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Abstract. Atmospheric organic aerosol (OA) has important
impacts on climate and human health but its sources remain
poorly understood. Biogenic monoterpenes and sesquiter-
penes are important precursors of secondary organic aerosol
(SOA), but the amounts and pathways of SOA generation
from these precursors are not well constrained by obser-
vations. We propose that the less-oxidized oxygenated or-
ganic aerosol (LO-OOA) factor resolved from positive ma-
trix factorization (PMF) analysis on aerosol mass spectrom-
etry (AMS) data can be used as a surrogate for fresh SOA
from monoterpenes and sesquiterpenes in the southeastern
US. This hypothesis is supported by multiple lines of ev-
idence, including lab-in-the-field perturbation experiments,
extensive ambient ground-level measurements, and state-of-
the-art modeling. We performed lab-in-the-field experiments
in which the ambient air is perturbed by the injection of
selected monoterpenes and sesquiterpenes, and the subse-
quent SOA formation is investigated. PMF analysis on the
perturbation experiments provides an objective link between
LO-OOA and fresh SOA from monoterpenes and sesquiter-
penes as well as insights into the sources of other OA factors.
Further, we use an upgraded atmospheric model and show
that modeled SOA concentrations from monoterpenes and
sesquiterpenes could reproduce both the magnitude and di-
urnal variation of LO-OOA at multiple sites in the southeast-
ern US, building confidence in our hypothesis. We estimate
the annual average concentration of SOA from monoterpenes

and sesquiterpenes in the southeastern US to be roughly
2 µg m−3.

1 Introduction

Organic aerosol (OA) constitutes a substantial fraction of am-
bient fine particulate matter (PM) and has large impacts on
air quality, climate change, and human health (Carslaw et
al., 2013; Lelieveld et al., 2015). OA can be directly emitted
from sources (primary OA, POA) or formed by the oxida-
tion of volatile organic compounds (VOCs) (secondary OA,
SOA). Global measurements revealed the dominance of SOA
over POA in various atmospheric environments (Jimenez et
al., 2009; Ng et al., 2010). VOCs can be emitted from nat-
ural sources (i.e., biogenic) or human activities (i.e., anthro-
pogenic). However, the relative contribution of biogenic and
anthropogenic sources to SOA formation in the atmosphere
is poorly constrained. This knowledge is critical for formu-
lating effective pollution control strategies that aim at re-
ducing ambient PM concentrations and accurately assessing
the climate effects of OA (Hallquist et al., 2009). Biogenic
VOCs such as monoterpenes (MT, C10H16) and sesquiter-
penes (SQT, C15H24) are recognized as critical precursors
of SOA (Tsigaridis et al., 2014; Hodzic et al., 2016; Pye et
al., 2010). The predicted global SOA production from MT
and SQT varies from 14 to 246 Tg yr−1 (Spracklen et al.,
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2011; Pye et al., 2010). This large variation in model esti-
mates arises from a number of factors (including uncertainty
in SOA yield) and introduces significant uncertainties in es-
timating OA concentrations and its subsequent influences on
climate and human exposure.

The large model uncertainties call for ambient observa-
tions to constrain model results. Isolating and measuring
SOA production from specific sources are challenging be-
cause SOA is a complex mixture consisting of thousands
of compounds and SOA evolves dynamically in the atmo-
sphere. A widely used method to apportion OA into dif-
ferent characteristic sources is positive matrix factorization
(PMF) analysis on the organic mass spectra measured by
aerosol mass spectrometer (AMS) (Ulbrich et al., 2009;
Jimenez et al., 2009; Ng et al., 2010). PMF–AMS analysis
groups OA constituents with similar mass spectra and tempo-
ral variations into characteristic OA subtypes (i.e., factors).
This analysis has revealed that the concentration of oxy-
genated OA (OOA), which is a surrogate of SOA, is much
greater than that of hydrocarbon-like OA (HOA), which is
a surrogate of POA (Zhang et al., 2007). In many circum-
stances, especially in warmer months, more than one SOA
factor is resolved from PMF analysis, often including less-
oxidized oxygenated OA (LO-OOA, also denoted as semi-
volatile oxygenated organic aerosol in older studies) and
more-oxidized oxygenated OA (MO-OOA, also denoted as
low-volatility oxygenated organic aerosol in older studies).
LO-OOA and MO-OOA are differentiated by their degree
of carbon oxidation. These two factors together account for
more than half of total submicron OA (Crippa et al., 2014;
Xu et al., 2015a; Jimenez et al., 2009). Despite their large
abundance, the sources of LO-OOA and MO-OOA are un-
clear and likely vary with location and season. Early studies
proposed that LO-OOA is freshly formed SOA from various
sources and evolves into MO-OOA with photochemical ag-
ing in the atmosphere (Jimenez et al., 2009; Ng et al., 2010).
Later, a number of possible sources have been proposed for
MO-OOA, including SOA from long-range transport (Hayes
et al., 2013; Robinson et al., 2011b), aged biomass burning
OA (Bougiatioti et al., 2014; Grieshop et al., 2009), humic-
like substances (El Haddad et al., 2013), highly oxygenated
molecules (HOMs) formed in the oxidation of monoterpenes
(Mutzel et al., 2015; Ehn et al., 2014), and aqueous-phase
processing (W. Xu et al., 2017). Regarding the sources of
LO-OOA, Zotter et al. (2014) applied radiocarbon analysis
and showed that 68 %–75 % of carbon in LO-OOA in Cal-
ifornia stems from fossil sources. In the southeastern US,
Xu et al. (2015a) suggested that the oxidation of biogenic
β-pinene by nitrate radicals (NO3) contributes to LO-OOA,
though this reaction alone cannot replicate the magnitude of
LO-OOA (Pye et al., 2015).

Many different sources of LO-OOA and MO-OOA have
been proposed primarily based on comparing the mass spec-
tra between ambient OA factors and laboratory-generated
SOA (Jimenez et al., 2009; Kiendler-Scharr et al., 2009; Ng

et al., 2010). While the mass spectra comparison approach
largely improves our understanding of ambient OA factors,
this approach has the following limitations. Firstly, the sim-
ilarity between two mass spectra is a subjective determina-
tion. In other words, a good correlation coefficient (R) value
between the mass spectra of an ambient OA factor and a spe-
cific type of laboratory SOA does not imply that the labo-
ratory SOA contributes to the specific ambient OA factor.
Secondly, such subjectively defined similarity does not pro-
vide quantitative insights into the contribution of SOA from
a certain source to a specific OA factor. For example, pre-
vious studies have shown that the mass spectrum of labora-
tory α-pinene SOA is the most similar to that of LO-OOA
(Jimenez et al., 2009; Kiendler-Scharr et al., 2009; Ng et
al., 2010). However, this similarity neither guarantees that
α-pinene SOA is exclusively apportioned into LO-OOA, nor
provides information regarding what fraction of α-pinene
SOA is apportioned into LO-OOA in ambient environments.
Thus, uncertainties associated with the sources of these OA
factors still exist. Considering the large abundance of OOA
subtypes and their use as surrogates for ambient SOA, un-
derstanding the sources of the compounds composing these
two OOA subtypes is critical to constrain atmospheric mod-
els and the SOA budget.

In this study, we integrate lab-in-the-field experiments,
extensive ambient ground-level measurements, and state-of-
the-art modeling to improve the understanding of the sources
of OA factors and better constrain the OA budget from MT
and SQT. Based on lab-in-the-field experiments, we provide
objective evidence that newly formed SOA from α-pinene
(an important monoterpene) and β-caryophyllene (an impor-
tant sesquiterpene) is dominantly apportioned to LO-OOA
in the southeastern US. In addition, we model the SOA
concentration from the oxidation of MT and SQT (denoted
as SOAMT+SQT) and show that SOAMT+SQT reasonably re-
produces the magnitude and diurnal variability of LO-OOA
measured at multiple sites in the southeastern US. Together
with other evidence in the literature, we propose that LO-
OOA can be used as a measure of SOAMT+SQT in the south-
eastern US. Finally, we discuss how the lab-in-the-field ap-
proach allows for the study of SOA formation under realistic
atmospheric conditions, which bridges laboratory studies and
field measurements and provides a direct way to evaluate the
atmospheric relevancy of laboratory studies.

2 Method

2.1 Lab-in-the-field perturbation experiments

The perturbation experiments were performed in July–
August 2016 on the rooftop of the Environmental Science
and Technology building on the Georgia Institute of Tech-
nology campus. This measurement site is an urban site in
Atlanta, Georgia. Multiple ambient field studies have been
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Figure 1. The instrument setup for ambient perturbation experiments.

performed at this site previously (Xu et al., 2015b; Henni-
gan et al., 2009; Verma et al., 2014). A roughly 2 m3 Teflon
chamber (cubic shape) (Fig. 1) was placed outdoors on the
rooftop of the building. The eight corners of the chamber
were open (∼ 2′′× 2′′) to the atmosphere to allow for con-
tinuous exchange of air with the atmosphere. The perturba-
tion procedure is briefly described below and illustrated in
Fig. A1. Firstly, we continuously flushed the chamber with
ambient air using two fans, which were placed at two corners
of the chamber. During this flushing period, all instruments
sampled ambient air and were not connected to the chamber.
The flushing period lasted at least 3 h to ensure that the air
composition in the chamber is the same as the ambient com-
position. Secondly, we stopped both fans and connected all
instruments to the chamber. Because of the continued sam-
pling by the instruments (∼ 20 L min−1) and the open cor-
ners of the chamber, ambient air continuously entered the
chamber, even though the two fans were turned off. Thirdly,
after sampling the chamber for about 30 min, we injected
a known amount of VOC (liquid) into the chamber with a
needle, and the liquid vaporized upon injection. We continu-
ously monitored the chamber composition for∼ 40 min after
VOC injection. Lastly, we disconnected all instruments from
the chamber, sampled ambient air, and turned on two fans to
flush the chamber to prepare for the next perturbation exper-
iment.

Each perturbation experiment can be divided into the fol-
lowing four periods: Amb_Bf (30 min ambient measurement
period before sampling chamber), Chamber_Bf (from sam-
pling chamber to VOC injection, a period ∼ 30 min), Cham-
ber_Af (from VOC injection to stopping the sampling of
chamber, a period ∼ 40 min), and Amb_Af (30 min ambi-

ent measurement period after sampling chamber). We per-
form PMF analysis on the combined ambient and perturba-
tion data and then calculate the changes in the mass concen-
tration of OA factors based on the difference between Cham-
ber_Bf and Chamber_Af, after taking ambient variations into
account. The detailed procedure is presented in Appendix A.
We develop a comprehensive set of criteria to determine if
the changes are statistically significant and if the changes are
simply due to ambient variations. The details of these criteria
are also discussed in Appendix A.

We perturbed the chamber content by injecting one of
the following VOCs: isoprene, α-pinene, β-caryophyllene,
m-xylene, or naphthalene, which are major biogenic or an-
thropogenic emissions. We focused on α-pinene and β-
caryophyllene because of their large abundances in their
classes and the fact that they are widely studied in the litera-
ture (Eddingsaas et al., 2012a; Kurtén et al., 2015; Tasoglou
and Pandis, 2015; Ehn et al., 2014; Pathak et al., 2007). For
example, α-pinene accounts for about half of monoterpene
emissions (Guenther et al., 2012) and β-caryophyllene is one
of the most abundant sesquiterpenes (Helmig et al., 2007).
We aim to inject as low of a VOC mixing ratio as possible
to be atmospherically relevant. If the injection amount is too
large, too much SOA will be produced, which will bias sub-
sequent analysis. We use a needle to inject liquid sample into
the chamber. Limited by the needle size, 0.2 µL is selected
because it is the minimal amount we could inject with reli-
able accuracy. The VOC oxidation occurred in ambient air
(inside the chamber) and lasted ∼ 40 min. The OA concen-
tration in the chamber after perturbation ranges from 4 to
16 µg m−3, which is within the range of typical ambient OA
concentrations in the southeastern US.

www.atmos-chem-phys.net/18/12613/2018/ Atmos. Chem. Phys., 18, 12613–12637, 2018



12616 L. Xu et al.: Large contributions from MT and SQT to SOA in the SE US

We note that several previous studies have used ambi-
ent air (Palm et al., 2018; Leungsakul et al., 2005; Peng et
al., 2016), but the experimental approaches and purposes of
previous studies are different from this study. For example,
in Leungsakul et al. (2005), rural ambient air was used to
flush and clean the 270 m3 outdoor chamber reactor. After
the flushing, both VOCs and oxidants were injected to pro-
duce SOA, the concentrations of which were orders of mag-
nitude higher than atmospheric levels. In this study, we use
ambient air with preexisting OA in order to examine which
factor(s) the fresh SOA from injected VOC are apportioned
into by PMF analysis. We aim to produce SOA only from
injected VOC, so an important distinction between our study
and previous work is that we perturbed the ambient air by
only VOCs and no additional oxidants were introduced into
the chamber.

The perturbation experiments are designed to address
some limitations of the mass spectra comparison approach
by providing objective and quantitative evaluations. By pro-
ducing SOA from a known precursor, PMF analysis allows
for the apportionment of the newly formed SOA into vari-
ous factors without any subjective judgement on the similar-
ity in mass spectra and provides quantification of the frac-
tion of the newly formed SOA that is apportioned into each
factor. The perturbation experiments utilize the actual mix-
ing between ambient OA and newly formed SOA from per-
turbation, which a standard chamber experiment would not
achieve, meaning that the performance of the factorization
can be more directly inspected. In addition, as the same in-
strument setup is used for both ambient sampling and per-
turbation experiments, factorization results are free of instru-
ment tuning issues.

2.2 Analytical instruments

A suite of analytical instruments was deployed to character-
ize both the gas-phase and particle-phase compositions. The
particle-phase composition was monitored by a scanning mo-
bility particle sizer (SMPS, TSI) and a high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS, Aero-
dyne), which shared the same stainless steel sampling line.
A diaphragm pump (flow rate ∼ 8 L min−1) was connected
to this sampling line, which increased the sampling flow rate
and reduced particle loss in the sampling line by reducing
the residence time in the tubing. The HR-ToF-AMS mea-
sures the chemical composition and size distribution of sub-
micron non-refractory species (NR-PM1) with high temporal
resolution. The instrument details about HR-ToF-AMS have
been extensively discussed in the literature (Canagaratna et
al., 2007; DeCarlo et al., 2006) and the operation of HR-ToF-
AMS in this study is described in Sect. S2 of the Supplement.

The gas-phase composition and oxidation products were
monitored by an O3 analyzer (Teledyne T400, lower de-
tectable limit 0.6 ppb), an ultrasensitive chemiluminescence
NOx monitor (Teledyne 200EU, lower detectable limit

50ppt), and a high-resolution time-of-flight chemical ion-
ization mass spectrometer (HR-ToF-CIMS). The HR-ToF-
CIMS with I− as the regent ion can measure a suite of oxy-
genated volatile organic compounds (oVOCs) at high fre-
quency (1 Hz). The detailed working principles and sampling
protocol can be found in Lee et al. (2014). The concentrations
of VOCs were not measured in this study. All gas-phase mea-
surement instruments shared the same Teflon sampling line.
Similar to the particle sampling line, a diaphragm pump (flow
rate ∼ 8 L min−1) was connected to the gas sampling line to
reduce the residence time in the tubing.

2.3 Positive matrix factorization (PMF) analysis

PMF analysis has been widely used for aerosol source appor-
tionment in the atmospheric chemistry community (Jimenez
et al., 2009; Crippa et al., 2014; Xu et al., 2015a; Ng et al.,
2010; Ulbrich et al., 2009; Beddows et al., 2015; Visser et
al., 2015). PMF solves the bilinear unmixing factor model by
minimizing the summed least squares errors of the fit weight
ed with the error estimates of each measurement (Paatero and
Tapper, 1994; Ulbrich et al., 2009). We utilized the PMF2
solver, which does not require a priori information and re-
duces subjectivity. In this study, we performed PMF analysis
on the high-resolution mass spectra of organic aerosol (inor-
ganic species are excluded) of combined ambient and pertur-
bation data in the 1-month measurements. Considering that
(1) the perturbation data only account for∼ 10 % of total data
and (2) the OA concentration is similar between the pertur-
bation experiments and typical ambient measurements, the
perturbation experiments do not create a new factor that does
not already exist in the ambient data. This is desirable be-
cause it allows PMF analysis to apportion the newly formed
OA in the perturbation experiments into preexisting OA fac-
tors in the atmosphere.

We resolved five OA factors, including hydrocarbon-like
OA (HOA), cooking OA (COA), isoprene-derived OA (iso-
prene OA), less-oxidized oxygenated OA (LO-OOA), and
more-oxidized oxygenated OA (MO-OOA). The time series
and mass spectra of OA factors are shown in Fig. 2. The same
five factors have been identified at the same measurement
site and extensively discussed in the literature (L. Xu et al.,
2015a, b, 2017). Below, we only provide a brief description
of these OA factors and more details are discussed in Sect. S3
of the Supplement. The mass spectrum of HOA is dominated
by hydrocarbon-like ions (CxH+y ions) and HOA is a surro-
gate of primary OA from vehicle emissions (Zhang et al.,
2011). For COA, its concentration is higher at mealtimes and
its mass spectrum is characterized by a prominent signal at
ions C3H+5 (m/z 41) and C4H+7 (m/z 55), which likely arise
from fatty acids (Huang et al., 2010; Mohr et al., 2009; Allan
et al., 2010). The mass spectrum of isoprene OA is charac-
terized by a prominent signal at ions C4H+5 (m/z 53) and
C5H6O+ (m/z 82) and is related to the reactive uptake of
isoprene oxidation products, isoprene epoxydiols (IEPOX)
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Figure 2. The mass spectra and time series of OA factors in the perturbation study. The time series includes both the ambient data and
perturbation experiment data.

(Budisulistiorini et al., 2013; Hu et al., 2015; Robinson et
al., 2011a; Xu et al., 2015a). LO-OOA and MO-OOA are
named based on their differing carbon oxidation state: from
−0.70 to −0.34 for LO-OOA and from −0.18 to 0.71 for
MO-OOA in the southeastern US (Xu et al., 2015b). We per-
formed 100 bootstrapping runs to quantify the uncertainty of
PMF results. As shown in Fig. S1, the statistical uncertain-
ties in the time series and mass spectra of the five factors are
small and the PMF results reported in this study are robust.

2.4 Details of multiple ambient sampling sites

Measurements at multiple sites in the southeastern US were
performed as part of the Southeastern Center for Air Pollu-
tion and Epidemiology (SCAPE) study and the Southern Ox-
idant and Aerosol Study (SOAS) in 2012 and 2013. Detailed
descriptions about these field studies have been discussed in
the literature (Xu et al., 2015a, b) and Sect. S4 of the Supple-
ment. The sampling periods are shown in Table S1 and the
sampling sites are briefly discussed below.

– Georgia Tech site (GT): this site is located on the
rooftop of the Environmental Science and Technology
building on the Georgia Institute of Technology (GT)
campus, which is about 30–40 m above the ground and
840 m away from interstate I75/85. This is an urban site
in Atlanta. This is also where the perturbation experi-
ments in this study were conducted.

– Jefferson Street site (JST): this is a central SEARCH
(Southeastern Aerosol Research and Characterization)

site, which is in Atlanta’s urban area with a mixed com-
mercial and residential neighborhood. It is about 2 km
west of the GT site. The JST and GT sites are in the
same grid cell in CMAQ.

– Yorkville site (YRK): this is a central SEARCH site lo-
cated in a rural area in Georgia. This site is surrounded
by agricultural land and forests and is about 80 km
northwest of the JST site.

– Centreville site (CTR): this is a central SEARCH site
in rural Alabama. The sampling site is surrounded by
forests and away from large urban areas (55 km SE and
84 km SW of Tuscaloosa and Birmingham, AL, respec-
tively). The is the main ground site for the SOAS cam-
paign.

2.5 Laboratory chamber study on SOA formation from
α-pinene

To compare with results from the lab-in-the-field perturba-
tion experiments, we performed laboratory experiments to
study the SOA formation from α-pinene photooxidation un-
der different NOx conditions in the Georgia Tech Environ-
mental Chamber (GTEC) facility. The facility consists of
two 12 m3 indoor Teflon chambers, which are suspended in-
side a temperature-controlled enclosure and surrounded by
black lights. A detailed description of the chamber facility
can be found in Boyd et al. (2015). The experimental proce-
dures have been discussed in Tuet et al. (2017). In brief, the
chambers were flushed with clean air prior to each experi-
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ment. Then, α-pinene and oxidant sources (i.e., H2O2, NO2,
or HONO) were injected into the chamber. Once the con-
centrations of species stabilize, the black lights were turned
on to initiate photooxidation. The experimental conditions
are summarized in Table S2. Considering that the OA mass
concentration affects the partitioning of semi-volatile organic
compounds (Odum et al., 1996) and hence affects the organic
mass spectra measured by AMS, we calculated the average
mass spectra in these laboratory studies by only using the
data when the OA mass concentration is below 10 µg m−3,
which is similar to that in our ambient perturbation experi-
ments.

2.6 Community Multiscale Air Quality (CMAQ) model

To test the hypothesis that a large fraction of LO-OOA
originates from monoterpenes and sesquiterpenes in the
southeastern US, we used the Community Multiscale Air
Quality (CMAQ) atmospheric chemical transport model to
simulate the SOA from monoterpenes and sesquiterpenes
(SOAMT+SQT) in the southeastern US and then compared
the simulated SOAMT+SQT with measured LO-OOA. CMAQ
v5.2gamma was run over the continental US for time periods
between May 2012 to July 2013 with 12 km× 12 km hori-
zontal resolution. We focus our analysis on the southeastern
US, which comprises 11 states (Arkansas, Alabama, Florida,
Georgia, Kentucky, Louisiana, Mississippi, North Carolina,
South Carolina, Tennessee, and Virginia). The meteorolog-
ical inputs were generated with version 3.8 of the Weather
Research and Forecasting model (WRF) Advanced Research
WRF (ARW) core. We also applied lightning assimilation
to improve convective rainfall (Heath et al., 2016). Anthro-
pogenic emissions were based on the EPA (Environmen-
tal Protection Agency) NEI (National Emission Inventory)
2011 v2. Biogenic emissions were predicted by the BEIS
(Biogenic Emission Inventory System) v3.6.1. The gas-phase
chemistry was based on CB6r3 (Carbon Bond v6.3).

We performed two simulations with different organic
aerosol treatment. The “default simulation” generally fol-
lows the scheme of Carlton et al. (2010), with the addition
of IEPOX SOA following Pye et al. (2013) and documented
in Appel et al. (2017) (Fig. S2a). The traditional two-product
absorptive partitioning scheme (Odum et al., 1996) is used
in the default simulation to describe SOA formation from
monoterpenes using data from laboratory experiments by
Griffin et al. (1999). In the “updated simulation”, we incorpo-
rate two recent findings. Firstly, we implemented MT+NO3
chemistry to explicitly account for the organic nitrate com-
pounds that have recently been shown to be a ubiquitous
and important component of OA (Pye et al., 2015; Kiendler-
Scharr et al., 2016; Lee et al., 2016; Ng et al., 2017). We
follow the scheme described in Pye et al. (2015) to repre-
sent the formation and partitioning of organic nitrates from
monoterpenes via multiple reaction pathways (i.e., oxidation
by NO3 and oxidation by OH /O3 followed by RO2+NO).

Secondly, we improved the parameterization of SOA forma-
tion from MT+O3 /OH based on a recent study by Saha and
Grieshop (2016), who applied a dual-thermodenuder system
to study α-pinene ozonolysis SOA. The authors extracted pa-
rameters (i.e., SOA yields and enthalpies of evaporation) by
using an evaporation–kinetics model and volatility basis set
(VBS). The SOA yields in Saha and Grieshop (2016) are
consistent with recent findings on the formation of HOMs
(Ehn et al., 2014; Zhang et al., 2015) and help to explain the
observed slow evaporation of α-pinene SOA (Vaden et al.,
2011). In the updated simulation, we use the VBS framework
with parameters derived from Saha and Grieshop (2016). The
new parameterization allows for enthalpies of vaporization
that are more consistent with species of the specified volatil-
ity. The properties of the volatility bins in the VBS frame-
work are listed in Table S3. A schematic of SOA treatment
in the updated simulation is shown in Fig. S2b. In the fol-
lowing discussions, we focus on the results from the updated
simulation. A comparison between the default simulation and
updated simulation can be found in Sect. S5 of the Supple-
ment.

3 Results and discussions

3.1 α-pinene perturbation experiments

A total of 19 α-pinene perturbation experiments were per-
formed at different times of the day (i.e., from 09:00 to
21:00 local time) to probe a wide range of reaction condi-
tions. The injection time and concentrations of O3 and NOx
during α-pinene perturbation experiments are summarized in
Table S4. Based on the chamber volume and injected liquid
α-pinene volume (0.2 µL), initially ∼ 14 ppb of α-pinene is
injected into the chamber. Due to a lack of VOC measure-
ments, we build a box model to simulate the fate of α-pinene
in the chamber (Sect. S6 of the Supplement). We estimate
that roughly 10 % of α-pinene is reacted in the chamber and
most of the α-pinene is carried out of the chamber due to
dilution with ambient air.

Figure 3 shows the time series of OA factors in a typi-
cal α-pinene perturbation experiment. An evident burst and
increase in LO-OOA after α-pinene injection occurs. This
provides direct evidence that freshly formed α-pinene SOA
contributes to LO-OOA. About 15 min after α-pinene in-
jection, LO-OOA concentration starts to decrease, as ambi-
ent air continuously flows into the chamber and dilutes the
concentration of LO-OOA (Sect. S6 of the Supplement). As
shown in Fig. S3, the major known gas-phase oxidation prod-
ucts of α-pinene measured by HR-ToF-CIMS (Eddingsaas et
al., 2012b; Lee et al., 2016; Yu et al., 1999) show an imme-
diate increase after α-pinene injection. This verifies the rapid
oxidation of α-pinene in the chamber.

Figure 4a shows the perturbation-induced changes in the
concentrations of OA factors for all α-pinene experiments.

Atmos. Chem. Phys., 18, 12613–12637, 2018 www.atmos-chem-phys.net/18/12613/2018/
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Figure 3. The time series of OA factors in an α-pinene perturbation experiment (expt. ID: ap_0801_1). Each perturbation experiment includes
four periods: Amb_Bf (∼ 30 min), Chamber_Bf (∼ 30 min), Chamber_Af (∼ 40 min), and Amb_Af (∼ 40 min). “Amb” and “Chamber”
represent the fact that instruments are sampling ambient and chamber, respectively. “Bf” and “Af” stand for before and after perturbation,
respectively. The solid lines are measurement data. The dashed red lines are the linear fits of ambient data (i.e., combined Amb_Bf and
Amb_Af). The slopes are used to extrapolate Chamber_Bf data to the Chamber_Af period (i.e., dashed black lines). The validity of the
linearity assumption is discussed in Appendix A. The difference between measurements (i.e., solid lines) and extrapolated Chamber_Bf (i.e.,
dashed black lines) represents the change caused by perturbation.

Out of 19 experiments, the LO-OOA concentration is en-
hanced in 14 experiments. Also, among all OA factors, LO-
OOA shows the largest enhancement. This directly sup-
ports the hypothesis that freshly formed α-pinene SOA con-
tributes to LO-OOA. The enhancement in LO-OOA con-
centration differs between experiments, mainly because the
perturbations were performed at different times of day (i.e.,
from 09:00 to 21:00) and with different reaction variables
(i.e., temperature, relative humidity, oxidants concentrations,
NOx , etc.). Despite the large difference in reaction condi-
tions, we note that both the LO-OOA enhancement amount
and LO-OOA formation rate (i.e., slope of LO-OOA in-
crease) correlate positively with ozone concentration (Fig. 5).
This correlation suggests that the concentrations of oxidants,
both ozone and the hydroxy radical (OH, which is not mea-
sured in this study but is known to positively correlate with

ozone in the atmosphere), play a more controlling role in the
amount of OA formed in the α-pinene experiment than other
reaction variables. This is likely because higher oxidant con-
centrations lead to more α-pinene consumption and hence
more OA production with the same reaction time.

MO-OOA only increases in 1 out of 19 α-pinene exper-
iments. Highly oxygenated molecules (HOMs), which are
rapidly produced from the oxidation of α-pinene, are a hy-
pothesized source of MO-OOA because of the high O : C ra-
tio of HOMs (Ehn et al., 2014; Mutzel et al., 2015). However,
HOMs are first-generation monoterpene products co-formed
with semi-volatile SOA species, and the lack of enhancement
in MO-OOA suggests that HOMs are unlikely contributors
to MO-OOA. We cannot rule out the possibility that HOMs
are not formed under our experimental conditions, and future
studies on the simultaneous verification of HOM formation

www.atmos-chem-phys.net/18/12613/2018/ Atmos. Chem. Phys., 18, 12613–12637, 2018
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Figure 4. The statistically significant changes in the concentrations of OA factors after perturbation by (a) α-pinene and (b) β-caryophyllene.
The experiments are sorted by average [O3] during Chamber_Af. The average [NOx ] values during Chamber_Af are shown on top of
the figure. The changes in concentration are the differences between measurements during Chamber_Af and extrapolated Chamber_Bf
(Appendix A). A set of criteria are developed to evaluate if the changes are statistically significant and if the changes are due to ambient
variation (Appendix A). Isoprene OA decreases after β-caryophyllene injection. The reason for this decrease is unclear, but likely due to the
limitations of PMF analysis, which assumes constant mass spectra of OA factors over time (Sect. S3 of the Supplement).
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Figure 5. Observations of trends in (a) LO-OOA enhancement amount and (b) LO-OOA formation rate with O3 concentration in α-pinene
perturbation experiments. The data points are colored by average NO concentration during the Chamber_Af period. The slopes, intercepts,
and correlation coefficients (R) are obtained by a least squares fit.

Atmos. Chem. Phys., 18, 12613–12637, 2018 www.atmos-chem-phys.net/18/12613/2018/



L. Xu et al.: Large contributions from MT and SQT to SOA in the SE US 12621

and the apportionment of HOMs by PMF analysis are war-
ranted.

Isoprene-derived OA (isoprene OA) increases in 7 out
of 19 α-pinene experiments. This increase is surprising be-
cause the isoprene OA factor (also referred to as IEPOX-
OA in some studies) is typically interpreted as SOA from
the reactive uptake of IEPOX, but our results suggest that
the isoprene OA factor could have interferences from α-
pinene SOA. The isoprene OA enhancement is due to inter-
ference from newly formed α-pinene SOA, rather than the
injected α-pinene affecting the oxidation of preexisting iso-
prene or affecting the gas–particle partitioning of preexist-
ing semi-volatile species in the chamber, for the following
reasons. Firstly, based on I− HR-ToF-CIMS measurements,
the concentration of isoprene oxidation products, such as
IEPOX+ ISOPOOH (C5H10O3 · I−) and isoprene hydroxyl
nitrates (C5H9NO4 · I−), did not change after α-pinene in-
jection (Fig. S3b). In addition, after injecting α-pinene, the
increase in SOA concentration is less than 4 µg m−3, which
does not substantially perturb the gas–particle partitioning of
preexisting semi-volatile species. Finally, the time series of
isoprene OA and LO-OOA in the same α-pinene perturbation
experiment is strongly correlated (Fig. S4a). It is well studied
that isoprene produces SOA at a slower rate than α-pinene,
as isoprene SOA involves higher-generation products. If the
enhancement in the isoprene OA factor is due to isoprene
oxidation, the enhancement of isoprene OA is expected to
occur later than the enhancement of LO-OOA, but this is not
observed in the experiments. Thus, the strong correlation be-
tween isoprene OA and LO-OOA in the same α-pinene per-
turbation experiment serves as further evidence that the en-
hancement in the isoprene OA factor is due to interference
from newly formed α-pinene SOA rather than the oxidation
of isoprene after injecting α-pinene.

The interference of α-pinene SOA on the isoprene OA fac-
tor helps to address some uncertainties regarding the isoprene
OA factor in the literature. For example, Liu et al. (2015)
compared the mass spectrum of laboratory-derived IEPOX
SOA with isoprene OA factors at some sites. The authors
observed a stronger correlation for isoprene OA factors re-
solved at Borneo (Robinson et al., 2011a) and the Amazon
(Chen et al., 2015) and a weaker correlation at Atlanta, US
(Budisulistiorini et al., 2013), and Ontario, Canada (Slowik
et al., 2011). As another example, the fraction of measured
total IEPOX SOA molecular tracers in the isoprene OA fac-
tor highly varies with location, ranging from 26 % at Look
Rock, TN (Budisulistiorini et al., 2015) to 78 % at Centre-
ville, AL (Hu et al., 2015). To address the uncertainties in
the above two examples, one possible reason is that the iso-
prene OA factors resolved at different sites are not purely
from IEPOX uptake. Isoprene OA factors likely have inter-
ference from monoterpene SOA or other sources, but the in-
terference magnitude varies with location.

While the perturbation experiments clearly point out the
possibility that the isoprene OA factor could have interfer-

ence from α-pinene SOA, three caveats should be kept in
mind. First, in this study, the enhancement magnitude of iso-
prene OA is ∼ 20 % of that of LO-OOA (Fig. S5a), but this
interference magnitude would vary with location and season.
Second, the perturbation experiments simulate a period with
increasing α-pinene SOA concentration. The applicability of
the conclusions drawn from this specific scenario to the gen-
eral atmosphere with more dynamic variations of OA sources
warrants further exploration. Third, the perturbation experi-
ments are conducted at ground level, whereas evidence from
aircraft studies suggests that the production of isoprene SOA
may be stronger at the top of the boundary layer (Allan et al.,
2014).

Primary OA factors, i.e., HOA and COA, only show slight
increases in one or two α-pinene experiments, indicating a
lack of interference from α-pinene SOA in these factors.

3.2 β-caryophyllene perturbation experiments

A total of six β-caryophyllene perturbation experiments were
performed; 0.2 µL of β-caryophyllene is injected into the
chamber, corresponding to a mixing ratio of 10 ppb. The
concentrations of O3 and NOx during β-caryophyllene per-
turbation experiments are summarized in Table S4. In all
β-caryophyllene perturbation experiments, LO-OOA also
shows a significant enhancement (Fig. 4b). This clearly
shows that freshly formed SOA from β-caryophyllene ox-
idation can be another source of LO-OOA. In addition to
LO-OOA, COA shows an unexpected increase in five out of
six β-caryophyllene experiments. We have ample evidence
that the COA factor at the measurement site has contribu-
tions from cooking activities. Firstly, the diurnal variation of
COA peaks during mealtimes (Fig. S6a). Additionally, the
COA concentration shows a clear increase on football days,
consistent with barbecue activities on campus and close to
the measurement site. Finally, the COA concentration is en-
hanced on the days right before the start of a new semester
when there are many fraternity and sorority rush events (i.e.,
barbecue activities) on campus (Fig. S6b and c). However,
the COA enhancement in β-caryophyllene experiments un-
derscores the fact that COA may not be purely from cooking
activities in areas with large biogenic emissions.

3.3 Perturbation experiments with other VOCs

In addition to α-pinene and β-caryophyllene, we also per-
formed a few perturbation experiments by injecting isoprene,
m-xylene, or naphthalene. However, SOA formation from
these VOCs is not detectable. This is mainly due to either
lower SOA yields (of isoprene) or slower oxidation rates (of
m-xylene and naphthalene) compared to α-pinene and β-
caryophyllene, which are discussed in Sect. S6 of the Sup-
plement.

We have also performed four perturbation experiments by
injecting acidic sulfate particles to probe the reactive uptake
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of IEPOX. We observed an enhancement in isoprene OA con-
centration after the injection of sulfate particles. The detailed
results are included in Appendix B.

3.4 LO-OOA as a surrogate of SOAMT+SQT in the
southeastern US

We propose that the major source of LO-OOA in the south-
eastern US is fresh SOA from the oxidation of MT and SQT
by various oxidants (O3, OH, and NO3) based on multiple
lines of evidence. First, the southeastern US is characterized
by large biogenic emissions, including monoterpenes and
sesquiterpenes (Guenther et al., 2012). Second, the majority
of carbon in SOA is modern in the southeastern US. Weber
et al. (2007) measured the biogenic fraction of SOA to be
roughly 70 %–80 % at two urban sites in Georgia that were
also used in our study. We note that the measurements in We-
ber et al. (2007) were performed in 2004 and the biogenic
fraction of SOA is expected to be higher in 2016 than 2004 as
a result of reductions in anthropogenic emissions (Blanchard
et al., 2010). Third, previous studies suggest that the oxida-
tion of β-pinene (another important monoterpene) by nitrate
radicals (NO3) contributes to LO-OOA in the southeastern
US (Boyd et al., 2015; Xu et al., 2015a), though this reaction
alone cannot replicate the magnitude of LO-OOA (Pye et al.,
2015). Fourth, the mass spectra of LO-OOA are almost iden-
tical (i.e., R ranges from 0.95 to 0.99 in Fig. S7) across all
the seven datasets in our study. In addition, LO-OOA across
all datasets also shares the same diurnal trends (Xu et al.,
2015a). The similarity in LO-OOA features suggests that
LO-OOA generally shares similar sources across multiple
sites and in different seasons in the southeastern US. Fifth,
the lab-in-the-field perturbation experiments provide objec-
tive evidence that the majority of freshly formed SOA from
the oxidation of MT and SQT contributes to LO-OOA. Sixth,
using the updated CMAQ model (i.e., explicit organic ni-
trates and Saha and Grieshop, 2016, VBS for MT+O3 /OH
SOA), we found that the simulated SOAMT+SQT reasonably
reproduces both the magnitude and diurnal variability of LO-
OOA for all sites (Fig. 6a). The model bias is within ∼ 20 %
for most sites, except for Centreville, Alabama (i.e., 43 % for
CTR_June dataset). Figure 6b presents maps of ground-level
SOAMT+SQT concentration corresponding to the time peri-
ods of observational data, and the SOAMT+SQT concentration
is substantially higher in the southeast than other US regions.
While SOAMT+SQT is present throughout the year, it reaches
the largest concentration in summer. The spatial and seasonal
variation of the SOAMT+SQT concentration is consistent with
MT and SQT emissions (Guenther et al., 2012). The con-
sistency between modeled SOAMT+SQT and measured LO-
OOA at multiple sites and in different seasons builds confi-
dence in our hypothesis that LO-OOA largely arises from the
oxidation of MT and SQT in the southeastern US.

We note that we do not conclude that LO-OOA arises ex-
clusively from MT and SQT. SOA from other precursors

or other pathways may contribute to LO-OOA, but the re-
lated contributions are expected to be much smaller than
MT and SQT in the southeastern US. Firstly, the contribu-
tions of anthropogenic SOA to LO-OOA are likely small.
The emissions of anthropogenic VOCs are much weaker
than those of biogenic VOCs in the southeastern US (Gold-
stein et al., 2009). We modeled the concentration of an-
thropogenic SOA to be on the order of 0.1 µg m−3 for our
datasets (Fig. S8). Even if we double the SOA yields of an-
thropogenic VOCs to account for the potential vapor wall
loss in laboratory studies (Zhang et al., 2014), the con-
centration of SOA from anthropogenic VOC oxidation is
still negligible compared to SOAMT+SQT. The low mod-
eled concentration of anthropogenic SOA is consistent with
Zhang et al. (2018), who showed that the measured trac-
ers of anthropogenic SOA only account for 2 % of total OA
in Centreville, AL. Secondly, other reaction pathways, like
aqueous-phase chemistry or some unexplored reaction, may
contribute to LO-OOA. However, the consistency between
modeled SOAMT+SQT and LO-OOA suggests that LO-OOA
can be reasonably represented by a model based on current
knowledge. In addition, SOA produced from aqueous-phase
chemistry is generally highly oxidized (Lee et al., 2011) and
may be apportioned into MO-OOA instead of LO-OOA. A
recent study by W. Xu et al. (2017) suggests that aqueous-
phase SOA is a major source of MO-OOA in China.

We limit our hypothesis that the major source of LO-OOA
is the oxidation of MT and SQT to the southeastern US. The
southeastern US is a unique location in that there have been a
large number of field studies in recent years at multiple loca-
tions and seasons throughout the region. Results from these
studies provided additional constraints for OA sources in this
region (Carlton et al., 2018; Zhang et al., 2018; Xu et al.,
2015a; Warneke et al., 2016). At other locations, there is ev-
idence that the LO-OOA factor represents different sources.
For example, radiocarbon analysis shows that 68 %–75 % of
carbon in LO-OOA in California stems from fossil sources
(Hayes et al., 2013; Zotter et al., 2014), suggesting a con-
tribution from anthropogenic SOA to LO-OOA. Also, in the
wintertime of many locations, LO-OOA and MO-OOA are
not separated and a single OOA factor is resolved (Xu et al.,
2016b; Lanz et al., 2008). Further developments are needed
if one were to use the perturbation experimental approach for
source apportionments of OA at other sites if auxiliary con-
straints from field measurements, laboratory studies, and/or
modeling are not readily available for those sites.

3.5 Connection between laboratory and field studies

Due to the difficulties associated with accurately measuring
complex chemical processes in the atmosphere, laboratory
studies have been an integral part in our understanding of
atmospheric chemistry (Burkholder et al., 2017). However,
the representativeness of laboratory studies under simplified
conditions with respect to the complex atmosphere is diffi-
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Figure 6. (a) The diurnal trends of LO-OOA and modeled SOA from monoterpenes and sesquiterpenes (SOAMT+SQT) at different sampling
sites in the southeastern US. (b) Maps of the modeled ground-level SOAMT+SQT concentration coinciding with the time periods of intensive
ambient sampling. Model results shown here are from the updated simulation. Abbreviations correspond to Centreville (CTR), Jefferson
Street (JST), Yorkville (YRK), and Georgia Institute of Technology (GT). Detailed sampling periods are shown in Table S1. In panel (a),
since the perturbation experiments show that 16 % of SOA from α-pinene oxidation is apportioned into isoprene OA (Fig. S5a), we only
include 84 % of modeled SOA from MT+O3 /OH when comparing with LO-OOA for the sites with isoprene-OA. The mean bias (MB),
mean error (ME), and normalized mean bias (NMB) for each site are shown in each panel. The slopes and correlation coefficients (R) are
obtained by a least squares fit. The error bars indicate the standard error. In panel (b), the average SOAMT+SQT concentration in PM2.5
during each sampling period is reported.

cult to evaluate. One unique feature of our lab-in-the-field
approach is that VOC oxidation and SOA formation proceed
under realistic atmospheric conditions. Taking advantage of
this, we provide a direct link between laboratory studies
and ambient observations. Previous laboratory studies have
shown that NO can affect SOA composition by influencing

the fate of the organic peroxy radical (RO2, a critical radical
intermediate formed from VOC oxidation) (Kroll and Sein-
feld, 2008; Sarrafzadeh et al., 2016; Presto et al., 2005). To
evaluate the representativeness of laboratory studies and in-
vestigate the effects of NO on SOA composition, in Fig. 7 we
compare the chemical composition of α-pinene SOA formed

www.atmos-chem-phys.net/18/12613/2018/ Atmos. Chem. Phys., 18, 12613–12637, 2018
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Figure 7. The correlation coefficients between the mass spectra of OA formed in the laboratory under different NO conditions (SOAlab) and
those of OA formed in ambient α-pinene perturbation experiments (SOAambient). The subscripts lab and ambient indicate the SOA formed
under laboratory conditions and ambient conditions, respectively. Three different oxidant sources (i.e., H2O2, HONO, and NO2) are used
to create different NO concentrations in laboratory studies. The mass spectra of SOAambient are calculated by comparing the mass spectra
of OA during Chamber_Af and those of extrapolated Chamber_Bf (Sect. S7 of the Supplement). To calculate reliable mass spectra of
SOAambient, only the experiments with significant OA enhancement are analyzed and shown here (Appendix A). The x axis is the average
NO concentration during each perturbation experiment. The data points on the same vertical line (i.e., the same NO concentration) are from
the same perturbation experiment, but compared to three different laboratory experiments. The dashed lines are used to guide the eyes. The
bars on top of the figure represent the 10th, 50th, and 90th percentiles of NO concentration for CTR (Centreville, AL), YRK (Yorkville,
GA), and JST (Jefferson Street, GA) in 2013. The NO concentration is measured by the Southeastern Aerosol Research and Characterization
(SEARCH) network. The 90th percentile of NO concentration in JST is 14.8 ppb, which is not shown in the figure.

in laboratory studies under different NO conditions (denoted
as SOAlab) with those in α-pinene ambient perturbation ex-
periments (denoted as SOAambient). The degree of similar-
ity in OA mass spectra (i.e., evaluated by the correlation co-
efficient) between laboratory α-pinene SOA generated un-
der NO-free conditions (i.e., denoted as SOAlab,NO-free, using
H2O2 photolysis as oxidant source) and SOAambient shows
a strong dependence on the ambient NO concentration un-
der which SOAambient is formed. The degree of similarity in
mass spectra decreases rapidly when ambient NO increases
from 0.1 to 0.2 ppb, and then reaches a plateau at ∼ 0.3 ppb
NO. The opposite trend is observed when laboratory α-
pinene SOA generated in the presence of high NO concen-
trations (i.e., denoted as SOAlab,high-NO, using the photolysis
of NO2 or nitrous acid as an oxidant source) is compared
with SOAambient. These observations show the transition of
RO2 fate as a function of NO under ambient conditions. For
the perturbation experiments performed when ambient NO is
below ∼ 0.1 ppb, the mass spectra of SOAambient are similar
to SOAlab,NO-free, consistent with the fact that RO2 mainly re-
acts with hydroperoxyl (HO2) or isomerizes. In contrast, for
the perturbation experiments performed when ambient NO
is above ∼ 0.3 ppb, the mass spectra of SOAambient are simi-
lar to SOAlab,high-NO. This NO level (∼ 0.3 ppb) is consistent
with the NO level required to dominate the fate of RO2 in the
atmosphere, as calculated by using previously measured HO2
and kinetic rate constants (Sect. S8 of the Supplement). The
unimolecular reactions of RO2 are not considered. These ob-

servations also illustrate that the SOA composition from lab-
oratory studies can be representative of the atmosphere. We
note that the mass spectra of SOAambient are generally more
similar with those of laboratory SOA generated using NO2
photolysis as an oxidant source than using nitrous acid pho-
tolysis. This suggests that laboratory experiments using NO2
photolysis as an oxidant source better represent ambient high
NO oxidation conditions in the southeastern US than experi-
ments using nitrous acid. Possible explanations are discussed
in Sect. S7 of the Supplement. This finding provides new in-
sights into designing future laboratory experiments to better
mimic the oxidations in ambient environments.

4 Implications

In this study, we performed lab-in-the-field perturbation ex-
periments and provided objective evidence that the majority
of fresh SOA from the oxidation of MT and SQT contributes
to LO-OOA. Based on multiple lines of evidence, we pro-
pose that LO-OOA can be used as a surrogate for fresh SOA
from MT and SQT in the southeastern US. We showed that
modeled SOAMT+SQT could reasonably reproduce both the
magnitude and diurnal variability of LO-OOA at different
sites and in different seasons. Based on the model simulation,
we estimate that the annual concentration of SOAMT+SQT
to PM2.5 in the southeastern US is ∼ 2 µg m−3 (i.e., aver-
age concentration over the six sampling periods and over the
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southeastern US in the updated simulation). This accounts
for 20 % of the World Health Organization PM2.5 guide-
line (i.e., 10 µg m−3 annual mean) and indicates a significant
contributor of environmental risk to the 77 million habitants
in the southeastern US. Also, the estimated abundance of
SOAMT+SQT is substantially larger than represented in cur-
rent models (Lane et al., 2008; Zheng et al., 2015), but in
line with the conclusion from Zhang et al. (2018). Zhang et
al. (2018) used a different methodology, characterization of
molecular tracers of MT SOA at Centreville, AL (a site in-
cluded in our study as well), to conclude that monoterpenes
are the largest source of summertime organic aerosol in the
southeastern US. The oxidation of MT and SQT is likely an
underestimated contributor to PM in the present day and per-
haps during the preindustrial period, which determines the
baseline state of the atmosphere and the estimate of climate
forcing by anthropogenic emissions (Carslaw et al., 2013).
Models need to improve the description of MT and SQT oxi-
dation to reduce the uncertainties in the estimated OA budget
and subsequent climate forcing.

Using LO-OOA as a surrogate for SOAMT+SQT in the
southeastern US, our ambient ground measurements suggest
that at least 19 %–34 % of OA in the southeastern US is from
the oxidation of biogenic monoterpenes and sesquiterpenes
(Xu et al., 2015a). The fraction of biogenic OA in the south-
eastern US is even larger if we consider the fact that iso-
prene OA could account for 21 %–36 % of OA in summer

(despite potential interferences of SOA from monoterpene
oxidation) and that MO-OOA (24 %–49 % of OA) likely con-
tains SOA from the long-term photochemical oxidation of
biogenic VOCs. The dominant biogenic origin of SOA poses
a challenge to control its burden in the southeastern US if the
roles of anthropogenic oxidants and other controlling factors
are not recognized. Previous studies have shown that SOA
formation from biogenic VOCs can be mediated by anthro-
pogenic emissions, such as nitrogen oxides and sulfur diox-
ide (Hoyle et al., 2011; Goldstein et al., 2009; Surratt et al.,
2010; Rollins et al., 2012; Xu et al., 2015a). Thus, regu-
lating anthropogenic emissions could help reduce the SOA
concentration (Lane et al., 2008; Pye et al., 2015; Zheng et
al., 2015). For example, as observed in our ambient pertur-
bation experiments, one controlling parameter of α-pinene
SOA formation is the concentration of atmospheric oxidants
(O3, OH, and NO3), which are known to strongly depend
on NOx concentration. As it has been shown that anthro-
pogenic emissions exert complex and nonlinear influences on
biogenic SOA formation (Zheng et al., 2015), the effective-
ness of regulating anthropogenic emissions on the biogenic
SOA burden requires careful investigations.

Data availability. Data can be obtained by request
(ng@chbe.gatech.edu).
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Appendix A: Data analysis method for perturbation
experiments

The most challenging and important analysis is to determine
if the perturbation causes a statistically significant change in
the mass concentration of OA factors. We perform the fol-
lowing analysis to calculate the changes in the mass concen-
tration of OA factors after perturbation to determine if the
change is significant and to evaluate if the change is simply
due to ambient variation.

The duration of one perturbation experiment is about
130 min, including four periods: Amb_Bf (∼ 30 min), Cham-
ber_Bf (∼ 30 min), Chamber_Af (∼ 40 min), and Amb_Af
(∼ 30 min), as illustrated in Fig. A1. Firstly, we assume that
the ambient variation is linear during both the Chamber_Bf
and Chamber_Af periods (i.e., when instruments are con-
nected to the chamber and not sampling the ambient aerosol)
and that the ambient variation can be represented by inter-
polating Amb_Bf and Amb_Af. The validity of this assump-
tion will be discussed shortly. To obtain the slope of ambient
variation, we analyze the combined Amb_Bf and Amb_Af
data and use a Theil–Sen estimator (Sen, 1968). The Theil–
Sen estimator is a method to robustly fit a line to a set of
two-dimensional points (i.e., concentration C and time t in
this study). This method chooses the median of the slopes
(Cj −Ci)/(tj − ti) determined by all pairs of sample points.
Compared to simple linear regression using ordinary least
squares, the Theil–Sen estimator is robust and insensitive to
outliers. Unless specifically noted, the slope in Appendix A
is calculated from the Theil–Sen estimator. Secondly, we use
the slope to extrapolate the Chamber_Bf data to estimate
aerosol concentration inside the chamber during the Cham-
ber_Af period if there were no VOC injection. We refer to
this estimated aerosol concentration as “extrapolated Cham-
ber_Bf” and use it as the reference to calculate the change in
aerosol mass concentration after perturbation. We extrapolate
the Chamber_Bf data, instead of ambient data, because the
OA concentration in the chamber is lower than that in the at-
mosphere due to wall loss. Thirdly, we calculate the changes
in the concentration of OA factors based on the difference be-
tween measured Chamber_Af data and extrapolated Cham-
ber_Bf.

For each perturbation experiment, after calculating the
changes in the concentration of OA factors, we develop a set
of criteria to determine if the changes are statistically signif-
icant and if the changes are simply due to ambient variation.
The increase in the concentration of an OA factor needs to
satisfy all criteria to be considered as statistically significant
and not due to ambient variation.

Criterion 1: the difference in concentration between
Chamber_Af and extrapolated Chamber_Bf must be signifi-
cant. We use a T test and the 95 % confidence interval.

Criterion 2: the slope of all data points or the first
eight data points during the Chamber_Af period is signifi-
cantly different from the slope of the aerosol concentration

during the Chamber_Bf period. The rationale behind this cri-
terion is that if the perturbation causes a substantial change in
the concentration of an OA factor, its slope during the Cham-
ber_Af period should be different from that during the Cham-
ber_Bf period.

The slope of the aerosol concentration during the Cham-
ber_Af period is obtained in the following way. We calcu-
late the slope by using (1) all data points and (2) only first
eight data points during the Chamber_Af period. This is be-
cause the concentration of factors firstly increases after per-
turbation and then decreases due to dilution (Fig. A1). In this
case, the slope obtained by fitting all data points might be
negative and will not reflect the initial increase in concentra-
tion (e.g., LO-OOA of ap_0805_1 in Fig. S9a). Using only
the first few data points during the Chamber_Af period can
avoid this issue. We select the first eight data points in this pe-
riod because the concentrations of total OA and OA factors
typically reach the highest at the eighth point (i.e., ∼ 16 min
after injection). The slope is calculated by the Theil–Sen es-
timator.

The slope of aerosol concentration during the Chamber_Bf
period is analyzed in the following way. In order to determine
if the slope in Chamber_Af is significantly different from that
in Chamber_Bf, we use bootstrap analysis (1000 times) to
obtain a distribution of the slope of Chamber_Bf. In brief, in
each random resampling of Chamber_Bf with replacement,
a slope is calculated by the Theil–Sen estimator. Then, 1000
resamplings provide a distribution of the slope in Cham-
ber_Bf. The 5th and 95th percentiles of the slope distribution
are compared to the slope of Chamber_Af to determine if the
slopes are significantly different. If the slope of Chamber_Af
(from either all data points or the first eight data points) is
smaller (or larger) than the 5th (or 95th) percentile, the slopes
in Chamber_Bf and Chamber_Af are significantly different.

Criterion 3: the slope of all data points or the first
eight data points during the Chamber_Af period is signifi-
cantly different from the slope of ambient data (i.e., com-
bined Amb_Bf and Amb_Af). The rationale behind this cri-
terion is the same as the second criterion. That is, if the per-
turbation causes a substantial change in the concentration of
an OA factor, its slope during the Chamber_Af period should
be different from that in ambient data. The procedure to ob-
tain a distribution of slopes in the ambient data (combined
Amb_Bf and Amb_Af) is the same as criterion 2.

As mentioned above, one critical assumption is that the
ambient variation is linear during both the Chamber_Bf and
Chamber_Af periods (i.e., when instruments are connected
to the chamber and not sampling the ambient aerosol) and
that the ambient variation can be represented by interpolat-
ing Amb_Bf and Amb_Af. We design the following pseudo-
experiment to test the validity of this assumption. In brief, we
perform the same analysis as we did for the perturbation ex-
periments, but using ambient data only (i.e., no perturbation
data). We first randomly select a data point, which defines the
start point of one pseudo-test. Secondly, based on the start
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Figure A1. Time series of OA in experiment ap_0801_1 to illustrate the analysis method. Each perturbation experiment includes four periods:
Amb_Bf (∼ 30 min), Chamber_Bf (∼ 30 min), Chamber_Af (∼ 40 min), and Amb_Af (∼ 40 min). “Amb” and “Chamber” correspond to
the periods when the instruments are sampling ambient and chamber, respectively. “Bf” and “Af” stand for before and after perturbation,
respectively. The solid lines are measurement data. The dashed red lines are the linear fit of ambient data (i.e., combined Amb_Bf and
Amb_Af). The slope is used to extrapolate Chamber_Bf data to the Chamber_Af period (i.e., black dashed line). The dense dashed purple
line is the linear fit of the first eight points during the Chamber_Af period. The sparse dashed purple line is the linear fit of all data points
during the Chamber_Af period. During this period, the difference between measurements (i.e., solid green data points) and extrapolated
Chamber_Bf (i.e., dashed black line) represents the change in organic concentration caused by perturbation.

point, we obtain the concentration of OA factors during the
Amb_Bf period (i.e., from start point to start point+ 30 min),
the Chamber_Bf period (i.e., from start point+ 30 min to
start point+ 60 min), the Chamber_Af period (i.e., from start
point+ 60 min to start point+ 100 min), and the Amb_Af
period (from start point+ 100 min to start point+ 130 min).
This mimics the sampling periods in a real perturbation ex-
periment. Thirdly, we calculate the slope of the ambient pe-
riod (i.e., combined Amb_Bf and Amb_Af periods) and the
slope of the chamber period (i.e., combined Chamber_Bf and
Chamber_Af periods) in the pseudo-test. Fourthly, we calcu-
late if the slope of the chamber period is significantly dif-
ferent from the slope of the ambient period. We repeat this
pseudo-test 1000 times and then obtain the probability of
whether the slopes of the chamber period and ambient pe-
riod are significantly different.

Figure A2a shows the probability that the slopes of the
chamber period and ambient period are not significantly dif-
ferent for five factors. The larger this probability is, the more
reliable the linearity assumption is. The average probability
is ∼ 50 % for all factors, without discernible diurnal trends.
This suggests that there is a ∼ 50 % chance that the linear
variation assumption is valid. Since the linearity assumption
is not perfect, we develop another criterion to constrain the
potential influence of ambient variation on the interpretation
of perturbation results.

Criterion 4: from the above pseudo-experiment on ambi-
ent data only, we can calculate the relative change in slope

between the “chamber period” and “ambient period” by

relative change in slope=
SlopeChamber−SlopeAmb

SlopeAmb
. (A1)

In each pseudo-experiment test, we calculate a relative
change in slope between the chamber period and ambient pe-
riod. By repeating the pseudo-experiment test 1000 times, we
obtain a frequency distribution of the relative change in slope
for each OA factor (Fig. A2b). This frequency distribution in-
dicates the probability that a certain relative change in slope
occurs due to ambient variation. Take LO-OOA as an exam-
ple: the probability that the relative change in slope varies
by a factor of 8 due to ambient variation is ∼ 1 %. Thus, if
the relative change in the slope of LO-OOA in an α-pinene
experiment is 8, the change is unlikely due to ambient varia-
tion. We use the 5th and 95th percentiles from the frequency
distribution as the fourth criterion to determine if the changes
in the concentrations of OA factors in each perturbation ex-
periment are due to ambient variation. In other words, if the
relative change in slope between Chamber_Af and ambient
data in a real perturbation experiment falls outside of the 5th
or 95th percentiles, the changes in the concentrations of OA
factors are likely due to perturbing the chamber with VOC
instead of ambient variation. This criterion strictly considers
the influence of ambient variation. In general, the compari-
son in slope is an optimal option to account for ambient vari-
ation because the influence of ambient variation is unlikely
to coincide with the perturbation.

www.atmos-chem-phys.net/18/12613/2018/ Atmos. Chem. Phys., 18, 12613–12637, 2018
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Figure A2. (a) The diurnal trends of the probability that the slopes
between ambient periods (i.e., Amb_Bf and Amb_Af periods) and
chamber periods (i.e., Chamber_Bf and Chamber_Af periods) are
not significantly different in the pseudo-experiment. (b) The fre-
quency distribution of the relative change in slope. The data points
are fitted using a Gaussian function. The numbers in the box repre-
sent the 5th and 95th percentile of the Gaussian fit.

Based on these four criteria, the OA factors with signifi-
cant changes in their mass concentrations as a result of per-
turbation are shown in Fig. 4. LO-OOA is enhanced in 14 out
of 19 α-pinene experiments. However, total OA is only en-
hanced in 8 out of 19 α-pinene experiments. Several reasons
can contribute to the different behaviors of LO-OOA and OA.
Firstly, as total OA has multiple sources, the enhancement in
one factor does not guarantee an enhancement of total OA.
For instance, in some perturbation experiments, while LO-
OOA is enhanced, the concentration of other factors steadily
decreases due to ambient variation. The increase in LO-OOA
and decrease in other factors compensate for each other and
result in a lack of enhancement in total OA. Secondly, based
on the pseudo-experiment, we note that total OA is more eas-
ily affected by ambient variation than a single OA factor. For
example, 95 % of the relative change in the slope of total
OA is 3.59, which is larger than any OA factors (Fig. A2b).
Thus, the criteria for the change in total OA concentration to
be considered as significant are stricter than those for a single
OA factor. Thus, some experiments with significant changes
in LO-OOA do not have significant changes in total OA.

Appendix B: Ambient perturbation experiments with
acidic sulfate particles

Previous field observations showed strong correlation be-
tween isoprene OA and sulfate (Xu et al., 2015a, 2016a;
Budisulistiorini et al., 2015). Moreover, airborne measure-
ments over power plant plumes in Georgia, US, observed
enhanced isoprene OA formation in the sulfate-rich power
plant plume (Xu et al., 2016a). To probe the relationship
between isoprene OA and sulfate, we conducted perturba-
tion experiments in August 2015 by injecting acidic sul-
fate particles (i.e., a mixture of H2SO4 and MgSO4) into
the 2 m3 Teflon chamber. This mimics the airborne measure-
ments over power plants, which introduce sulfate into the at-
mosphere (Xu et al., 2016a).

The experimental procedure in the 2015 experiments is
generally similar to those in the 2016 experiments, but has
the following modifications. Firstly, in order to avoid the de-
pletion of species that can uptake to sulfate particles, we kept
one fan on during the Chamber_Bf and Chamber_Af periods
to enhance the air exchange between the chamber and atmo-
sphere. Secondly, considering that the fan is on during sulfate
injection to enhance mixing of the chamber air with ambient
air, we only use the Chamber_Bf and Chamber_Af periods to
calculate the changes in OA factors. Criteria 1, 2, and 4 are
applied in the 2015 experiments. Thirdly, the Chamber_Bf
period is∼ 40 min in the 2015 experiments, which is slightly
longer than the 30 min in the 2016 experiments. Fourthly, the
HR-ToF-CIMS was not deployed in the 2015 experiments.

The acidic sulfate seed particles were introduced into the
chamber by atomizing 0.88 mM H2SO4+ 0.48 mM MgSO4
mixture solution from a nebulizer (U-5000AT; Cetac Tech-
nologies Inc., Omaha, Nebraska, USA). One important in-
terference in these sulfate perturbation experiments is the
trace amount of organics in solvent water (i.e., HPLC-grade
ultrapure water; Baker Inc.), which is used to prepare the
H2SO4+MgSO4 solution. These organics were injected into
the chamber together with sulfate. We utilize the multilinear
engine solver (ME-2) to constrain the organics from solvent
water (i.e., H2O-Org). Unlike the PMF2 solver, which does
not require any a priori information of mass spectrum or time
series, the ME-2 solver uses a priori information to reduce
rotational ambiguity among possible solutions (Canonaco et
al., 2013; Paatero, 1999). We obtained the reference spec-
trum of organic contamination (i.e., the a priori information
for ME-2 solver) by atomizing the H2SO4+MgSO4 solution
directly into AMS. The ME-2 solver successfully extracted
a factor (i.e., denoted as the H2O-Org factor, Fig. B1) that
showed a clear enhanced concentration during atomization
(Fig. B2 and B3).

A total of four experiments were performed and the details
are summarized in Table B1. As shown in Fig. B2, the iso-
prene OA factor increases in all three daytime experiments,
but not the nighttime experiment. Based on the current un-
derstanding of the isoprene OA factor, this enhancement is
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Figure B1. The mass spectra and time series of OA factors in the 2015 acidic sulfate particle perturbation measurements. Note that the
perturbation periods are included in the time series.
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Figure B2. The statistically significant changes in the concentrations of OA factors after perturbation by acidic sulfate particles. The experi-
ments are sorted by perturbation time. The changes in concentration are the difference between measurements during the Chamber_Af period
and mass concentration extrapolated from the Chamber_Bf period. A set of criteria are developed to evaluate if the changes are significant
and if the changes are due to ambient variation (Appendix A). The H2O-Org factor in these sulfate perturbation experiments represents
organic contaminations in atomizing water.

likely due to the reactive uptake of IEPOX. The lack of en-
hancement in the nighttime experiment is consistent with a
low IEPOX concentration at night (Hu et al., 2015). Our re-
sults provide direct observational evidence that acidic sul-
fate particles lead to an increase in isoprene OA, which sup-
ports results from previous studies (Xu et al., 2015a, 2016a;
Budisulistiorini et al., 2015). Due to a lack of measurements
of gas-phase organic compounds, we are unable to identify
the reactive species. Other species, such as glyoxal (Kroll et
al., 2005), isoprene hydroperoxides (Liu et al., 2016), and

HOMs (Ehn et al., 2014), also have the potential to up-
take to acidic sulfate particles and form SOA. Future exper-
iments with comprehensive measurements of gas-phase or-
ganic compounds can provide more insights into the identi-
ties of reactive uptake species.

We note that in the non-atomizing period, the concentra-
tion of the H2O-Org factor is close to zero, but not zero. Since
H2O-Org arises from the atomizing solution, it should only
exist during atomizing periods. Thus, the nonzero concentra-
tion suggests the limitation of the ME-2 solver and caution
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Table B1. Experimental conditions for sulfate perturbation experiments.

Perturbation Expt. IDa Date Injection Perturbation NOc NOc
2 Oc

3
time amountb (ppb) (ppb) (ppb)

sulfate SO4_0814 14 August 2015 13:32 16.29 0.51 5.86 59.8
SO4_0815 15 August 2015 14:12 14.33 0.18 4.79 63.0
SO4_0816_1 16 August 2015 12:46 14.52 0.36 4.08 53.2
SO4_0816_2 16 August 2015 21:53 13.92 0.03 5.40 35.6

a Expt. ID is “perturbation species+ date+ experiment number”. For example, SO4_0816_1 represents the first sulfate perturbation
experiment on 16 August. b The unit for the perturbation in sulfate experiments is µg m−3. The perturbation amounts of sulfate are
calculated from Chamber_Af – extrapolated Chamber_bf. c Average concentration during the Chamber_Af period.
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Figure B3. Time series of OA factors in each sulfate perturbation experiment.

is required when using the ME-2 solver to resolve one fac-
tor based on a specific mass spectrum. This limitation does
not affect the conclusion that the enhancement in isoprene
OA is likely due to the reactive uptake of organic species,

as we further verify that the organic increase in three day-
time perturbation experiments with sulfate particles cannot
be solely explained by the organic contamination in atomiz-
ing water based on the following two aspects. For example,
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we atomize the solution directly into AMS and find that the
Org/SO4 ratio is 0.025. This value is significantly lower than
the Org/SO4 ratio in the three daytime sulfate perturbation
experiments (i.e., 0.048–0.059), but close to the nighttime
sulfate perturbation experiment (i.e., 0.022) (Fig. B4).
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Figure B4. The Org/SO4 ratio in sulfate perturbation experiments
and laboratory tests by directly atomizing H2SO4+MgSO4 mix-
ture solution into AMS (i.e., SO4_direct).
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