 34 39 1€ 27+9
hydrocarbon
[CeHsO+H]" 95.05( pheno oxygenatec 11C 11C 13C 13C 68 110+2C
aromatic
[CsH4Ox+H]* 97.02¢ furar-2-carbaldehyc furan 40 27C 18C 40 21 100£10C
[CeHgO+H] 97.06¢ 24-12 5-dimethylfurar furan 11 8€ 48 11 5t 30+3C
[C4Ho05+H]* 99.00¢ maleic anhydrid® O-containing 40 91 6€ 40 2€ 5C+30
[CeHg+H]* 105.07( styren aromatic 12 8.C 2C 24 9.€ 15+7
hydrocarbon
[C/HsO+HI" 107.05( benzaldehyc oxygenatec 18 14 23 27 11 18+7
aromatic
[CeHig+H]" 107.08¢ m-/o-/p-xylene aromatic 4.2 6.€ 7.t 6.2 2.¢ 62
ethylbenzene hydrocarbon
[C7HgO+H]" 109.06! m-/o-/p-creso oxygenatec 24 71 48 25 14 4020
aromatic
[CeHsO2+H]* 111.04¢ m-/o-/p-benzenedic oxygenatec 26 15C 8€ 22 14 6C+50
2-methylfuraldehyde aromatic
[CoHg+H]* 117.07( 1H-indene¢ aromatic 5.C BDL 9.t 15 2¢ 6+6
hydrocarbo
[CoHac+H]* 119.08¢ 2,2-dihydrc-1H-indene aromatic 232 2. 3.¢ 3.2 1z 3+1
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hydrocarbo

[CeHsO+HI" 121.06! 1-phenylethanor oxygenatec 8.2 14 13 8.8 4.€ 10+4
3-/4-methylbenzaldehyde aromatic
[CoHi+H]* 121.10: i-propylbenzer aromatic 1.C 24 22 1.2 0.6¢ 1.£+0.8
n-propylbenzene hydrocarbon
1,3,5-trimethylbenzene
[CeH1dO+H]" 123.08: 2,4-12,€-13,E-dimethylphenc oxygenatec 4.7 3€ 18 4. 3.C 10+1C
aromatic
[C7HgOx+H]* 125.06( 2-methoxyphenc oxygenatec 9.2 11C 58 12 4.¢ 40+50
methylbenzenediols aromatic
[CeHeOs+H]* 127.04( 5-(hydroxymethyl)fura-2-carbaldehyd furan 4.4 2¢ 17 4.8 2.7 1C+10
[CioHg+H]" 129.07( naphthalen aromatic 42 2C 8C 10C 33 60+30
hydrocarbon
[CeH1dO2+H]* 139.07¢ 2-methoxy-4-methylphenc oxygenatec 3.2 5¢ 2¢ 6.2 1€ 2C+20
4-(2-hydroxyethyl)phenol aromatic
[CraHagHH] 143.08¢ 1-/2-methylnaphthaler aromatic 4.C 22 5.7 7t 3.z 5+2
hydrocarbon
[CoHsO2+H]* 147.04! 2,2-dihydroinder-1-one oxygenatec 11 13 13 11 6.C 11+3
aromatic
[CeH4Oz+H]* 149.02« phthalic anhdyrid® O-containing 16 31 2E 16 8.2 19+9
[CeHgOs+H]* 153.05! 4-hydroxy-3-methoxybenzaldehy: oxygenatec 3.8 27 15 3.7 14 1C+10
aromatic
[CiHg+H]" 153.07( acenaphthyler aromatic 6.1 3.€ 12 15 8.2 9+5
hydrocarbon
[CoH10,+H]* 153.09: 4-ethyl-2-methoxyphenc oxygenatec 1.4 3C 14 3.2 BDL 1C+10
1,2-dimethoxy-4-methylbenzene aromatic
[CeH1dOs+H]* 155.07: 2,€-dimethoxyphenc oxygenatec 2.2 73 3t 7.8 1.C 20+30
aromatic
[CioHig+H]* 155.08¢ 1,1-bipheny aromatic 31 BDL 4.2 6.1 2¢ 3+2
1,2-dihydroacenaphthylene hydrocarbon
[CiaHa+H] 157.10: dimethylnaphthaler aromatic 1.2 3.C 3.z 2.2 1z 2.2+0.¢
hydrocarbon
[C1oH120+H]* 165.09: 2-methoxy-4-[(E)-prog-1-enyl]phena oxygenatec 0.9z 24 13 23 0.5¢ 8+1C
2-methoxy-4-prop-2-enylphenol aromatic
2-methoxy-4-[Z)-prop-1-enyl]phenol
[CoH1d0s+H]* 167.07: 1-(4-hydroxy-3-methoxyphenyl)ethano oxygenatec 2.t 11 6.7 2.2 1z 5+4
2,5-dimethylbenzaldehyde aromatic
3,4-dimethoxybenzaldehyde
[CiaHio+H] 167.08¢ fluorene aromatic BDL BDL 1c 2t 2.C 1+1
hydrocarbon
[C1oH1402+H]") 167.10° 2-methox\-4-propylphenc oxygenatec 0.8¢ 7.€ 4.4 1.1 BDL 3+3
aromatic
[CoH1205+H]* 169.08¢ 2,€-dimethoxy-4-methylphenc oxygenatec BDL 14 6.2 1.1 BDL 416
aromatic
[CraH1oHH]* 179.08¢ phenanthrer aromatic 6.4 8.4 6.1 3.€ 7.7 612
anthracene hydrocarbon
[C13HsO+H]" 181.06! fluorer-9-one oxygenatec 2.7 4.C 2.7 1.z 1¢ 2+1
phenalen-1-one aromatic
[C1oH1205+H]" 181.08¢ 1-(4-hydroxy-3-methoxyphenyl)propz2- oxygenatec BDL 4.z 2.€ 1.1 0.6¢ 2+2
one aromatic
[CoH1dO4+H]* 183.06¢ 3,4-dimethoxybenzoiacic oxygenatec 1.1 BDL 14 11 1c 0.6£0.5
4-hydroxy-3,5-dimethoxybenzaldehyde  aromatic
[C1oH1405+H]* 183.10: 4-ethyl-2,6-dimethoxyphenc oxygenatec 1.C 7.4 4.z 1.C BDL 3+3
aromatic
[CisHaz+H] 193.10: 1-/2-/3-19-methylphenanthrel aromatic 0.5C 2.€ 12 BDL 0.4 1+1
2-methylanthracene hydrocarbon
[C11H1405+H]* 195.10: 1,2-dimethoxy-2-prog-2-enoxybenzer oxygenatec BDL 1.7 1z BDL BDL 0.€+0.8
2,€-dimethoxy-4-[(Z)-prog-1-enyllphenc aromatic
[CieH1oHH] 203.08t¢ fluoranthen aromatic BDL 0.87 BDL BDL BDL 0.2¢0.4
pyrene hydrocarbon
acephenanthrylene

4CO,, CO and CHare measured using cavity ring down spectroscopyad other species are

measured using the PTR-ToF-MS.

BDL indicates value is below the detection limit.
“Multiple structural assignments for a given ionrespond to possible isomers.

dUncertainties correspond to one sample standaridtitev of the replicates.

°Structural assignment based on known products pestiduring oxidation of aromatics

(Bandow et al., 1985; Chan et al., 2009; Praplaai.eR014).
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Figurel. Mass spectra of primary emissions for experimériga-e) colored by functional
group. (a-e) Labelled peaks correspond tHHO]" (m/z 43, fragment from higher molecular
weight compounds), [{B1,0,+H]" (m/z 61, acetic acid), [{sO.+H]" (m/z 75, methyl acetate),
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Figure2. Enhancement (average value (mg)kgf experiments 2 and 3 relative to the average
value of experiments 1, 4 and 5) in each NMOG fianetl group category and for SOA
formation potential. Total SOA formation poteniigdetermined using the primary EF of each
NMOG identified as a SOA precursor and literatu@ASyields and assumes complete
consumption of each NMOG with aging (see text fetads). Error bars correspond to one
sample standard deviation.
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Figure 3. Geometric mean of the primary emission factorgfs-phase species of particular
interest for SOA formation (solid bars and graytgied bars) and identification of air masses
influenced by biomass burning (black patterned)bafolors and patterns corresponding to
NMOGs contributing to SOA formation are consisteith Bruns et al. (2016). Error bars

correspond to the sample geometric standard dewiafithe replicates.
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Figure5. Absolute difference of aged and primary masstspdor experiments 1-5 (a-e),
where peaks less than zero decrease during agihgesaks greater than zero increase during
aging. Aged emissions correspond to an OH expasf(#5-5.5)x10 molec cnt h. (a-e)
Labelled peaks correspond to [@B+H]" (m/z 47, formic acid), [gH4O0-+H]" (m/z 61, acetic
acid), [GHe+H]" (m/z 79, benzene), gEIsO+H]" (m/z 95, phenol), [gH40-+H]" (m/z 97, furan-
2-carbaldehyde), [{1,0s+H]" (m/z 99, maleic anhydride), jgHs+H]" (m/z 129, naphthalene)
and [GH4O03+H]" (m/z 149, phthalic anhydride). The bars in (f) copawd to the fractional
contribution of each category to the total NMOG d&Efan OH exposure of (4.5-5.5)X1fiolec
cm? h for each experiment and the average of all éxperts. Error bars correspond to one
sample standard deviation of the replicates.
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