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ABSTRACT: Organic aerosol (OA) constitutes a significant fraction of atmospheric fine particle
mass. However, the precursors and chemical processes responsible for a majority of OA are rarely
conclusively identified. We use online observations of hundreds of simultaneously measured
molecular components obtained from 15 laboratory OA formation experiments with constraints
on their effective saturation vapor concentrations to attribute the volatile organic compound
(VOC) precursors and subsequent chemical pathways giving rise to the vast majority of OA mass
measured in two forested regions. We find that precursors and chemical pathways regulating OA
composition and volatility are dynamic over hours to days, with their variations driven by coupled interactions between multiple
oxidants. The extent of physical and photochemical aging, and its modulation by NOx, was key to a uniquely comprehensive
combined composition−volatility description of OA. Our findings thus provide some of the most complete mechanistic-level
guidance to the development of OA descriptions in air quality and earth system models.
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■ INTRODUCTION

Atmospheric fine aerosol particles affect climate through
alteration of earth’s energy balance1 and are a major
contributor to degraded air quality with strong links to
premature mortality and other adverse health effects.2

Identifying the chemical and physical processes that regulate
fine particulate mass is thus of great interest for air quality
policy, public health assessments, and studies of climate
sensitivity. Organic carbonaceous material is a major and often
dominant component of ambient fine particle mass,3 known as
organic aerosol (OA). On regional and global scales, most OA
is of secondary origin,4 being formed in the atmosphere via in
situ chemical reactions that lead to gas-to-particle conversion
of reactive organic vapors. Atmospheric oxidants, such as
ozone (O3), hydroxyl radical (OH), and nitrate radical (NO3),
react with a suite of organic vapors to form an even more
complex and diverse array of products, a fraction of which
partition to, and/or react in, the particle phase forming
secondary organic aerosol (SOA).5

Over continents, the main precursors to SOA in the regional
background are biogenic volatile organic compounds (VOC)6

such as isoprene, monoterpenes (MTs), and sesquiterpenes. In
and downwind of urban areas, SOA is typically enhanced,
indicating a role for anthropogenic VOC and potentially also a
relative enhancement in the conversion of biogenic VOC into
SOA by other anthropogenic emissions, including nitrogen

oxides, sulfur dioxide, oxidants, and primary organic aerosol
(POA).7−10 While the ubiquitous nature of OA and its major
contribution to fine particle mass are now well recognized,
typically a majority of SOA mass remains unattributed to
specific precursors and even less so to specific chemical and
physical aging pathways. This limitation, in turn, prevents
making accurate predictions about how SOA will change in
response to anthropogenic emissions, as well as to land use and
climate change.
Apportionment of ambient aerosol particle mass to specific

sources by using a linear sum of the chemical products of
known source profiles, i.e., chemical source apportionment, is
well established.11 Implementation of more efficient multi-
linear regression techniques and utilization of evolving
instrument capabilities continue to improve the description
of bulk properties, as well as source attribution. Fundamentally,
attribution not just to precursor or emission type but to
atmospheric chemical and physical processes of the precursors
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and OA itself is needed to improve descriptions of OA
formation and evolution in air quality and earth system models.
Recent developments in analytical methods now allow routine
probing of large fractions of OA mass at a molecular or
elemental formula level on hourly or faster time scales.12−15

The richness of molecular-level information in turn provides an
opportunity for more robust attribution to chemical and
physical processes.
We conducted a uniquely broad suite of field and

atmospheric simulation chamber studies of time-resolved
chemical-formula-level SOA composition using the Filter
Inlet for Gases and AEROsols (FIGAERO) coupled to an
iodide adduct ionization high-resolution time-of-flight mass
spectrometer (HRToF-CIMS), referred to as the FIGAERO−
CIMS herein.12 Distinct quantitative distributions of unique
molecular composition (CxHyOzN0−1) observed in 15
laboratory chamber studies that employed a range of biogenic
and anthropogenic VOC and chemical conditions are used as
the basis to explain hourly OA molecular spectra observed with
the same instrument at two field measurement sites: a
temperate forest location as part of the Southern Oxidant
and Aerosol Study (SOAS) in Centreville, AL, in June−July of
2013,16 and a boreal forest location as part of the Biogenic
Aerosol-Effects on Clouds and Climate (BAECC) experiment
in Hyytial̈a,̈ Finland, in April−May of 2014.17

The range of precursors and chemical processing regimes
probed in the laboratory represent both remote and polluted
environments and atmospheric aging time scales from hours to
several days. These studies allow us to account for >90% of the
variance in the mass concentration distributions of 175 and
203 specific molecular compositions at SOAS and BAECC,
respectively, which in turn explain 77−88% of the total OA
mass as observed in each location by a high-resolution time-of-
flight aerosol mass spectrometer18 (Figures S1 and S2). We are
therefore able to provide comprehensive new constraints not
only on the dominant precursor combinations but also on the
chemical conditions and aging pathways that are consistent
with the simultaneous molecular composition and volatility of
ambient OA. These results are a key test to air quality models
that incorporate SOA formation, especially from biogenic
hydrocarbons, as a function of oxidation pathway, as well as a
roadmap for future atmospheric simulation chamber studies to
target specific VOC-chemical condition pairings that are
relevant to the ambient atmosphere.

■ METHODS
Instrument Package. The FIGAERO-CIMS utilized

iodide adduct ionization for the measurements presented
herein.12,19 Atmospheric simulation chamber experiments were
conducted at the Pacific Northwest National Laboratory
(PNNL, Richland, WA) in a 10.6 m3

fluorinated ethylene
propylene (FEP) chamber.20 The identical instrument package
was housed in a trailer located in a clearing in the field in
Centreville, AL (32.90°N, 87.25°W), during SOAS and at the
top of a 35 m tall scaffolding tower in Hyytial̈a,̈ Finland
(61.50°N, 24.17°E), during BAECC. Suspended particles in
the ambient atmosphere or laboratory chamber were collected
onto a 2.0 μm pore size polytetrafluoroethylene (PTFE) filter
(Pall Corp.) while the gas phase was measured. A custom
inertial impactor was used to remove particles >∼2 μm prior to
the collection of ambient particles. Two separate inlets were
utilized for gas- and particle-phase samplings: PTFE for gas-
phase and stainless steel for particle-phase measurements. The

duration of particle collection/gas-phase measurements was
between 10 and 40 min, depending on aerosol loading. The
collected particles were desorbed from the filter and
subsequently measured by the CIMS by gradually heating a
constantly flowing (2.0 slpm) ultrahigh purity (UHP) N2 at a
rate of 10 °C min−1 from room temperature up to 200 °C and
held for 25−45 min depending on loading and then cooled
back to room temperature over a 10 min period, at the end of
which the signal for most compounds typically returned to
levels before the start of desorption. Instrument background of
particle-phase measurements was determined by programmati-
cally inserting a secondary 2.0 μm pore size PTFE filter
upstream of the main filter before the start of every fourth
collection cycle to account for any low-volatile gaseous
compounds that may adsorb onto the filter and other artifacts
that may arise during heating.

Basis Set Compilation and Apportionment. We utilize
15 laboratory chamber experiments probing the formation and
evolution of SOA from multiple precursors: (10) mono-
terpene, (2) isoprene, (1) isoprene epoxydiol (IEPOX), (1)
sesquiterpene, and a (1) fossil-fuel-derived vapor, trimethyl-
benzene (TMB). More than 50 chamber experiments in
continuous mode and 19 in batch mode were conducted at
PNNL, focusing mainly on monoterpenes or isoprene. All but
15 OA mass spectra were rejected for this source apportion-
ment work because the rest were not sufficiently different from
these 15, in terms of the conditions probed (Figures S3 and
S4), hence, the composition of the resulting SOA. Of the 10
monoterpene experiments included in the basis set, only a few
contributed significantly to the composite, as shown in Table
S1, but were kept in the basis set to demonstrate which
chemical conditionsfor instance, the level of NOx and the
extent of photochemical agingyielded the OA compositions
that matched those of the field and which did not. As such, the
goal here was not to determine the minimum number of basis
set members needed but to identify the chemical conditions
needed to yield the mass spectra that, together, best resembled
that of ambient OA.
A composite spectrum was constructed to match each of the

approximately hourly submicron OA molecular composition
spectrum observed in the ambient atmosphere during SOAS
and BAECC. The composite spectra are optimal combinations
(x) of our molecular composition basis sets (C), determined to
minimize the residual with the ambient OA molecular
composition spectra (d), as described by eq 1.

· − ≥C x d x, where 0x 2
2min

(1)

The starting basis set is composed of 15 distinct OA mass
spectra obtained in laboratory chamber experiments with
varying VOC precursors and chemical conditions (Figures S3
and S4). The OA composition was determined by integrating
the sum of the signals of each organic compound
(CxHyN0,1Oz) detected during each full desorption cycle,
that is, the signal dependence on desorption temperature is not
considered for the apportionment. Following apportionment,
the volatilities of ambient OA and the composite are
compared, as shown below.
All 10 of the monoterpene and both isoprene OA mass

spectra included in the basis set were obtained from
experiments conducted in continuous modethat is, the OA
mass spectra changed little after a steady state was obtained
of varying photochemical ages. Because these experiments
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were conducted in a steady-state mode, the SOA compositions
are an integration of the organic material that had undergone a
range of photochemical processing. As such, the OH-
equivalent ages of OA reported below encapsulate the extent
that α-pinene is oxidized solely by OH, but do not account for
chemistry involving other oxidants, oxidation of later-
generation products, or multiphase chemistry. Each of the
approximately hourly OA mass spectra measured during the
course of all 19 batch mode experiments (which lasted
anywhere from 14 to 49 h and during which the OA
composition evolved, as shown for two of those experiments in
Figures S5 and S6) was also tested to determine their similarity
against the field OA mass spectra from both sites. None
contributed significantly to the field-matched composites.
The 15 basis spectra derived from controlled laboratory

experiments alone explain 75 and 77% of the variance in the
atmospheric OA molecular spectra over the durations of SOAS
and BAECC, respectively. Additional spectra (five for SOAS
and two for BAECC), distinct from one another and from the
15-member basis set, were identified as residual spectraor
the difference between the composite and the ambient OAto
include as part of the basis set. The residual spectra were
iteratively added to the basis set in the order of descending
total OA mass, each represented until the increase in the
agreement between the aggregate of all of the hourly ambient
OA spectra and composites from each field campaign was
negligible and/or the OA mass of the composite exceeded that
of the ambient. As such, the five residual spectra included in
the basis set for SOAS and two for BAECC illustrate OA mass
that was consistently present in the ambient that was missing
from our laboratory experiments (Figures S7 and S8). Three of
the residuals from SOAS and one from BAECC had
characteristics of biomass burning organic aerosol (BBOA)
(Figure S7), composed primarily of C6H10O5 (presumably
levoglucosan, a byproduct of biomass combustion21) and
explained an additional 4 and 2% of the OA mass, on average,
respectively. The remaining “other” residual spectra, two for
SOAS and one for BAECC, were pronounced during daytime,
dominated by C4−C6 compounds, and explained an additional
10 and 5% of OA mass at SOAS and BAECC, as shown below.

We included these residual representative spectra in the final
basis set. Additional residual spectra did not improve the
overall attribution or mass closure.
We also examined SOA formation and evolution from three

monoterpenes: α-pinene, Δ-3 carene, and β-pinene. Limonene,
which has two CC double bonds, was not tested under
comparable conditions. Given that the FIGAERO−CIMS only
resolves molecular composition, and not structural isomers, we
expected that SOA from these monoterpenes would appear
similar. While this expectation was largely met, spectra were
not identical (Figure S9). That said, without further structural
information, we do not attempt to speciate SOA precursors
beyond the general monoterpene category as a result of the
broad similarities in molecular composition produced by their
oxidation. The 10 monoterpene oxidation experiments
included in the basis set are from α-pinene, which was tested
most extensively under varying chemical conditions during
these experiments at PNNL. The extent of oxidation ranged
from a few hours to several days of equivalent photochemical
aging in the atmosphere (assuming 1 × 106 OH molecules
cm−3 over an 8 h day), across actual chamber residence times
from 3 to 12 h. The experiments, in which the photochemical
aging was >3.5 days and wherein the fraction of monoterpenes
reacting with OH was ∼0.6, yielded OA mass spectra that
agreed the best with those of the field, as discussed below.
Only α-pinene was tested under such conditions. Dark
oxidation in the presence of NO3 and O3, likewise, was only
extensively tested for α-pinene.

Monte Carlo Approach. In addition to the above least-
squares approach, we utilized a randomized Monte Carlo
approach to the selection and weighting of basis set members
and found largely comparable. Ten thousand simulationsin
which a randomized set of weights was assigned to each of the
input basis spectrum, all together summing up to 1was
performed for each of the hourly field-observed OA
composition measurements. The Monte Carlo approach
yielded similar but slightly inferior fits (R2 = 0.86) to those
of the non-negative linear least-squares approach (R2 = 0.93),
as shown in Figure S10. The reason for its subpar performance
was that, by requiring the sum of the weights to be a constant

Figure 1. Median mass distribution of OA components observed during (a) SOAS and (b) BAECC using the FIGAERO−CIMS. Corresponding
(c, d) composite spectra generated from the apportionment technique using our basis set. The insets in (c) and (d) show the comparisons between
composite and field-observed mass of each organic component (CxHyOzN0−1) for all of the approximately hourly particle-phase measurements
during SOAS and BAECC, respectively, with the correlations in the legends.
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value (1), the distribution in the weights of a given spectrum
was no longer random. Increasing the number of simulations
did not consistently improve the performance of the fits. In
addition to confirming the broad results of the least-squares
attribution, the Monte Carlo approach also demonstrates that
the subtle differences in the basis set OA spectra, and, hence,
the chemical conditions that produced them, are distinguish-
able given that the slightly different distribution of weights
among basis set members achieved with the Monte Carlo
approach leads to a different, suboptimal, agreement between
the composite and ambient spectra (Figure S10).
Community Multiscale Air Quality (CMAQ) v5.3.

Community Multiscale Air Quality (CMAQ) model (version
5.3) was used to simulate the total OA loading from 1 June to
15 July (overlapping with SOAS season) and 15 April to 31
May (overlapping with BAECC season) conditions at a 108 ×
108 km2 horizontal resolution, both for the year 2016. The
sources of OA are listed in Table S2. The SOAS and BAECC
campaigns were conducted in the years 2013 and 2014,
respectively. Thus, the main point of comparison between the
model and analysis presented here is of the composition of
OA, as presented in Figure 2. Details of these simulations,
including the treatment of primary organic aerosol,22 SOA
from monoterpene oxidation by OH and ozone,23 explicit
hydrolysis of organic nitrates,24 acid-catalyzed isoprene
epoxide reactions,25 semivolatile isoprene and sesquiterpene
oxidation products,26 glyoxal uptake on aerosols,27 and cloud
droplets,28 as well as the oxidation of traditional anthropogenic
VOC, are provided elsewhere26,27 (http://www.github.com/
USEPA/CMAQ; doi: 10.5281/zenodo.3379043).

■ RESULTS AND DISCUSSION
Ambient OA Source Apportionment. Using optimal

combinations of the OA molecular composition basis set, we
can explain, on average, 90 and 92% of the observed variance
in OA molecular composition observed during SOAS and
BAECC, respectively, as shown in Figure 1. The resulting basis
set composites also explain greater than 75% of the total OA
mass (Figure S1). Thus, while the basis set derived from
laboratory experiments does not account for all possible VOC
precursors and processing pathways, that the composites
explain a large fraction of the OA mass and variance in the
field-observed molecular spectra suggests such unaccounted for
precursors or pathways are likely not dominant drivers of the
total OA mass at these two sites. Details on the basis set and
OA composite determination are provided in the Methods
section.
As illustrated in Figure 2a,b, the contribution of different

basis set members to the median composites reveals key
insights into not only the dominant VOC precursors but also
the chemical and physical processing driving the formation and
evolution of OA in each location. The latter information has
generally been lacking from OA source apportionment, and the
combination of both precursor and evolution pathway
constraints illustrates gaps in our description of OA in state-
of-the-art air quality models (Figure 2c,d). We find that, on
average, the photochemical oxidation of monoterpenes in the
presence of both O3 and OH simultaneously accounted for the
largest fraction of OA in both locations, thus highlighting the
importance of synergistic oxidation29 of VOC for describing
ambient OA. Differences between the two locations in terms of
overall apportionment were found in the relative importance of
dark ozonolysis of MT, with and without NO3, as well as in the

role of isoprene multiphase chemistry, biomass burning, and
other unidentified precursors or pathways. Overall, oxidation
of monoterpenes contributed to a median 65% during the
SOAS campaign, consistent with the findings of Zhang et al.30

and 86% of OA mass during the BAECC campaign.
The CMAQ model is used to evaluate responses of air

quality of past and future policy changes. Here, we find that the
model broadly captures the importance of monoterpenes in the
temperate Alabama forest location while significantly under-
predicting their importance in the boreal forest location in
place of a larger role for primary organic aerosol (POA) and
SOA derived from anthropogenic VOC. Moreover, the relative
importance of sesquiterpenes, glyoxal, and the oxidant drivers
such as ozone and OH is rather different in the model
predictions compared to our attribution. That such differences
exist is not surprising, but highlights how the combined
precursor-evolution pathway information can provide strong
tests to model descriptions and inform new directions for
model development.
The distribution of organic mass as a function of carbon

atom number groups (nC) observed at SOAS and BAECC
(Figure 3a) provides a simpler composition view of the
underlying apportionment. We find that the nC distributions
observed in ambient OA are best reproduced by the laboratory
experiments oxidizing α-pinene (Figure 3b). The nC
distributions of chamber-generated SOA derived from
IEPOX, β-caryophyllene, and TMB (Figure 3c) were shifted
to higher or lower nC than the bulk of OA observed in the field
locations (Figure 3a). Thus, our apportionment technique
clearly rules out a substantial contribution from sesquiterpenes
as represented by β-caryophyllene and aromatics represented
by 1,2,4-trimethylbenzene (TMB) in these two locations.
In general agreement in the CMAQ predictions, our analysis

suggests limited importance for isoprene contributions to OA
via both low- and high-NOx photochemical oxidations, as well
as by acid-catalyzed multiphase chemistry of IEPOX, which we
find to be less than 25% of the median OA measured at the
Southeast United States (SEUS) site during summer,
consistent with prior estimates made using different

Figure 2. OA attribution during (a) the SOAS campaign in the
temperate mixed forest of the Southeast United States (SEUS) and
(b) during BAECC in the boreal forest of Finland, determined using
the FIGAERO−CIMS measurements in the laboratory and ambient
atmosphere. Corresponding attributions of OA representing the two
sites using CMAQ v5.3 are shown in (c) and (d).
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methods.30−34 Isoprene-derived SOA made an even lower
contribution (∼5%) at the Finnish boreal forest site during the
spring−summer transition as expected given the timing of
deciduous tree leaf-out and the light and temperature
dependences of isoprene emissions. The SOAS campaign
took place in a region populated mostly by isoprene-emitting
broadleaf trees, while BAECC took place at a boreal forest
dominated by fir and spruce, during the spring leaf-out
transition with temperatures significantly lower than at SOAS.
That isoprene photochemical SOA components were negli-
gibly detected at the BAECC location where isoprene
emissions are low is thus consistent with the different mix of
vegetation across the typical fetches of the two locations and
an example of the lack of false-positives of this apportionment
method.
Diurnal Variability in OA Composition. A composite of

basis set members is produced for each approximately hourly
determination of OA molecular composition. Locally dynamic
sources of SOA and the importance of multiday aging are
evident in the diurnal patterns of the relative importance of
specific basis spectra shown in Figure 4 and provide additional
important context to the summary attribution in Figure 2. Our
observations of OA composition are sensitive to total mass and
are made at a fixed location. As SOA mass integrates over the
lifetime of an aerosol particle, the local addition (or loss) of
SOA mass at our receptor sites becomes a smaller fraction of
the components that we observe. Consistent with this
perspective, the ambient OA attributed to the two experiments
with the most photochemical aging of α-pinene SOA showed
negligible diurnal variability (Figure 4a,b). The lack of diurnal
variations in the relative contribution of these pathways
suggests that the composition and properties of this SOA
reflect that of the regional background, consistent with these
experiments producing SOA with the lowest effective volatility
and equivalent photochemical ages of 3−5 days.
Contributions from other pathways and VOC precursors

had notable diel cycles implying more dynamic OA
components as shown in Figure 4, though we note that the
y-axis scale changes for each component to illustrate the
variation. The basis spectra representing SOA from isoprene

oxidation reached peak contributions during the daytime in the
SOAS campaign, consistent with those reported previ-
ously,32−37 and with its daytime emission. A diurnal maximum
in the daytime suggests that isoprene photochemical SOA is
produced locally, albeit at low levels, but has a short lifetime
(∼1 day) that limits its accumulation relative to other sources
into the regional background. Notably, the OA contribution
from IEPOX reactive uptake has a less pronounced decrease
from its midday maximum, consistent with the majority being
low volatility32,34,38 and unreactive. In the Finnish boreal forest
site, isoprene-derived SOA was nearly negligible as noted
above, especially in a local context.

Figure 3. OA mass distribution as a function of carbon atom number group for (a) median ambient measurements made in the temperate mixed
forest of the SEUS and the boreal forest of Finland, (b) 3 of the 10 α-pinene oxidation experiments with varying time scales of OH oxidation
conducted at the PNNL atmospheric simulation chamber, and (c) chamber oxidation experiments involving isoprene, β-caryophyllene, and
trimethylbenzene. OA attribution was conducted as illustrated in Figure 1, but composition comparisons in nC space as shown here provide a
simple visualization that monoterpene oxidation contributed significantly to OA mass compared to the oxidation of isoprene, sesquiterpenes, and
an anthropogenic proxy as represented by TMB.

Figure 4. Fraction of the total OA mass attributed to the most
prominent VOC precursor and experimental condition pairings,
plotted as a function of hour of day for (a, c, e, g) the temperate forest
of SOAS and (b, d, f, h) the boreal forest of BAECC. Markers
represent campaign median, with the shaded areas representing the
25th/75th percentiles.
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The basis spectra representing molecular components from
NO3-initiated oxidation of monoterpenes in the presence of O3
exhibited a characteristic diurnal trend at both sites, peaking in
contribution at night and reaching a minimum during the late
afternoon (Figure 4e,f). Such a diurnal trend suggests that
NO3-driven monoterpene SOA is produced locally at both
sites, but also that a significant loss of the initially formed
products limits its accumulation into the regional background
SOA, as suggested by the higher volatility of SOA formed from
the dark oxidation of α-pinene in the presence of O3 and NO3
(Figure S4). The amount of OA mass contributed by NO3-
initiated chemistry was much less during the SOAS campaign
compared to that of the BAECC campaign (2 vs 35%,
nighttime maximum), even though the nighttime NOx loading
was typically higher during SOAS, suggesting either a more
efficient production of particulate organic nitrates (pONs)
during the BAECC campaign or a faster loss rate of pON at
SOAS.20,24,39−42 For instance, a very rapid hydrolysis of pON
was recently postulated by Zare et al.43 We cannot conclusively
rule out ON hydrolysis based on the field spectra alone.
Recently, Takeuchi et al.44 showed that less than 35% of
nitrates formed from monoterpene oxidation undergo
hydrolysis and that hydrolysis may not be the dominant fate
of the respective pON, consistent with our recent experiments
(Figure S5). We observed that more significant loss of pON
formed under dark conditions during subsequent photo-
chemical aging at moderate humidity (50% relative humidity
(RH)) (Figure S5), consistent with the work of Nah et al.45

The multiphase chemistry of pON presents a potential
challenge to attributing a direct role for NOx, typically
parameterized in models using “high-NOx” or “low-NOx”
SOA yields from chamber experiments based on the model-
calculated fraction of RO2 reacting with NO compared to that
of other RO2 fates. As we infer that a large fraction of OA at
both sites is days old, the fate of local RO2 is not illustrative of
the actual role of NOx on the majority of OA mass measured at
these locations.
Evolution of OA Composition and Volatility and the

Role of NOx. The composition and volatility of SOA
produced by α-pinene oxidation in laboratory experiments

varied with photochemical age and the relative importance of
OH and O3 as oxidants (Figure S11). Specifically, overall
volatility decreased with increasing photochemical age,
consistent with the findings of Donahue et al.,46 as did the
fraction of SOA molecular components with 10 carbon atoms
(nC = 10) (Figure S11). The overall composition shifted to
smaller nC components that desorbed at higher temperatures
with photochemical aging, consistent with the thermal cracking
of low-volatility monomers and accretion products into
daughter products upon thermal desorption.34,47

This dependence of both composition and volatility on
aging time scale allows a further test of our attribution
technique because the composite spectra were constructed by
optimizing the agreement in OA molecular composition only,
not volatility. We therefore compare the effective desorption
temperature of a given component (CxHyOzN0−1) in the
composite to its counterpart measured in the ambient OA. The
effective desorption temperature of a composite member is the
average of that in all basis spectra weighted by their respective
contributions to the composite. These effective desorption
temperatures agreed well with the corresponding counterparts
from the ambient OA spectra (Figure 5b). The sum of the
desorption profiles of all compounds in the composite,
similarly, agreed well with the summed desorption profiles
observed during SOAS (Figure 5a). The agreement in both
composition and volatility required experiments with photo-
chemical aging of the SOA for an atmospheric equivalent
duration of 3.6−4.5 days (assuming that 8 h of sustained OH
levels of 1 × 106 molecules cm−3 equals 1 day of
photochemical aging) and those in which the fraction of
monoterpenes reacting with OH ( fMT+OH) was approximately
0.6 (experiments 4 and 9 in Figure S3 and Table S1), as
illustrated in Figure S11. The experiment in which fMT+OH was
lower at ∼0.45 and comparably aged 4.6 days (experiment 10
in Figure S3) did not yield OA composition or volatility
(Figure S11) that closely resembled those of the ambient.
Experiments in which fMT+OH ≥ 0.7 (experiments 1−3 in
Figure S3 and Table S1), likewise, did not significantly
contribute to the composite. The OA formed in these
experiments though were not as photochemically aged as

Figure 5. (a) Median desorption temperature profile of OA observed in a temperate forest during SOAS, along with that of the composite, which
was generated as the sum of desorption profiles from all laboratory experiments, each weighted by its contribution to the composite. In comparison,
the OA desorption profile observed during an experiment in which α-pinene was oxidized predominantly by OH for only ∼1 day exhibited a much
higher effective volatility. (b) Median desorption temperature of each of the 175 individual organic compounds observed during SOAS is compared
to the effective desorption temperature of the corresponding compounds of the composite. Markers in (b), each representing one of the 175
compounds, is colored by its median abundance in the temperate forest during SOAS and sized by its median abundance of the composite.
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those in which fMT+OH ∼ 0.6, due in part to the limits of
generating sufficiently high OH levels without O3 in a steady-
state operation and chamber residence time. OA formed from
α-pinene that was oxidized nearly solely by OH in batch mode
allowed longer aging, albeit not at steady state. The
composition of the OA formed was initially similar to that of
experiment 1 (OH-age of 0.96 days) and then approaches that
of experiment 2 (OH-age of 1.6 days) and experiment 3 (OH-
age of 2.3 days) as the OA ages, as shown in Figure S6.
However, the OA compositions during this OH-dominant
aging experiment do not ultimately have a strong similarity to
those of the ambient. These results demonstrate that the
appropriate mix of oxidants, as well as the extent of aging
under those conditions, is needed to reproduce the volatility
and composition of OA observed in the field.
As noted, above, we found that, to explain the OA

composition and volatility observed in the field, the primary
requirement was to produce SOA from α-pinene photo-
oxidation at specific [OH] and [O3]. As long as we controlled
the steady-state [OH] and [O3], the composition and volatility
of the SOA formed during photo-oxidation of monoterpenes
with or without NOx were largely similar (e.g., compare
experiment 4 vs 9 in Figure S4). This result is to be expected.
First, pON were generally <10% of the SOA mass even when
[NO] ∼ 0.6 ppb (Figure S3), consistent with higher volatility
of an −ONO2 compared to that of an −OOH or ROOR
group48 and an alkyl nitrate yield from RO2 + NO less than
0.5.49 Thus, the most obvious direct effect of NOx on
photochemical SOA composition via N incorporation will be
small on a mass-weighted basis. Second, for [NO] < 0.6 ppb,
RO2 autoxidation and the formation of low-volatility non-
nitrate highly oxygenated molecule (HOM) are likely to be
largely unaffected given the fairly rapid unimolecular H-shift
rates for 10−20% of primary RO2.

50−52 That is, a major SOA
formation channel, via monoterpene-derived HOM,8,53 was
likely still operational in both the chamber experiments and the
ambient atmosphere, thereby producing similar SOA compo-
sition and volatility even at significant NOx concentrations.
Third, our attribution approach does not allow insights into
the SOA yield from the precursors and pathways, which may
be affected by the presence of NOx.

5454 We note that, for the
range of [NO] probed in our experiments and expected to be
impacting our field measurement locations, the effect of NOx
on monoterpene SOA yield is moderate after accounting for
the NOx impact on OH levels,55 consistent with our findings
that controlled for the impact of NOx on the chamber levels of
[OH] and [O3]. Thus, our apportionment results suggest that
the most important impact of NOx on OA composition and
volatility outside of urban regions is its indirect effect on the
absolute and relative abundance of OH, O3, and NO3.
Our analysis explains a significant fraction of the variance in

the chemical composition of OA, but it is not a complete
description given the ∼10−15% of the unattributed mass
(Figure S1) and the <10% accounted for by residuals that are
not attributed to a specific precursor (Figure 4g,h). Processes
or conditions not tested in our chamber experiments may help
explain the remaining amount of unattributed OA and/or may
result in OA composition and volatility that are overall similar
to our aging experiments. The basis spectra do not include a
range of anthropogenic SOA precursors such as alkanes and
most aromatics,56 photochemical processing in cloud water
and aqueous particles,57 simultaneous oxidation of multiple

VOC,58,59 or effects of temperature.60 Such features should be
probed further.
Ding et al.61 report using 14C analysis at the SOAS site 9

years prior to our measurements and found that 21 ± 4% of
particulate matter (PM)2.5 was composed of carbon of fossil
origin, while recent air quality modeling simulations predicted
2% (Figure 2c,d and Table S2) or 30% fossil contribution,62

highlighting the challenges associated with top-down OA
source apportionment and trends in emissions. The
unattributed fraction of OA mass from our apportionment,
together with our measurement uncertainty, certainly allows
for an order of 10% contribution from fossil sources, but
clearly constrains its contribution to be <20% of OA, on
average, at these locations unless it is highly correlated with
monoterpene SOA sources and has very similar composition
and volatility, which we deem unlikely. Determining the origin
of the unattributed OA mass in this work will potentially lend
insight into other important ambient OA transformations.

■ ATMOSPHERIC IMPLICATIONS
Our results demonstrate that ambient SOA composition and
volatility in biogenically influenced regions are dynamic over
hours to days and driven by coupled (simultaneous)
interactions between multiple oxidants. The importance of
sustained oxidation of a VOC precursor in the presence of
multiple oxidants, as well as photochemical and physical aging,
is clearly evident in our analysis of field spectra and consistent
with insights from recent laboratory studies.29,46 Such
interactions, between precursors, oxidants, and the aging
extent, pose a challenge to adequately simulating SOA
formation and evolution in chemical transport models and in
laboratory chamber experiments. For example, beyond specific
formation pathways, chemical and physical aging of SOA
almost certainly involves specific mass loss pathways, such as
photolysis63−65 and evaporation47,66 leading to lower OA
volatility, and not just intrinsic changes to oxidation state. Such
loss pathways will depend upon the initial formation
mechanism, as well as particle-phase transformations, which
affect SOA volatility.46

Our comprehensive attribution approach supports the need
to incorporate some of this complexity into models, given that
simultaneous oxidation of monoterpenes and their products by
OH, O3, and NO3 for 3−4 days of equivalent atmospheric
aging was required to explain SOA composition and volatility
in the two rural locations. Although the formation and
evolution of SOA likely involve a complex interplay of multiple
oxidants and time scales, the dominant precursors on regional
scales at the two locations presented herein were well
represented by a relatively simple set: α-pinene (mono-
terpenes), biomass burning, and isoprene, with the latter
mostly via IEPOX multiphase chemistry. Our apportionment
technique did not find significant contribution to ambient OA
from anthropogenic precursors as represented by TMB, which
is likely not an ideal proxy for such sources, but the
contribution from other anthropogenic VOC precursors is
still likely less than 20% of the OA in these regions given the
fraction of submicron OA mass explained by our attribution.
NOx has local direct effects on OA composition, via NO3

oxidation and pON formation, but we infer a more indirect
role given that we could explain a majority of ambient OA
composition and volatility in these two locations using
chamber experiments, which produced monoterpene-derived
SOA without added NOx. The direct effect of NOx, measured

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.9b00302
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00302/suppl_file/sp9b00302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00302/suppl_file/sp9b00302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00302/suppl_file/sp9b00302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00302/suppl_file/sp9b00302_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00302/suppl_file/sp9b00302_si_001.pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.9b00302?ref=pdf


via the pON contribution to OA mass, in net was largest for
the nighttime oxidation of monoterpenes by NO3, on medians
5 and 20% in the SEUS and Finnish locations, respectively, but
with a significant diurnal cycle. As in the atmosphere, adding
NOx to the chamber experiments indirectly affects SOA by
altering the relative and absolute amounts of OH, O3, and NO3
available to participate in the oxidation of VOC and
subsequent OA processing. We conclude that, if a direct role
for RO2 + NO is essential for understanding monoterpene-
derived OA, it is likely through permutations of alkoxy radical
products and the formation of HOM, perhaps by enhancing
ring opening in α-pinene-derived RO2 as suggested by Kurteń
et al.67

We observed very little ambient OA at either location
consistent with that formed in a chamber after ∼3 h from OH
oxidation of monoterpenes at low NOx. Given the presence of
monoterpenes and low-NOx conditions of both locations, this
result may at first be surprising. That such “fresh” oxidation of
monoterpenes explains a negligible fraction of the ambient
SOA composition can be understood as being a result of the
typical age of ambient particles and the variety of atmospheric
oxidation pathways, of which SOA is an imperfect integrator.
Atmospheric fine particles have residence times of a few days
or longer, allowing for substantial chemical and physical
modifications to, or losses of, SOA formed from one pathway.
The diurnal cycles in the NO3-driven pON components of OA
are another example.41 Thus, we conclude that SOA, which
forms promptly from OH oxidation of monoterpenes,8 is
locally a small increment on top of the regional OA and also
evolves on time scales <1 day via oligomerization, photo-
chemical or heterogeneous loss pathways,68−70 or net
evaporation,47,66 so as to not accumulate above our measure-
ment threshold (a few percent of OA).
Laboratory studies probing specific pathways (e.g., OH-only

or NO3-only) can provide mechanistic insights into specific
reaction pathways, but our direct comparison to ambient OA
composition and volatility suggests that such experiments will
likely not replicate biogenic SOA chemical or physical
properties, which our analysis suggests are determined mostly
by multioxidant interactions and associated aging. Thus, by
extension, models employing pathway-specific SOA yields
and/or lifetimes will also not likely represent SOA abundance
and properties accurately without such synergies29 and
multiphase aging time scales. Even purely physical aging of
24 h or more can be essential to arrive at an SOA volatility
representative of the ambient atmosphere,47 a time scale over
which few chamber experiments are conducted but which is
relatively short compared to the physical removal time scales of
atmospheric aerosol. Our direct comparisons to ambient OA
molecular composition and volatility bring these issues clearly
into focus as likely needing attention for making progress on
accurate descriptions of the SOA atmospheric life cycle.
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