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The chemical complexity of atmospheric organic aerosol (OA) has
caused substantial uncertainties in understanding its origins and
environmental impacts. Here, we provide constraints on OA ori-
gins through compositional characterization with molecular-level
details. Our results suggest that secondary OA (SOA) from mono-
terpene oxidation accounts for approximately half of summertime
fine OA in Centreville, AL, a forested area in the southeastern
United States influenced by anthropogenic pollution. We find that
different chemical processes involving nitrogen oxides, during
days and nights, play a central role in determining the mass of
monoterpene SOA produced. These findings elucidate the strong
anthropogenic–biogenic interaction affecting ambient aerosol in
the southeastern United States and point out the importance of
reducing anthropogenic emissions, especially under a changing
climate, where biogenic emissions will likely keep increasing.

aerosol source apportionment | biogenic volatile organic compound
oxidation | nitrogen oxides

Atmospheric aerosol is a highly variable and complex mixture
largely composed of organic species derived from anthro-

pogenic and biogenic emissions (1–3). Deciphering the compo-
sition, origins, and formation mechanisms of organic aerosol
(OA) is crucial to unraveling its impacts on climate and human
health (4, 5). The southeastern United States (US) represents an
anthropogenic-influenced region with high biogenic volatile or-
ganic compound (BVOC) emissions (isoprene, C5H8; monoter-
penes, C10H16; and sesquiterpenes, C15H24) in summertime,
similar to numerous locations around the world. OA mass in the
southeastern US correlates with anthropogenic tracers, while
radiocarbon (14C) measurements have consistently shown that
OA is primarily modern (i.e., nonfossil) carbon that must be
derived from BVOC oxidation, primary biological materials,
biomass burning, or cooking (6, 7). This has led to uncertainty
about OA origins and how its formation through oxidation pro-
cesses (i.e., “secondary”) is related to human activities (6, 8).
In past decades, the most widely used approaches for source

apportionment of atmospheric OA rely either on a limited
number of molecular markers (9, 10) or using bulk OA mea-
surements coupled to factor analysis (2, 11). The first approach
estimates contributions from specific sources assuming that the
measured molecular markers have the same gas/particle parti-
tioning and production yields from precursors in the atmosphere
and in laboratory studies and are conserved in the atmosphere.

These assumptions, however, are unreliable using common laboratory
systems (e.g., refs. 12–14). Moreover, the parameters determin-
ing production yields could vary largely and it is unclear how to
turn yields from laboratory studies into meaningful ambient
yields. As a result, this approach is highly uncertain for deter-
mining source contributions to atmospheric OA. The second
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organic aerosol on the molecular level improves understanding
of their formation chemistry and hence the resulting impacts.
Such study, however, has not been possible due to the chem-
ical complexity of atmospheric organic aerosol. Here, we pro-
vide comprehensive molecular characterization of atmospheric
organic aerosol samples from the southeastern United States
by combining state-of-the-art high-resolution mass spectrom-
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approach, in particular, coupling high-time-resolution aerosol
mass spectrometry (AMS) that measures bulk aerosol chemical
composition to positive matrix factorization (PMF) has proven
successful in resolving OA from a limited number of specific
sources (e.g., some portion of OA from isoprene oxidation and
biomass burning) (15–17). However, this approach loses speci-
ficity for OA from many other important sources (such as
monoterpene oxidation) due to lack of unique signatures that are
identifiable by AMS. Often, the largest fraction of the OA mass
in AMS–PMF analyses is operationally defined by levels of oxi-
dation and not assigned to specific sources.
During the summertime Southern Oxidant and Aerosol Study

(SOAS) campaign in the southeastern US, the AMS–PMF-
resolved isoprene secondary OA (SOA) combined with biomass
burning OA together account for about 30% of total fine OAmass
(16, 17). Additional analyses have apportioned another 5–12% of
fine OA mass to particle-phase organic nitrates (pONs) associated
with nitrate radical (NO3) oxidation of BVOC during nighttime
(18, 19). To be consistent with 14C measurements requires in-
ferring that a large fraction of the remaining unsourced OA (on
the order of ∼50% of total OA mass) also has nonfossil origins,
but direct evidence of such a source has been missing. Xu et al.
(19) suggested that NO3 oxidation of monoterpenes is likely re-
sponsible for a large fraction of nighttime OA mass based on
AMS–PMF results correlating with pONs, but definitive source
identification with direct tracers remains lacking. Molecular-level
comprehensive characterization of the OA is not only vital for
unambiguous source identification but also informative for mech-
anistic understanding of SOA formation chemistry. Particularly,
elucidating and quantifying the molecular composition of SOA
provides the key to explaining the correlations of SOA with an-
thropogenic tracers and the long-term observations of reductions in
anthropogenic emissions correlating to decreasing OA mass in this
region for the past 15 y (20, 21). Here, we address these questions
and provide quantitative results regarding previously unresolved
OA sources with a focus on monoterpene SOA (MTSOA) and its
relation to anthropogenic emissions in the southeastern US.

Results and Discussions
We comprehensively characterized OA composition with
molecular-level details by performing complementary analyses of
OA collected in Centreville, AL, during summer 2013, as part of
the SOAS field campaign (16, 17). Continuous 4-h fine particu-
late matter (PM1) samples were collected throughout the field
campaign and analyzed off-line by thermal desorption and deriv-
atization with 2D gas chromatography (GC×GC) coupled to a
high-resolution time-of-flight mass spectrometer (HTOF-MS)
with dual ionization. Electron impact (EI) ionization is used for
mass spectral matching to libraries, and vacuum UV (VUV) pho-
toionization is used to retain molecular-weight ions for chemical
formula identification (13, 22). Thus, largely improved molecular
separation and identification are obtained, leading to over 800
individual species being measured (Fig. 1A), all of which were
then quantified using authentic standards, surrogate standards,
or by extrapolating peak response factors based on standards
with similar chemical structures and GC retention times. See
Detailed Experimental Procedure for a detailed description.
On-line characterization of particle-phase OA chemical com-

position was performed by an HTOF chemical ionization mass
spectrometer (CIMS) with a filter inlet for gases and aerosols
(FIGAERO) using iodide-adduct (I−) ionization (23). The av-
erage mass spectrum measured by FIGAERO-HTOF-CIMS
(hereafter, CIMS) during SOAS is shown in Fig. 1B. Major
OA components in this data have been identified as SOA pro-
duced predominantly through BVOC oxidation, including pONs
(18, 19) and multifunctional acids and hydroperoxides (24). I−-CIMS
has high sensitivity to these compounds (23), while GC×GC-
HTOF-MS (hereafter, GC×GC) does not but is better at detect-
ing less polar species, hence measurements from these two
instruments complement each other. Additional measurements
made during SOAS and utilized in our analyses include AMS

PM1 OA, water-soluble organic carbon (WSOC), and fossil vs.
modern carbon in OA by 14C measurements.
To interpret results from the field measurements, laboratory

ozonolysis experiments of α-pinene, limonene, and myrcene that
represent the dominant monoterpene species present in ambient
air during SOAS were conducted in a flowtube reactor (13). The
SOA samples were collected and analyzed by GC×GC using the
same method as for the ambient OA samples. Injecting mono-
terpenes in excess of O3 allowed simultaneous hydroxyl radical
(OH) oxidation of monoterpenes to occur because OH is a
product from monoterpene ozonolysis. The purpose of these
experiments was to generate a relatively large “library” of
MTSOA species but which does not include all likely MTSOA
species for the ambient samples. Known MTSOA tracers from
ozonolysis and OH oxidation such as pinonic acid (C10H16O3)
and pinic acid (C9H14O4) were observed in the laboratory
experiments, along with hundreds of previously unreported
compounds. A number of previously reported MTSOA tracers
observed in the presence of nitrogen oxides (NOx ≡ NO + NO2)
[e.g., 3-hydroxyglutaric acid (C5H8O5) (25), 3-acetylpentanedioic
acid (C7H10O5) (10), 2-hydroxy-4,4-dimethylglytaric acid (C7H12O5)
(10), and 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA, C8H12O6)
(25), etc.] were not found in our experiments but were included
in the MTSOA library for ambient sample analysis. In the SOAS
OA samples 89 matched species were identified as from mono-
terpene oxidation. Linear regression analysis of the remaining
field data species’ time series with those of the 89 species was
performed: compounds with correlation to any known MTSOA

Fig. 1. OA molecular-level measurements. (A) Organic species measured by
GC×GC with x axis first dimension retention in n-alkane based index and y
axis second dimension retention in time (RT2). Symbols represent individual
organic species, with color indicating assigned source-based group
(“anthro.” is short for “anthropogenic” and “BBOA” for “biomass burning
OA”). Symbol size is uniform for clear illustration. (B) Representative mass
spectrum measured by CIMS using I− ionization. The m/Q (Th) in blue are
assigned to non-nitrogen-containing MTSOA. The chemical formulae of the
main peaks (I− removed) are labeled with the mass spectrum. (C) All speci-
ated MTSOA by GC×GC (green) and CIMS (blue), in the OSc–nC space. Gray
represents all possible organic formulae. Generic pathways from monoter-
penes (red pentagon) to functionalization and fragmentation products are
shown. Size of MTSOA symbols indicate their average mass during SOAS.
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species of correlation coefficient (r2) >0.60 were assigned to
MTSOA. Organic species known to originate from isoprene
oxidation, biomass burning, or anthropogenic emissions all had
correlation r2 <0.40 with the known MTSOA species. Thus, this
threshold minimizes incorrect assignments (probability ∼0.1%).
Another 245 species were assigned to MTSOA, for a total 334
MTSOA species. Laboratory chamber studies of α-pinene oxida-
tion were also conducted with CIMS measurements. A number
of non-nitrogen-containing C6–C10 species were observed in both
the field measurements and chamber studies, supporting their
relation to monoterpene oxidation. The possibility that these
CIMS-measured compounds assigned to MTSOA overlap with
chemicals derived from other sources [e.g., levoglucosan,
C6H10O5, from biomass burning, or sesquiterpene oxidation, or
accretion products from isoprene oxidation (26)] cannot be
ruled out. However, these chemicals are unlikely to interfere
strongly with C6–C10 MTSOA during SOAS due to their rela-
tively low abundances. Chemical formulae with 5 or fewer and
11 or more carbons measured by CIMS that appeared in both
field and α-pinene chamber experiments were not considered as
MTSOA as they are not distinguishable from possible isoprene
or other oxidation products in ambient samples.
A carbon oxidation state (OSC)–carbon number (nC) space

(27) is used to describe the chemical identities, properties, and
transformation capacities of the MTSOA species captured by the
two instruments (Fig. 1C). The C10 species containing oxygen
must be formed by only adding functional groups to the C10
monoterpene backbone (i.e., functionalization) and the C4–C9
species must be formed by C–C bond scission (i.e., fragmenta-
tion) together with functionalization (27). CIMS observed more
species with higher OSC, many of which are likely multifunctional
hydroperoxides. By comparing the mass and time series of
identical chemicals between the two measurements, overlapped
MTSOA species are determined (see Detailed Experimental
Procedure) and are discussed later in this paper. In addition
to MTSOA, each of the other species measured by GC×GC
was assigned to one of the following source-specific groups:

anthropogenic primary OA (POA), anthropogenic SOA, biomass
burning OA, isoprene SOA, sesquiterpene SOA, and other bio-
genic OA. These assignments were based on either known chem-
ical identities by mass spectra or good correlations with the
identified chemicals. Among these groups, sesquiterpene SOA has
been less characterized. To sufficiently assign sesquiterpene SOA
species we analyzed archived SOA samples from oxidation exper-
iments of six sesquiterpenes under various conditions by GC×GC
(28, 29). Hence, 69 sesquiterpene SOA species were assigned using
the same approach as the MTSOA assignments. Fewer than 10%
of compounds do not correlate with any characterized species and
were grouped as “unknown.” Thus, we characterized and quanti-
fied all of the observed compounds (Dataset S1) measured by
GC×GC and assigned most of them into source-based groups.
Comprehensive time series of all characterized OA compo-

nents are stacked (excluding the overlapped MTSOA mass) and
shown in Fig. 2A, in comparison with AMS PM1 OA. For the OA
sampling periods when measurements from AMS, GC×GC, and
CIMS were all available averaged contributions of identified
sources to total AMS PM1 OA based on the combined data were
calculated (all data averaged to filter sampling time resolution).
As shown in Fig. 2B, the source-based groups measured by
GC×GC together account for 39% of the total OA mass, over
half of which are MTSOA. The “other biogenic OA” group
primarily consists of compounds that individually correlate
modestly (r2 of 0.4–0.6) with identified BVOC-derived SOA
species and poorly with those in anthropogenic POA, anthro-
pogenic SOA, or biomass burning OA. This group as a whole
correlates strongly with MTSOA (r2 = 0.83, n = 254), indicating
that monoterpene oxidation is likely the main origin of this
group, in which case total MTSOA measured by GC×GC con-
tributes 23% to total OA. MTSOA measured by CIMS con-
tributes at least 26% to total OA. The overlapped MTSOA
species between the two instruments represent ∼3% of the total
OA. Excluding the overlapped species, MTSOA from the com-
bined datasets accounts for 42% (± 4%) of total OA mass (+ 4%
if the “other biogenic OA” are all considered as MTSOA; − 4%
if the GC×GC-determined MTSOA without chemical formula

Fig. 2. Comprehensive OA speciation results. (A) Time
series of summed speciated OA compared with AMS
PM1 OA. Periods when either AMS or CIMS was not
sampling are shaded gray. (B) Pie chart representing
contributions from speciated OA groups to total AMS
PM1 OA (during periods with all datasets available).
(C) Comparison of Cfossil mass (1σ) speciated in this
work with that measured by 14C (r2 = 0.54). Good
agreement (except for 06/19–06/22, shown in gray
symbols) suggests the sum of speciated anthropo-
genic POA and SOA accounts for most Cfossil mass
and the remaining OA are dominated by modern
carbon. (D) Correlations of total characterized OA
(×, r2 = 0.77, slope = 0.64) and MTSOA (○, r2 = 0.80,
slope = 0.46) with AMS PM1 OA. (E) Correlation of total
characterized MTSOA with AMS–PMF OOA (r2 = 0.81,
slope = 0.55). (F) Correlation of total characterized
MTSOA with WSOC (r2 = 0.78).
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identification are all overlapped by CIMS measurements). The
second-largest source contributor to total OA mass is isoprene
oxidation. Although the isoprene SOA tracers measured by
GC×GC only account for 3% of total OA, AMS–PMF results
suggest a 13% contribution from isoprene SOA (during the se-
lected periods, the two measurements correlate at r2 = 0.72, n =
190). This difference is consistent with previous CIMS observa-
tions (30, 31) suggesting ∼80% of isoprene SOA species such as
organosulfates and oligomers were not detected by GC×GC.
Thus, another 10% of OA mass is apportioned to isoprene SOA.
Overall, the characterized OA together explains ∼74% of total
OA mass. The uncertainties in the reported source contributions
are mainly from surrogate standard use (for GC×GC) and ioni-
zation sensitivity estimates (for CIMS). Overall, the uncertainties
in GC×GC and CIMS are ∼40% (Detailed Experimental Pro-
cedure) and 50% (18), respectively.
OA in the southeastern US is primarily modern carbon (6).

Measurements of 14C from daily high-volume filters (PM2.5)
during SOAS give an average modern carbon fraction of 0.83 ±
0.05. We estimated speciated fossil carbon (Cfossil) mass based on
anthropogenic POA and SOA mass measured by GC×GC and
compare with 14C-measured Cfossil in OA (Fig. 2C). This com-
parison demonstrates that most of Cfossil is quantitatively accoun-
ted for by characterized anthropogenic POA and SOA. Thus, it
indirectly confirms that most OA is composed of modern carbon,
which is mainly from monoterpene oxidation followed by iso-
prene and sesquiterpene oxidation and the relatively minor
contribution from biomass burning. As shown in Fig. 2D, the
total characterized OA (r2 = 0.77, n = 113) and MTSOA (r2 =
0.80, n = 113) both correlate strongly with total PM1 OA mass
measured by AMS. Remarkably, we observed a strong correla-
tion (r2 = 0.81, n = 118) between MTSOA and the total oxy-
genated OA (OOA) AMS–PMF factor (1, 2) with a slope of 0.55
(Fig. 2E), suggesting that 55% of the OOA are accounted for
as characterized MTSOA. This finding sheds light on a long-
debated question about the specific sources of AMS–PMF-
resolved OOA factors, at least in BVOC-dominated regions.
Prior work has used WSOC as a surrogate for total ambient
SOA (6). Here we find that MTSOA is also strongly correlated
with WSOC (r2 = 0.78, n = 151) (Fig. 2F). These correlations
for MTSOA are significantly higher than those for all of the
other groups (Table S1). Note that MTSOA does not correlate
with isoprene SOA, ruling out the possibility that our assigned
MTSOA species are accretion products of isoprene. The strong
correlations of OOA and WSOC only with MTSOA imply that
the comprehensive characterization and source-oriented group-
ing provide unprecedented insights toward reconciling molecular
and bulk composition measurements of atmospheric OA, clearly
supporting the conclusion that MTSOA accounts for a dominant
fraction of OA during SOAS. The similarity in the environ-
mental conditions (20, 21), gas and particle tracers (Table S2),
monoterpenes/isoprene ratios (Fig. S1), and bulk OA composi-
tion (16, 19) between the Centreville site and many other loca-
tions in the southeastern US suggests the results from SOAS are
representative of the southeastern US during summertime.
Although individual MTSOA species present strong and dif-

ferent diurnal cycles reflecting their unique formation chemistry
(examples shown in Fig. S2), total MTSOA mass had a relatively
“flat” diurnal pattern during the SOAS field campaign, with the
average at ∼3 μg·m−3 for the month of June (Fig. 3A). The
Community Multiscale Air Quality model (CMAQ, v5.1) that is
widely used to simulate and predict regional air pollutants and to
guide environmental regulations significantly underpredicts ob-
served MTSOA mass and fails to capture its diurnal pattern (32).
This discrepancy could be largely due to the fact that the pa-
rameterization used in CMAQ relies on laboratory studies that
do not adequately simulate atmospheric processes, such as au-
toxidation of monoterpene peroxy radicals (RO2), which is
known to produce low-volatility products that readily form
MTSOA (24). This process, although occurring only for a small
fraction of monoterpene RO2 (24), could substantially impact

total MTSOA mass due to its high SOA formation potential. As
shown in Fig. 3B, RO2 bimolecular lifetimes (determined by
reactions with NO, HO2, and RO2) are on the order of ∼10 s and
200 s during daytime and nighttime, respectively, similar to au-
toxidation timescales (24, 33), supporting the likely relevance of
autoxidation. Current regional models of total OA may be im-
proved if they can reasonably implement the chemical processes
related to MTSOA formation.
In this work we identify monoterpenes as the major OA source

in the summertime southeastern US from a molecular-level and
measurement-based perspective. No assumptions regarding pro-
duction yields of SOA from monoterpene oxidation allows a
more accurate and quantitative understanding of MTSOA mass,
which is also key to assessing the importance of anthropogenic–
biogenic interactions for OA production. In principle, MTSOA
formation is directly determined by (i) rates of initial RO2 pro-
duction (or other intermediate products) from monoterpene
oxidation and (ii) effectiveness of converting RO2 into MTSOA
through multiple pathways. The average diurnal profiles of
monoterpene oxidation, RO2 formation, and the subsequent
bimolecular RO2 fates are estimated based on real-time mea-
surements (except for total RO2 concentrations, which are
modeled by CMAQ) and known rates (Fig. 4 A and B). Many of
these chemical processes are impacted by NOx, which can be
anthropogenic but can also be emitted by soil microbes as a
function of temperature (34). For example, in a NOx-limited
environment such as the southeastern US atmospheric processes
involving NOx directly enhance the oxidants important for mono-
terpene oxidation: OH (35), O3 (36, 37), and NO3 (38). Total
MTSOA are averaged to the filter sample time resolution for
periods with both GC×GC and CIMS measurements available,
excluding precipitation events. Since MTSOA formation chem-
istry pathways are very different during daytime and nighttime,
data are separated further to examine MTSOA formation mech-
anisms at different times. Based on a combination of the sunlit
time and the timing of boundary layer height changes (Fig. S3), the
4-h data from 1200–1600 hours and 1600–2000 hours are analyzed
as daytime samples and those from 2000–0000 hours and 0000–
0400 hours as nighttime samples.
Daily NOx peaks in the morning during the SOAS field cam-

paign and reacts with various inorganic and organic chemicals,
from which SOA can be produced. Hence, we examine daytime
MTSOA as a function of total processed NOx (i.e., NOz, the sum
of NO3, HNO3, HONO, alkyl nitrates, peroxynitrates, and
pONs). A strong correlation is observed between MTSOA and
NOz (r2 = 0.82, n = 19) (Fig. 4C), suggesting that daytime
MTSOA is highly related to NOx processing. The enhancement
of MTSOA with NOz is likely due to the combined influences of

Fig. 3. Diurnal profiles of MTSOA mass and RO2 bimolecular lifetime.
(A) Average MTSOA mass (1σ) by local time of day, compared with CMAQ
model, both for the month of June. The ratio of fragmentation MTSOA (C4–

C9) to functionalization MTSOA (C10) (frag./func. MTSOA ratio) shows an
increase in fragmentation products during daytime. (B) RO2 bimolecular
lifetime as a function of local time of day. Yellow represents sunlit times and
gray represents interquartile of data.
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elevated oxidants and increased RO2 + NO chemistry. The first
effect is evident based on the observation that MTSOA species
at all nC increase with daytime NOz enhancement. Even though
functionalized MTSOA (C10) also increases with NOz, the frac-
tion of C10 MTSOA species in total MTSOA has a strong anti-
correlation with NOz (r

2 = 0.68, n = 19) (Fig. 4C). Combining
this observation with the effect that the ratio of MTSOA from
fragmentation chemistry (C4–C9 products) to functionalization
chemistry (C10 products) is enhanced during daytime (Fig. 3A)
clearly suggests that fragmentation products from the RO2 + NO
chemistry lead to the majority of daytime MTSOA. These find-
ings are somewhat unexpected because RO2 + NO reactions are
typically considered less prominent in forming SOA as frag-
mentation products are generally more volatile (39). However,
considering that RO2 autoxidation efficiently adds oxygen to the
molecules, creating multifunctional RO2 (24, 33), production of
fragmentation products followed by multifunctional RO2 + NO
can readily form low-volatility molecules.
During nighttime at SOAS prior studies have highlighted the

importance of monoterpene oxidation by NO3, which is primarily
formed by NO2 + O3 (16, 19, 32, 40). Since ozonolysis is still the
primary loss pathway of monoterpenes at night (∼80% on aver-
age; see Fig. 4A), the direct quantitative influence of NO3 oxi-
dation on MTSOA remains uncertain. Eighty-eight pONs species
measured by CIMS were reported to contribute ∼1–3% of total
OAmass (Fig. 2B), 30 of which were associated with monoterpene
NO3 oxidation (18). Unspeciated total nighttime pONs are esti-
mated to account for 5–12% of total OA mass (19). Neither result
explains a large portion of the observed nighttime MTSOA.
Nighttime MTSOA normalized by total monoterpene concentra-
tion was found to exhibit good correlation (r2 = 0.69, n = 13) with
the fraction of monoterpene oxidation by NO3 (fMT+NO3) over
various nights (Fig. 4D) but is independent of O3 concentrations.
This trend is in excellent agreement with that of the sum of CIMS-
speciated monoterpene-derived pONs, showing that our observed

total MTSOA species, although not containing nitrogen, in-
crease with fMT+NO3. The non-nitrogen-containing MTSOA
might be formed from NO3 oxidation followed by pONs hydro-
lysis. However, non-nitrogen-containing fractions in MTSOA
from these mechanisms reported by laboratory studies (∼40%)
(41, 42) and the CMAQ modeling results (∼75%, assuming fast
hydrolysis and products being nonvolatile) (32) are much lower
than our nighttime observations (>95%). This difference sug-
gests a large portion of the observed nighttime MTSOA must be
from ozonolysis or another unrecognized process, although the
reason for its enhancement with fMT+NO3 remains elusive.
Historical data from summertime Centreville, AL show that

significant decreases in NOx levels have occurred in the past 15 y,
with associated decreases of OA, consistent with the trend in the
relationship between MTSOA and oxidized NOx reported here
(20). Projected NOx decreases in the future will likely lead to
further decreases in MTSOA and hence total OA. However, as
global climate changes increases in soil NOx and BVOC emis-
sions (43) could make regional particulate matter control more
challenging in the southeastern US despite effective anthropo-
genic NOx emission reductions. On the global scale, significant
fractions of ambient OA are composed of modern (e.g., refs. 44
and 45) and oxidized OA (2), beyond that which can be
explained by isoprene SOA and biomass burning OA. Based on
our results we suggest that MTSOA may account for much of the
unexplained modern OA in regions with significant monoterpene
emissions, and hence quantifying how reducing pollutant emis-
sions can mediate MTSOA is critical for designing regulations to
control total OA.

Materials and Methods
Collection of Fine Aerosol Samples During SOAS. During the SOAS field cam-
paign 254 submicron aerosol samples were collected on quartz filters (pre-
baked at 600 °C for 12 h to remove organics) using a sequential sampler at
∼120 L·min−1 every 4 h from June 3 to July 15, 2013. All filters were stored in
baked foil at −20 °C before analysis.

Laboratory Terpene Oxidation Experiments. We conducted monoterpene
(including α-pinene, limonene, and myrcene) ozonolysis experiments in a
flow tube reactor at University of California, Berkeley to identify measurable
MTSOA tracers. SOA was collected for 20 min–10 h on Quartz fiber filters
(47-mm Tissuquartz, prebaked at 600 °C; Pall Life Science) after passing
through a charcoal denuder (8-inch, 480-channel; MAST Carbon). In addi-
tion, α-pinene ozonolysis chamber experiments were conducted at Univer-
sity of Washington with on-line measurements by CIMS. Filter samples from
prior US EPA sesquiterpene oxidation experiments (28, 29), including
β-caryophellene, α-humulene, α-cedrene, β-farnesene, α-copaene, and aro-
madendrene (irradiation in the presence of NOx and ozonolysis), were also
analyzed by GC×GC. Initial conditions and other details of laboratory ex-
periments are provided in Detailed Experimental Procedure.

GC×GC Measurements. Collected filter samples (two to five punches, 0.8–
2.0 cm2) were thermally desorbed (in helium) at a steady ramp to 320 °C into
a gas chromatograph (GC, Agilent 7890) using a thermal desorption system
(TDS3; Gerstel) with in-situ gas-phase derivatization by N-methyl-N-
trimethylsilyl trifluoroacetamide (Sigma-Aldrich), which converts all polar
hydroxyl groups into trimethylsilyl ester groups so that the molecules can
get through the nonpolar GC columns. Thermal desorption of aerosol
samples from filters can result in some decomposition of accretion products
or oligomeric material, but the resulting fragments as measured by GC×GC
still serve as useful OA source tracers (17, 30, 31). The slow temperature
ramp and the on-line derivatization should help minimize additional ther-
mal decomposition of labile molecules. Analytes were separated by 2D
GC and detected using HTOF-MS. The first dimension column separates
species primarily by volatility and the second dimension column sepa-
rates species primarily by polarity. Traditional 70-eV EI ionization was
used for all samples. Selective samples were also analyzed using 10.5-eV
VUV photons, which is a soft photoionization that causes minimal frag-
mentation and enhances detectable parent molecular-weight ions so
that chemical formulae (for most species) can be resolved (46, 47). The
VUV analysis was conducted at the Advanced Light Source, Lawrence
Berkeley National Laboratory. Details of GC×GC data analysis are pro-
vided in Detailed Experimental Procedure.

Fig. 4. NOx influence on MTSOA formation. (A) Diurnal pattern of mono-
terpene loss by O3, OH, and NO3 oxidation. Black dashed line represents
total primary RO2 production rate, assuming 60% RO2 yield from mono-
terpene ozonolysis. (B) Diurnal pattern of monoterpene bimolecular RO2

loss. In A and B, OH oxidation and RO2 + NO pathway are forced to be zero
at night, regardless of measurements. (C) Correlation of daytime (1200–
2000 hours) MTSOA with NOz (1σ). (D) Correlations of nighttime (2000–
0400 hours) MTSOA (left y axis, 1σ) and total monoterpene-produced pONs
(MT-pONs, right y axis, 1σ) normalized by monoterpenes with fMT+NO3. All
correlations are statistically significant (P < 0.005).
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CIMS Measurements. On-line analysis of particle-phase composition using a
FIGAERO coupled to CIMS was deployed at SOAS. Detailed description of this
measurement can be found in previous studies (18, 23, 30). For this work,
CIMS measurements using iodide as reagent ions determine that the oxi-
dized chemical formulae with C6–C10 range and suitable H and O numbers
(one degree of double bond equivalence is allowed) are MTSOA (96 species).
All these assigned MTSOA chemical formulae are consistent with laboratory-
generated α-pinene ozonolysis SOA. A list of chemical formulae measured by
CIMS assigned to MTSOA is shown in Table S3. Previously identified pONs
species related to monoterpene NO3 oxidation (used in Fig. 4D) are also
listed in Table S3.
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