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Abstract

A yearlong near-real-time characterization of non-refractory submicron aerosol (NR-
PM,) was conducted at an urban (Atlanta, Georgia) and rural (Look Rock, Tennessee)
site in the southeastern US using the Aerodyne aerosol chemical speciation monitor
(ACSM) collocated with established air-monitoring network measurements. Seasonal
variations in organic aerosol (OA) and inorganic aerosol species are attributed to me-
teorological conditions as well as anthropogenic and biogenic emissions in this region.
The highest concentrations of NR-PM, were observed during winter and fall seasons at
the urban site and during spring and summer at the rural site. Across all seasons and at
both sites, NR-PM, was composed largely of OA (5076 %) and inorganic sulfate (12—
31 %). Six distinct OA sources were resolved by positive matrix factorization applied to
the ACSM organic mass spectral data collected from the two sites over the one year
of near-continuous measurements at each site: hydrocarbon-like OA (HOA), biomass
burning OA (BBOA), semi-volatile oxygenated OA (SV-OOA), low-volatility oxygenated
OA (OOA), isoprene-derived epoxydiol (IEPOX) OA (IEPOX-0A), and 91Fac OA (a fac-
tor dominated by a distinct ion at m/z 91 fragment ion previously observed in biogenic
influenced areas). LV-OOA was observed throughout the year at both sites and con-
tributed 30—-66 % of total OA mass. HOA was also observed during the entire year only
at the urban site (15-24 % of OA mass). BBOA (15-33 % of OA mass) was observed
during winter and fall, likely dominated by local residential wood burning emission. Al-
though SV-OOA contributes quite significantly (~ 27 %), it was observed only at the
urban site during colder seasons. IEPOX-OA was a major component (27—-41 %) of OA
at both sites, particularly in spring and summer. An ion fragment at m/z 75 is pro-
posed as an additional marker for IEPOX-OA, as it is shown to correlate well with the
m/z 82 ion shown to be associated with the aerosol mass spectrum of IEPOX-derived
secondary organic aerosol (SOA). The contribution of 91Fac to the total OA mass was
quite low at the urban site (~ 9 %), but was significant (21-23 %) at the rural site during
warmer months. Comparison of 91Fac OA time series with SOA tracers measured from

22381

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

ACPD
15, 2237922417, 2015

Characterization of
submicron aerosol
chemical
composition

S. H. Budisulistiorini et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/22379/2015/acpd-15-22379-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/22379/2015/acpd-15-22379-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

filter samples collected at Look Rock suggests that isoprene oxidation through a path-
way other than IEPOX SOA chemistry may contribute to its formation. Other biogenic
sources could also contribute to 91Fac, but there remains a need to resolve the exact
source of this factor based on its significant contribution to rural OA mass.

1 Introduction

Characterization of the chemical composition of atmospheric fine aerosol is important,
because of its adverse human health effects (Pope Il and Dockery, 2006) and possible
impacts on the Earth’s climate system (Forster et al., 2007). Aerosol with aerodynamic
diameters < 1 um (PM,) play a significant role in scattering and/or absorbing solar ra-
diation as well as cloud formation (IPCC, 2013). Long-term regional characterizations
of ambient PM; is required to understand their sources, formation, and aging mech-
anisms, as well as their atmospheric lifetimes. This information will lead to more ac-
curately constrained air quality models for making regulatory decisions to mitigate the
potential adverse impacts of PM;.

Over the past decade, online aerosol mass spectrometry (AMS) has been used to ex-
tensively characterize ambient non-refractory (NR)-PM, (Zhang et al., 2007; Jimenez
et al., 2009; Ng et al., 2010; Crippa et al., 2014); however, prior studies were limited
by short measurement periods (weeks to a several months) because the need for in-
tensive instrument maintenance required the continuous on-site presence of skilled
personnel in order to generate high quality data. The Aerodyne aerosol chemical spe-
ciation monitor (ACSM) based on the AMS technology has been modified to allow for
long-term operation with less maintenance (Ng et al., 2011b). The ACSM has been re-
cently used for long-term NR-PM; measurements (Petit et al., 2015; Ripoll et al., 2015;
Parworth et al., 2015; Zhang et al., 2015) and shown to be durable and comparable
to data collected from existing fine aerosol monitoring networks (Budisulistiorini et al.,
2014).
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Worldwide studies have shown that tropospheric PM; mass is dominated by or-
ganic aerosol (OA) (Zhang et al., 2007; Jimenez et al., 2009). While inorganic aerosol
constituents, such as sulfate and nitrate, are largely anthropogenic in origin, both an-
thropogenic and biogenic sources can contribute to OA. OA consists of aerosol di-
rectly emitted into the atmosphere, primary organic aerosol (POA), and aerosol formed
from atmospheric oxidation of volatile organic compounds (VOCs), secondary organic
aerosol (SOA). POA sources include fossil fuel combustion from vehicles, power gen-
eration, and residential burning (cooking and heating) as well as forest fires (Kanakidou
et al., 2005). Although POA contributions to urban OA mass may be significant during
morning traffic, SOA exceeds POA, especially at midday or in the afternoon. SOA has
been observed to contribute upwards of 90 % to the total OA mass (Docherty et al.,
2008), indicating the critical role of photochemical processes in SOA formation.

Anthropogenic emissions are the predominant sources of ambient aerosol in urban
areas, whereas a regional component that is comprised of a combination of anthro-
pogenic and biogenic contributions can also be significant, especially urban areas sur-
rounded by dense forests, such as Atlanta, Georgia (GA). Studies in Atlanta character-
izing the chemical components of ambient aerosol collected during different seasons
(Lee et al., 2002; Kim et al., 2003; Butler et al., 2003); however, they were limited by
low-time or -mass resolution. A recent study reported that non-fossil carbon derived
from modern sources (e.g., biogenic) accounts for 50 % of carbon at two urban sites
and 70-100 % of carbon at 10 near-urban or remote sites in the US (Schichtel et al.,
2008). Additionally, isoprene-derived SOA has been recently observed to contribute
substantially to SOA in downtown Atlanta during summer (Budisulistiorini et al., 2013;
Xu et al., 2015). The isoprene-derived SOA was attributed to the heterogeneous chem-
istry of isomeric isoprene epoxydiols (IEPOX), known oxidation products of isoprene
under both low- (Paulot et al., 2009) and high-NO (Jacobs et al., 2014) conditions, in
the presence of acidic sulfate aerosol (Budisulistiorini et al., 2013).

Biogenic hydrocarbons and their oxidation products are major contributors to ambi-
ent fine aerosol in rural areas where anthropogenic sources are absent (Budisulistiorini
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et al., 2015). In summer 2001, the fraction of non-fossil carbon was reported to vary
from 66—80 % of total carbon at Look Rock (LRK), Great Smoky Mountains National
Park (GSMNP), TN, indicating the likely importance of photochemical oxidation of bio-
genic VOCs (BVOCs) (Tanner et al., 2004a). Sulfate did not show significant diurnal
variability at LRK, TN, suggesting that local meteorological conditions are minimally
influential in determining concentrations of long-lived species (Tanner et al., 2005).
Moreover, OC at this location is the primary component of SOA in summer, while POA
from wood burning can contribute significantly during fall (Ke et al., 2007).

Because previous studies on detailed OA composition in the southeastern US are
limited by low-time resolution, we undertook a two-year study comparing near-real-time
chemical characterizations of NR-PM, collected for one-year at the urban Jefferson
Street (JST) site in downtown Atlanta, GA and a subsequent year at the rural LRK
site located in the GSMNP, TN. NR-PM; was sampled, chemically characterized and
quantified over a two-year period spanning 2012-2013 using the ACSM. OA sources
were seasonally analyzed by positive matrix factorization (PMF). OA factors resolved
by PMF were compared with collocated data collected from both air-monitoring sites in
order to associate them with specific types of OA sources.

2 Methods
2.1 Fine aerosol sampling and data analysis

Real-time continuous chemical measurements were conducted during 2012-2013 at
a downtown urban site (JST) in Atlanta, GA, and at a rural/forested site (LRK) in
GSMNP, TN, respectively. Detailed descriptions of both sites have been published
(Budisulistiorini et al., 2013, 2015). Briefly, the JST site is one of several research
sites of the Southeastern Aerosol Research and Characterization (SEARCH) network.
The JST site is located in a mixed industrial-residential area about 4.2 km northwest
of downtown Atlanta and within approximately 200 m of a bus maintenance yard and
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several warehouse facilities to the south and southwest (Hansen et al., 2003; Solomon
et al., 2003). Decreases of sulfate and non-methane organic carbon (NMOC) have
been observed from 1999-2013 at SEARCH network sites (including JST) (Hidy et al.,
2014). The LRK site is located on a ridge-top on the northwestern edge of the GSMNP
downwind of urban areas, such as Knoxville and Maryville, TN, and small farms with
animal grazing areas. In summer, up-slope flow carries pollutants emitted in the valley
during early morning to the LRK site by mid-morning, and in the evening down-slope
flow accompanies a shift of wind direction to the south and east that could isolate the
site from fresh primary emissions from the valley and allows aged secondary species
to accumulate (Tanner et al., 2005). Decreases of PM, 5 mass from 1999-2013 at LRK
was attributed to decline in sulfate and OC concentrations (Tanner et al., 2015).
Ambient NR-PM, was analyzed using the Aerodyne ACSM in a similar manner at
both sites. Details of NR-PM, sampling at the JST and LRK sites have been described
in Budisulistiorini et al. (2013, 2015). Briefly, the ACSM was operated with a sampling
flow rate of 3Lmin™", resulting in a residence time of < 2s for PM, 5 in the sampling
line. The aerodynamic lens mounted on the ACSM inlet continuously samples PM;
from the bypass PM, 5 sampling line (Ng et al., 2011b). Particle-laden air was dried
using a 50-tube Nafion dryer (Perma Pure PD-50T-24SS) in which a dry air delivered
a 7Lmin~" of sheath of dry air to keep the sample air relative humidity (RH) well be-
low 10 %, preventing condensation within the sampling line that could adversely affect
the collection efficiency (CE) of PMy and clog the ACSM sampling inlet. The ACSM
was tuned for ionizer and electronic offset and calibrated for ionization efficiency on
site periodically every season throughout each year of sampling. Mass calculation of
aerosol constituents is described in detail elsewhere (Ng et al., 2011b). At both sites,
a CE value of 0.5 for all species was used based on evaluation of composition depen-
dent CE as described in Budisulistiorini et al. (2013, 2015). Correlations of combined
aerosol mass concentrations of ACSM NR-PM; and collocated elemental carbon (EC;
Sunset Labs) at JST and black carbon (BC; Magee Sci. Model AE 21 Aethalometer)
at LRK, with aerosol volume concentrations of PM; measured by the Scanning Elec-
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trical Mobility System-Mixing Condensation Particle Counter (SEMS-MCPC, Brechtel
Manufacturing Inc.) were strong (r2 > 0.8), suggesting an aerosol density of 1.75 at
JST (Budisulistiorini et al., 2014) and 1.5290m‘3 at LRK (Budisulistiorini et al., 2015)
during summer, and a density of 1.46gcm’3 (Fig. S1 in the Supplement) during win-
ter at LRK. Operational issues, prevented measurements by the SEMS-MCPC during
other seasons at both the JST and LRK sites. Therefore, we estimated dry density
of ambient PM, based on average particle composition for each season, and the as-
sumption of organic, inorganic, and EC densities are 1.2, 1.77 (Turpin and Lim, 2001),
and 1.77g cm™® (Park et al., 2004), respectively. The estimated dry aerosol densities at
both the JST and LRK sites are provided in Table S3. Estimated values for winter and
summer at the LRK site and summer at the JST site were close to measured values
(within 10—20 %). Therefore, we applied a CE value of 0.5 on all seasonal datasets. If
a CE of 1 is used, the estimated aerosol density is < 1 gcm‘s, which is much lower than
the suggested bulk organic and inorganic aerosol densities of 1.27 and 1.77 gcm'3, re-
spectively (Cross et al., 2007).

2.2 Organic aerosol characterization by PMF

Details of PMF analysis of the organic mass fraction have been described previously
(Lanz et al., 2007; Ulbrich et al., 2009; Zhang, 2011). The PMF2 algorithm (Paatero
and Tapper, 1994) was used in robust mode via PMF Evaluation Tool panel (PET v2.04)
using the methods outlined in Ulbrich et al. (2009) and Zhang et al. (2011). Only the
mass range m/z 12-120 was utilized for PMF because no organic fragment ions are
possible at m/z < 12 and low transmission efficiency for ions with m/z > 120 (Ng et al.,
2011b), which results in low signal-to-noise ratios as well as possible interferences from
naphthalene at m/z 128 signal.

PMF analysis was performed separately for winter, spring, summer and fall seasons
at both the JST and LRK sites. Solutions were chosen based on the quality of PMF
fits as well as interpretability when compared to reference mass spectra (Ng et al.,
2011a; Robinson et al., 2011) and independent gas- and particle-phase measurements
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(Budisulistiorini et al., 2013, 2015). For each analysis, uncertainty of selected factor
solutions was investigated with different seeds (SEED parameter varied from 0 to 100,
in steps of 5), FPEAK parameters, and 100 bootstrapping runs. Correlations of PMF
factors with external tracers and reference mass spectra are provided in Tables S1 and
S2, and PMF factors diagnostics are provided in Figs. S2—-S9.

2.3 Estimation of aerosol acidity by ISORROPIA

The thermodynamic model, ISORROPIA-II (Fountoukis and Nenes, 2007; Nenes et al.,
1999), was used to estimate aerosol pH. Inputs for the model include aerosol-phase
sulfate, nitrate, and ammonium as umolm_s, measured by the ACSM under ambient
conditions. In addition, RH and temperature obtained from the SEARCH network and
the National Park Service (NPS) for JST and LRK sites, respectively, were used as in-
puts. Inputs of ammonia for the JST site were obtained from SEARCH and for LRK site,
from the Ammonia Monitoring Network (AMoN; TNO1/Great Smoky Mountains National
Park — Look Rock). ISORROPIA-II predicted particle hydronium ion concentration per
volume of air (H, g m's) and aerosol liquid water content (LWC, mol L™ ). Calculation
of aerosol pH follows that of Eq. (4) in Budisulistiorini et al. (2015).

3 Results and discussion
3.1 Seasonal submicron aerosol chemical composition, pH, and LWC

Seasonally averaged NR-PM, was typically higher at JST compared to LRK, espe-
cially during colder seasons (fall and winter) when anthropogenic primary emissions
are higher; however, during warmer seasons (spring and summer) the average NR-
PM; concentrations were similar at both sites (Fig. 1; Table 1). The highest average
seasonal concentration of urban NR-PM, was observed during the fall, whereas the
summer season Yyielded the highest average NR-PM; concentration at the rural site.
Interestingly, these patterns correspond to OA and sulfate seasonal trends, suggesting
22387

Jaded uoissnosiq

Jaded uoissnosiq

| Jaded uoissnosiq |

Jaded uoissnosiq

ACPD
15, 2237922417, 2015

Characterization of
submicron aerosol
chemical
composition

S. H. Budisulistiorini et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/22379/2015/acpd-15-22379-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/22379/2015/acpd-15-22379-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the important roles of these species to total NR-PM; mass at urban and rural sites
across the southeastern US.

At the LRK site, average OA loadings increased from spring (~ 3.2 ug m'3) to sum-
mer (~ 5.3 ug m'3), and then decreased in fall (~2.8ug m’s), which is likely related
to BVOC emissions that depend on leaf surface area, solar radiation, and ambient
temperature (Guenther et al., 2006). A different pattern was observed at the urban
site, where average OA loadings were highest during the fall (8.2 ug m‘3) and winter
(7.2png m'3) seasons, suggesting contributions from biomass burning-related OA and
non-biogenic sources. Generally, average % OA contributions to NR-PM, were higher
in spring and summer at both urban and rural sites, implying the role of biogenic SOA
formation increased during these periods. Contributions of POA and SOA are further
discussed in Sect. 3.2 below.

Average sulfate concentrations were highest in summer for LRK and fall for JST, re-
spectively, which may contribute to enhanced SOA formation (Y.-H. Lin et al., 2013; Xu
et al., 2015; Budisulistiorini et al., 2015). Changes of sulfate concentrations at LRK are
suggested to mainly affected by changes in SO, emission that occur nearby and/or fur-
ther upwind (Tanner et al., 2015). At JST, SO, emissions from nearby coal-fired power
plants could contribute to sulfate seed aerosol to provide a surface for heterogeneous
acid-catalyzed reactions leading to enhancement of SOA. The average ammonium and
nitrate contribution to seasonal average NR-PM, loadings is small compared to those
of OA and sulfate. Both species showed similar trends at the urban site, where they
were highest during colder seasons (i.e., winter and fall), while showing no significant
fluctuations during the duration of the study at LRK. This observation is consistent with
previous studies (Tanner et al., 2004b; Olszyna et al., 2005) reporting that average con-
tributions of ammonium and nitrate are not significant for rural PM,. Average chloride
loadings were low (< 0.1 pg m‘3), indicating that chloride is not a significant contributor
to inorganic aerosol mass in this region. The increasing average contributions from the
sum of sulfate, ammonium, and nitrate in winter and fall at JST suggests the important
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role of inorganics in NR-PM,, in accord with observation in other major urban areas
(Y. Sun et al., 2011; Petit et al., 2015).

The lowest seasonal average pH were observed in summer (1.45) for JST and in
fall (1.53) for LRK, as illustrated in Fig. 1. On the other hand, the highest seasonal
average pH were 2.01 for JST and 1.81 for LRK which were observed during winter.
Overall, seasonal aerosol pH is 1.5-2.0 at both sites indicates that NR-PM, in the
southeastern US is acidic year round, which is consistent with a recent study by Guo
et al. (2015). Figure 1 shows that no direct correlation exists between aerosol pH and
OA. However, this does not necessarily rule out the potential role of aerosol acidity
in enhancing SOA formation in light of laboratory studies demonstrating a significant
pH effect (Gao et al., 2004; Surratt et al., 2007; Y. Lin et al., 2013). Uncertainty of
aerosol acidity estimation by ISORROPIA-II by omission of organic sulfate as input (Lin
et al., 2014) could lead to under-prediction of aerosol acidity and the observed lack of
correlation with OA. Seasonal averages of LWC were highest during summer at both
JST (33.97 mol L™ of aerosol) and LRK (38.17 mol L'1) sites. It should be noted that
the possible LWC contributions from OA are not included because a technique, such as
that recently used by Guo et al. (2015) to measure this quantity is lacking at our sites.
Studies have suggested that reactive uptake decreases with enhanced RH (Nguyen
et al., 2014; Gaston et al., 2014); however, some isoprene-derived SOA tracers were
elevated by high RH (Zhang et al., 2011). Although organic water fraction in total LWC
was found to be significant by Guo et al. (2015); pH prediction using ISORROPIA-II
based on inorganic ions alone was found to give a reasonable estimate. Hence, the
lack of correlation in this study between OA and LWC based only on inorganic water
suggests that LWC is not a limiting factor in OA production in this region.
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3.2 Seasonal OA characterizations
3.2.1 Winter

Seasonal mass spectra and time series of OA factors resolved from PMF analysis at
both JST and LRK sites are depicted in Figs. 2a and 3a, respectively. PMF analysis
of winter OA yielded a four-factor solution at JST and a two-factor solution at LRK.
Hydrocarbon-like OA (HOA), biomass-burning OA (BBOA), semi-volatile oxygenated
OA (SV-O0A), and low-volatility oxygenated OA (LV-OOA) factors (Ng et al., 2011a)
were resolved from the JST dataset, whereas only the BBOA and LV-OOA factors were
resolved from the LRK dataset. The temporal variation of the HOA factor correlates
well (r2 > 0.7) with black carbon (BC), carbon monoxide (CO), and reactive nitrogen
species (NO, ) (Tables S1). Moreover, its diurnal variation (Fig. 4b) showed a morning
peak, consistent with an expected contribution from vehicular emissions (Zhang et al.,
2007).

The BBOA factor concentration increased during the night and decreased during
the day (Fig. 4a), which could be related to residential and non-residential wood burn-
ing as well as planetary boundary layer (PBL) dynamics. BBOA at the LRK site also
showed a large nighttime peak with a gradual decrease during the day. The large peak
appears to result from a short period of intense biomass burning that occurred in 15—
18 March 2013. Since a source for this event could not be identified, we do not re-
port it specifically in this study. The time series of BBOA showed moderate correlation
(r? = 0.2-0.5; Tables S1 and S2) with BC, suggesting that it is likely influenced by some
local sources (e.g., fires). BBOA mass spectra from JST and LRK were highly corre-
lated (r2 ~ 0.7), indicating similarity of the sources. Comparisons of the BBOA mass
spectra with reference mass spectra showed correlation with other OOA factors (Ta-
bles S1 and S2), a known caveat in resolution of BBOA based on unit mass resolution
(UMR) data such as that from ACSM measurements (Wood et al., 2010). The similarity
of BBOA and OOA factors mass spectra could indicate aged BBOA factor, which was
observed to have enhanced signals at m/z 18, 29 and 44 ions and low signals at m/z
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60 and 73 ions (Bougiatioti et al., 2014). However, the BBOA factor observed at JST
and LRK displayed enhanced signal at m/z 44 ion but retained signals at m/z 60 and
73 ions, suggesting that it was not as oxidized as the aged BBOA factor.

LV-OOA is characterized by high fraction of total ion intensity at m/z 44 (f,4) resulting
from high oxygen content (Ng et al., 2011a) and is the most abundant OA type at both
JST and LRK (Table 1). Maxima around midnight at JST and in the mid-afternoon at
LRK (Fig. 4b) were not significant, indicating that LV-OOA concentration is relatively
constant throughout the day in this region. LV-OOA has been shown to correlate with
non-volatile secondary species (Jimenez et al., 2009). Lack of temporal correlation
between LV-OOA and sulfate has been observed to depend on oxidation degree of
urban ambient aerosol (Y. L. Sun et al., 2011). We observed weak correlations (r* <
0.2) between LV-OOA and sulfate at both sites. Ratio of organic-to-sulfate ratio was
used to track photochemical aging of biogenic SOA (Henry and Donahue, 2012). Large
variability of LV-OOA : sulfate ratio (Fig. S10) at LRK and JST could indicate gradual
photochemical aging process in winter. This might cause lack of correlation with sulfate,
as previously seen in New York City (Y. L. Sun et al., 2011). On the other hand, the
mass spectral comparison of LV-OOA from both sites were strongly correlated (r2 ~1;
Fig. S11), possibly suggesting similar sources of LV-OOA at these sites.

SV-OO0A, which was observed only in urban OA, is the most abundant OA. An
f,4 smaller than that of LV-OOA indicates the factor is less oxidized and thus semi-
volatile (Ng et al., 2011a). The temporal variation of SV-OOA was moderately corre-
lated (r2 ~ 0.4) with nitrate (Fig. 3; Table S1) while the mass spectrum was well corre-
lated with previously resolved 82Fac and IEPOX-OA factors (82Fac and IEPOX-OA are
equivalent and are characterized by a distinct ion at m/z 82) (Robinson et al., 2011;
Budisulistiorini et al., 2013, 2015). However, low isoprene emissions during winter do
not support the association of the SV-OOA factor is associated with IEPOX-derived
SOA. The diurnal profile of SV-OOA showed an increase in the evening and decrease
in the morning, similar to the BBOA profile and HOA factors. This variability suggests
an influence of nitrate-radical chemistry on nighttime SOA formation (Xu et al., 2015).
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It is noted here that we acknowledge the potential role of diurnal PBL dynamics or loss
processes (e.g. deposition) in contributing to diurnal patterns observed here for the
PMF factors.

3.2.2 Spring

PMF analysis of spring OA resulted in a four-factor solution (i.e., HOA, LV-OOA, 91Fac,
and IEPOX-OA) for the JST site and a three-factor solution (i.e., LV-OOA, 91Fac, and
IEPOX-OA) for the LRK site (Fig. 2b). The average concentration of HOA in Atlanta was
significantly lower in spring (0.55 ug m‘3) than in winter (1.69 ug m'3), but the diurnal
pattern was similar (Figs. 3a and 4b) and temporal correlation with primary species
(r2 ~ 0.6) was strong (Table S1). Average LV-OOA concentration at JST also was the
lowest in spring (1.42 pug m'3), which might be attributed to warming temperatures that
elevate the PBL and enhance atmospheric mixing. Diurnal variation of rural LV-OOA
showed a small diurnal maximum in the afternoon, whereas no variation was observed
for JST LV-OOA (Fig. 4b). LRK LV-OOA showed moderate correlation with sulfate (r2 >
0.4; Table S2), while no correlation was found for JST LV-OOA. Comparison of mass
spectra revealed the same strong correlation (r2 ~ 1; Fig. S11) between JST and LRK
LV-OOA factors observed in winter, suggesting possible similar sources over regional
scale.

A third factor resolved from Atlanta OA was assigned as 91Fac rather than SV-OOA
based on a higher oxidation level (f,3/f44 = 0.12), and better correlation (r2 =0.44)
with the 91Fac reference mass spectrum (Robinson et al., 2011) than with SV-OOA
(r® < 0.4). Average mass contributions of 91Fac to total OA are lower at JST (< 10 %)
than LRK (21 %), and do not vary substantially throughout the day (Fig. 4b). The JST
and LRK 91Fac were highly correlated (r2 ~ 1), indicating nearly identical composi-
tion. During spring and summer, the average 91Fac concentration at the LRK site
(0.7-1.2pg m'3) is slightly higher than at JST (0.3-0.6 ug m'3) (Fig. 3a), suggesting
a higher emission sources at the rural site. 91Fac has been attributed to various
sources: monoterpene-derived SOA (Budisulistiorini et al., 2015) and biogenic SOA
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(Chen et al., 2014). 91Fac had also been attributed to aged BBOA (Robinson et al.,
2011), however, recent field study identified ions at at m/z 18, 29, and 44 as mark-
ers for aged BBOA but not m/z 91 ion (Bougiatioti et al., 2014). Since BBOA was not
resolved from OA measurements at either location in spring, aging of BBOA seems
unlikely fit to be the source of 91Fac in this study, although it cannot be definitely ruled
out. 91Fac will be further discussed in Sect. 3.5.

The IEPOX-OA factor, attributed to IEPOX heterogeneous chemistry (Budisulistiorini
et al., 2013; Lin et al., 2012), was resolved from datasets at both JST and LRK. It was
the second most abundant OA type after LV-OOA at JST, but the most abundant at LRK
(Table 1). The average IEPOX-OA concentration was slightly higher at LRK than at JST,
consistent with increasing isoprene emission during spring, with higher concentrations
near densely forested areas like at GSMNSP, TN. Diurnal patterns of IEPOX-OA are
different at JST and LRK. At LRK, IEPOX-OA increased in the afternoon and remained
high until evening, suggesting that this factor is driven by photooxidation of isoprene.
At JST, the diurnal pattern of IEPOX-OA followed that of total OA, where it slightly
decreased during the day before it increased again in the evening, which is different
from previous observations at JST during summer 2011 (Budisulistiorini et al., 2013).
Nevertheless, the mass spectra of IEPOX-OA at JST and LRK are tightly correlated
(r2 ~ 1), indicative of similar composition.

3.2.3 Summer

PMF analysis of summer OA resolved the same factors as spring at both sites: HOA,
LV-O0A, 91Fac, and IEPOX-OA factors at JST, and LV-OOA, 91Fac, and IEPOX-OA
factors at LRK (Fig. 2¢). Average HOA mass concentration at JST increased in summer,
but its contribution to total OA was lower than from spring (Fig. 3, Table 1). Temporal
variation of HOA was well correlated (r2 ~ 0.6) with BC, CO, and NO, (Table S1) and
the diurnal pattern was similar to that of spring (Fig. 4b).

Average LV-OOA concentrations at both sites also increased in summer; however,
the proportional contribution decreased as a result of a larger contribution of IEPOX-
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OA at JST and 91Fac at LRK (Fig. 3, Table 1). The time series of LV-OOA correlated
weakly with sulfate (r? ~0.2) at JST, but more strongly correlated with sulfate at LRK
(r2 = 0.6-0.7) (Table S2). The diurnal profile of rural LV-OOA showed a local maximum
in mid-afternoon tracking with the sulfate diurnal profile (Fig. 4). At JST, LV-OOA and
sulfate increased slightly during mid-morning, and while LV-OOA remained high, sulfate
decreased in the evening. Comparison of JST and LRK LV-OOA mass spectra revealed
a strong correlation (r* = 0.95). Ratios of LV-OOA : sulfate at both sites were on average
> 1, suggesting the LV-OOA was aged. The large variability of LV-OOA : sulfate ratio at
LRK could indicate that LV-OOA was aging gradually.

Average concentrations of the 91Fac OA at both sites were higher in summer than
spring. The relative contribution to total OA remained constant at JST, but increased
at LRK (Table 1, Fig. 3). The diurnal profile of 91Fac at LRK showed a local maximum
around noon, whereas no diurnal variation was observed at JST. No correlation was
observed for time series of 91Fac with inorganics in Atlanta, but a moderate correlation
(r2 ~ 0.5) with nitrate was observed at LRK (Tables S2). Correlation of the mass spectra
at the two sites was slightly less (r2 ~0.9) than in spring. 91Fac at both sites were
less aged compared to LV-OOA based on average ratios of 91Fac: sulfate were < 1.
Variability of LRK 91Fac, however, was large suggesting that it was gradually aged
during spring.

Both average IEPOX-OA concentration and relative contribution to total OA mass in-
creased at JST. At LRK, the average concentration of IEPOX-OA reached a maximum
in summer, but the relative contribution was lower due to the increasing contribution
from 91Fac. Concentrations of IEPOX-OA at both sites are comparable (Fig. 3c), sug-
gesting that in summer this factor may become spatially homogeneous in the south-
eastern US. Since measurements at JST and LRK were conducted at different years,
meteorological changes might play role in site-to-site comparison. At LRK, IEPOX-OA
showed a small increase around noon, while at JST there was a local maximum in the
mid-afternoon, suggesting an influx of IEPOX-OA likely transported from surrounding
forested areas. The time series of IEPOX-OA was moderately correlated with nitrate
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(r2 ~ 0.4) at JST, whereas at LRK, stronger correlations (r2 > 0.5) with inorganics (i.e.,
sulfate, nitrate and ammonium) were observed.

3.24 Fall

At JST, PMF analysis of fall OA resulted in similar a four-factor solution similar to that of
winter OA (i.e., HOA, BBOA, SV-O0A, and LV-O0A), while at LRK a three-factor solu-
tion was resolved (i.e., LV-OOA, 91Fac, and IEPOX-OA) (Fig. 2d). The concentration of
HOA increased to a level comparable to that in winter (Fig. 3). The correlations of the
time series of HOA with BC, CO, and NO, (r2 > 0.7) were similar to spring and sum-
mer and slightly stronger than in winter (Table S1). The diurnal profile of HOA appears
similar to that in winter (Fig. 4).

At JST, the BBOA factor was resolved again from OA in fall with average concentra-
tion and fractional contribution to total OA less than from winter. BBOA was not resolved
from OA at LRK. The diurnal profile of BBOA during fall at JST appeared similar to that
in winter, suggesting similar emission sources as well as possible PBL effect during
these two colder seasons. SV-OOA was also resolved from JST OA in fall with slightly
higher average concentration and fractional contribution than in winter. The diurnal pro-
file of fall SV-OOA was similar to that in winter, suggesting similar sources and role of
PBL.

LV-OOA was resolved from OA at both JST and LRK. Average concentrations of
LV-OOA remained relatively constant from summer to fall at both the urban and rural
sites (Fig. 3). However, the contribution of LV-OOA to total OA at LRK increased due to
decreasing concentrations of other OA factors (i.e., IEPOX-OA and 91Fac) (Table 1).
JST LV-OO0A did not show diurnal variation, whereas LRK LV-OOA increased in mid-
morning and reached a maximum around mid-afternoon. Temporal variation of LV-OOA
was weakly correlated (r2 ~ 0.2) with inorganics at JST, but moderately correlated (r2 =
0.4-0.5) at LRK. Strong correlation of LV-OOA mass spectra (r2 ~ 1, slope = 0.8-1.1;
Fig. S1) at JST and LRK indicates a similar or identical source.
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The concentration and fractional contribution of 91Fac resolved from OA at LRK
were much lower in fall than summer (Fig. 3, Table 1). No significant diurnal variation
or correlations with inorganics was observed. IEPOX-OA concentration decreased in
fall as expected from reduced isoprene emissions. Time series of IEPOX-OA were
not correlated with any secondary species. The diurnal profile of IEPOX-OA showed
a small peak around noon, suggesting that SOA formation was still occurring.

3.3 Seasonal changes and contribution of OA sources

Figure 3a and b illustrates annual temporal variations of PMF factors resolved from the
JST and LRK. HOA was observed throughout the year at JST and contributes signifi-
cantly to total OA, on average 20-24 % (Table 1). Seasonal average mass concentra-
tion of HOA varies from 0.5-2 ug m™3 (Fig. 3c). Wider standard deviations in winter and
fall suggest more variability in HOA mass in Atlanta during these seasons. LV-OOA,
which was also observed throughout the year, contributes on average 30-43 % of the
total OA. Seasonal average concentration of LV-OOA is relatively constant between 1—
3 ug m~2 with less mass variability in summer and more variability in winter. PBL might
have a role in the higher variability of HOA and LV-OOA at JST during winter. At LRK,
LV-OOA was also observed throughout the year, accounting for a large proportion of
total OA in winter, up to 66 % (Table 1). Similar to JST, seasonal average concentration
at LRK was 1-3ug m'3, with slightly more mass variability in winter and fall than in
spring and summer.

BBOA and SV-OOA were both observed during winter and fall at JST. BBOA sea-
sonal average concentration is about 1-2 pg m~2, accounting on average 15-19 % of
total OA. Standard deviations of mass concentrations indicate large variability of BBOA
in winter, which narrows in fall (Fig. 3c). BBOA was observed only during winter at LRK.
The average concentration of BBOA at LRK was consistently ~ 1 g m=3 (Fig. 3b), but
several episodes of high levels resulted in a large standard deviation (Fig. 3b and c).
SV-OOA was resolved only at JST and only in the fall and winter (Fig. 3a), implying that
it might be formed from local aging process or transported from nearby areas. Seasonal
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average concentration of SV-OOA was 1-2 ug m~3, contributing approximately 26 and

28 % of the total OA in winter and fall, respectively. During spring and summer, SV-OOA
concentrations were probably at or below the ACSM limits of detection.

IEPOX-OA concentrations at both sites were elevated throughout spring and summer
in accord with expected enhanced emission and photochemistry of isoprene (Fig. 3a
and b). In Atlanta (JST), average concentration of IEPOX-OA was ~ 1 ug m~° (32 % of
total OA) in spring and ~ 2 ug m™3 (37 %) in summer (Table 2, Fig. 4c). Mass variability
of IEPOX-OA in summer was large, primarily as a result of a sharp peak in early July,
when levels were as high as ~ 4 pug m~2. In contrast to JST, IEPOX-OA was observed in
spring, summer, and fall at LRK. Average IEPOX-OA concentrations was 1.35 ug m~3
in spring and 2.13 g m~ in summer, contributing 41 and 40 % of total OA mass, re-
spectively. In fall, the average IEPOX-OA concentration decreased to 0.78 ug m~2, ac-
counting for 27 % of OA mass, consistent with loss of foliage as a major source of
isoprene emission and in accord with this explanation, IEPOX-OA was not observed
during winter. Standard deviations at LRK were large in both spring and summer and
concentrations were similar to those observed at JST during summer.

91Fac OA was observed during spring and summer at JST and LRK, and through
the fall season only at LRK. Seasonal average concentration of 91Fac was < 1 ug m~°
(9 % of total OA) at JST. However, at LRK, the seasonal average concentrations were
0.68 g m~3 (21 %) in spring, 1.25ug m~3 (23 %) in summer, and 0.25 pg m~3 (9%) in
fall. Further discussion about the possible source(s) of 91Fac is presented in Sect. 3.5.

3.4 IEPOX-OA factor: fragment ion contributions

The IEPOX-OA factor has been observed in chamber experiments, field and sources
datasets (Hu et al., 2015). Temporal variation of the m/z 82 fragment ion associated
with LV-OOA, IEPOX-OA, and 91Fac (Fig. 5a and b) shows that the IEPOX-OA factor
is the predominant contributor to m/z 82 at both LRK and JST in spring and sum-
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mer. However, during fall the LV-OOA factor becomes a significant contributor at LRK
(Fig. 5b).

In addition to the ion at m/z 82 fragment, the IEPOX-OA mass spectra show distinct
fragment ions at m/z 53 and m/z 75. Figure 5c presents scatter plots of the frac-
tional contributions of ions at m/z 53 (f53) and 75 (f75) vs. the contribution of the ion at
m/z 82 (fg,) to IEPOX-OA mass spectra. f;5 and fg, show a strong linear relationship
(r* = 0.90; slope = 0.499+0.081) over different locations and seasons, while fs3 and fg,
are more weakly correlated (r2 = 0.35). Mass spectra generated by thermal decompo-
sition of isomeric authentic 3-MeTHF and IEPOX standards directly atomized into the
Aerodyne HR-ToF-AMS show major fragments at m/z82 (mostly C;HsO"), m/z 53
(mostly C4HZ), 75 (mostly C3H,05), and 100 (mostly C5HgO3) (Lin et al., 2012). While
ions at m/z 53 and 75 were prominent in ACSM mass spectra acquired from the at-
omization of filter extracts of laboratory-generated IEPOX-derived SOA (Budisulistiorini
et al., 2013) and in the IEPOX-OA factor resolved from field studies using the ACSM
(Budisulistiorini et al., 2015), both sources gave a prominent ion at m/z 101 (CSHQOE)
rather than m/z 100. The scatterplot of f;y; against f3, does not show a linear relation-
ship (r2 = 0.05), perhaps as a consequence of the low intensity of m/z 101 compared
to the other ion fragments. Although parameterizations of IEPOX-OA factor based on
its markers (Hu et al., 2015) was not done in this study, we offer insights for the role of
the m/z 82 fragment ion over different seasons in southeastern US. Figure 5 suggests
that the m/z 75 fragment ion could serve as an additional marker ion for IEPOX-OA
identification. Here we have estimated from our field data, the intensity of the ion at
m/z 75 is about half that of the ion at m/z 82 in IEPOX-OA mass spectra.

3.5 Insights into 91Fac OA formation

Studies have reported significant time variation of an m/z 91 fragment ion (C3H,03)
measured by the Aerodyne AMS, which correlated strongly with OA mass during iso-
prene photooxidation under low-NO, and low-RH conditions in a chamber pre-seeded
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with ammonium sulfate (Surratt et al., 2006). Relation of this AMS fragment ion to per-
oxide formation isoprene photooxidation (Surratt et al., 2006) and terpene ozonolysis
(Chen et al., 2014) has also been suggested. Recently, a 91Fac factor was resolved
from PMF analysis of atmospheric measurements over densely forested areas where
isoprene emissions were dominant (Robinson et al., 2011; Budisulistiorini et al., 2015).

High-volume PM, 5 filter samples at the LRK during 1 June—17 July 2013 were ana-
lyzed offline for biogenic SOA tracers by ultra performance liquid chromatography/diode
array detection-electrospray ionization-high-resolution quadrupole time-of-flight mass
spectrometry (UPLC/DAD-ESI-HR-QTOFMS) (Budisulistiorini et al., 2015). SOA trac-
ers from isoprene ozonolysis chemistry (Riva et al., 2015) and monoterpene oxidation
chemistry were detected (Table 2) in addition to tracers of isoprene photooxidation.
SOA tracers of isoprene ozonolysis were moderately correlated (r2 = 0.2-0.5) with both
IEPOX-OA and 91Fac, and several SOA tracers of isoprene ozonolysis correlated more
strongly with 91Fac than monoterpene-derived SOA tracers (r2 =0.1-0.4).

Figure 6 shows the correlation of m/z 91 of 91Fac at JST and LRK during spring and
summer with NO, and the ion at m/z 82 of the IEPOX-OA factor. NO, and biogenic
source(s) represented by m/z 82 ion of IEPOX-OA factor did not appear to influence
formation of 91Fac during summer at JST. At LRK, 91Fac was not correlated with NO,,.
However, a weak correlation with the m/z 82 ion of IEPOX-OA factor might indicate
that biogenic source(s) contributed to 91Fac formation at LRK.

At the LRK site, isoprene mixing ratios were up to 12 ppb during the 2013 SOAS
campaign as measured by online high-resolution proton transfer reaction time-of-flight
mass spectrometry (HR-PTR-TOFMS) (Budisulistiorini et al., 2015). The moderate cor-
relations with isoprene ozonolysis and photooxidation tracers suggest that 91Fac could
be related to isoprene chemistry but not specifically related to the IEPOX pathway. The
abundance of 91fac warrants additional study to determine the source, since multi-
ple sources might contribute to this factor. While there appears to be correlation with
isoprene-derived SOA in this study, 91Fac has been resolved from SOA produced in
monoterpene-influenced sites (Slowik et al., 2011).
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4 Conclusions

Seasonal characterization of NR-PM; collected in the southeastern US revealed that
OA is the most abundant species, accounting for 50-65% at LRK and 65-75% at
JST. Sulfate is the most abundant inorganic species throughout the year, accounting
for 20—-30 and 10-20 % at the rural and urban site, respectively. Nitrate and ammonium
followed as the third and fourth most abundant inorganic species, respectively, and
were dependent on the season and location. The highest average concentrations of
OA, sulfate and ammonium were observed during summer season at LRK and during
fall at JST.

Characterization of OA using PMF resolved a combined six factors at JST and LRK
sites, with different factors being resolved depending on location and season. HOA
and SV-OOA were resolved only at JST that represent urban OA. BBOA, LV-O0A,
IEPOX-OA, and 91Fac were resolved from both sites during different seasons. HOA
contributions to total OA mass were fairly consistent (15-25 %) over four seasons; its
contribution peaked during winter. SV-OOA was observed only during colder seasons,
having a consistent seasonal contribution of 27 %. BBOA was only observed during
winter and fall seasons, and on average contributed ~ 17 % to the total OA mass, with
the higher contribution of BBOA at LRK that represent rural site was likely due to a sin-
gle, significant burning event.

Average IEPOX-OA contributions during warmer seasons were 40 and 35 % at the
rural and urban sites, respectively. While the IEPOX-OA resolved from PMF is charac-
terized by the fragment ion at m/z 82, strong correlation of the fractional contributions
of the ions m/z 82 and 75 fragment ions to IEPOX-OA mass spectra (fy5/fgo ~ 0.5)
suggests that both ions can serve as markers for IEPOX-OA. Average 91Fac OA con-
tributions were ~ 9 and 22 % at the urban and rural sites, respectively. Based on corre-
lations with SOA tracer analysis performed offline, 91Fac showed an overall higher
correlation with SOA markers of isoprene ozonolysis and photooxidation than with
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monoterpene oxidation. This might indicate that 91Fac at LRK could be influenced
by isoprene chemistry.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-22379-2015-supplement.
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Table 1. Seasonal averaged mass concentrations of non-refractory PM, (NR-PM,) in ugm™>, chemical

percent contributions of organic and inorganic species measured by the Aerodyne ACSM and % composition
PMF factors resolved from Atlanta, GA (JST site) and Look Rock, TN (LRK site) during 2012 g
and 2013. o S. H. Budisulistiorini et al.
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JST LRK JST LRK JST LRK JST LRK =
NR-PM, 10.50+7.32 477+3.32 6.19+285 559+347 8.78+4.46 839444 1247+672 455+255 D
OA 69.0% 50.2% 75.9% 57.8% 70.0% 63.4% 65.9% 62.1% :
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Table 2. Correlations of PMF factors resolved from OA measurements at LRK, TN against SOA
15, 22379-22417, 2015

tracers from monoterpene chemistry and isoprene ozonolysis quantified during 2013 SOAS.

IEPOX-OA LV-OOA 91Fac Ref.

Jaded uoissnosiq

Characterization of
submicron aerosol

Monoterpene SOA tracers
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CyH44,0, (Pinic acid) 0.12 0.21 0.19 U
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2 Budisulistiorini et al. (2015). =
e Only night time samples were used in PMF factor correlation with isoprene ozonolysis 25
tracers. References: (1) Surratt et al. (2008); (2) Claeys et al. (2009); (3) Yasmeen o Printer-friendly Version
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Figure 1. Annual temporal variations of OA and inorganic species measured at the (a) JST site
in 2012; and (b) LRK site in 2013. Included in the plots are pH and liquid water content (LWC)
estimated by ISORROPIA-II. (¢) Seasonal average of OA, inorganic species and pH from JST
(solid squares) and LRK (open triangles). Error bars show +1-standard deviation.
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Figure 2. Mass spectra of PMF factors resolved from (a) winter, (b) spring, (¢) summer, and —

(d) fall datasets at JST and LRK sites. The PMF factors from JST site are color-coded, while
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Figure 3. Annual temporal variation of PMF factors resolved from OA measurements at the (a)
JST site, and (b) LRK site. (¢) Seasonal average mass concentration of PMF factors resolved
from JST (solid squares) and LRK (open triangles) with error bars shown as +1-standard devi-
ation. Seasons are classified into winter (wtr), spring (spr), summer (smr), and fall.
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Figure 4. Diurnal variations of (a) OA and inorganic species measured by ACSM and (b) OA
factors resolved by PMF analysis from winter, spring, summer, and fall measurements at the
JST site (solid lines) and LRK site (dash lines).
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Figure 5. Temporal variations of the m/z 82 fragment ion (CsHgO™) contribution to IEPOX-
OA, 91Fac, and LV-OOA factors (a) at the JST site during spring and summer seasons, and
(b) at the LRK site during spring, summer, and fall seasons. (c) Scatterplots of the m/z 53
(possibly C4Hz), m/z 75 (possibly C;H,05), and m/z 101 (possibly CsHyO5) fragment ions
from the IEPOX-OA mass spectra vs. the m/z 82 fragment ion from the same mass spectra
over different seasons at the JST and LRK sites. ACSM measures unit mass resolution (UMR),
thus the proposed formulas are based on previous study using HR-ToF-AMS (Lin et al., 2012).
The asterix marker is the respective ion fragments of IEPOX-OA mass spectra resolved from
OA measurements during summer 2011 at the JST site (Budisulistiorini et al., 2013).
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Figure 6. Scatter plots of m/z 91 of 91Fac factor vs. (a) NOx and (b) m/z 82 of IEPOX-OA

0.04
0.03
0.02

0.014

0.06

0.05 4 r'?: 0.14 -

0.04 | I

0.03
0.02
0.01
0.00

0 1 2 3 4
LRK NO, (ppb)

F=0.20

0.00 0.02 0.04 0.06

m/z 82 IEPOX-OA (ug m”)

factor at JST and LRK sites during spring and summer seasons.

22417

Jaded uoissnosiq

Jaded uoissnosiq

=
o

Jadeq uoissnasiq | Jaded uoissnosiq

ACPD
15, 2237922417, 2015

Characterization of
submicron aerosol
chemical
composition

S. H. Budisulistiorini et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(8)
K ()


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/22379/2015/acpd-15-22379-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/22379/2015/acpd-15-22379-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Methods
	Fine aerosol sampling and data analysis
	Organic aerosol characterization by PMF
	Estimation of aerosol acidity by ISORROPIA

	Results and discussion
	Seasonal submicron aerosol chemical composition, pH, and LWC
	Seasonal OA characterizations
	Winter
	Spring
	Summer
	Fall

	Seasonal changes and contribution of OA sources
	IEPOX-OA factor: fragment ion contributions
	Insights into 91Fac OA formation

	Conclusions

