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ARTICLE INFO ABSTRACT
Keywords: The Lake Michigan Ozone Study from 21 May to 23 June 2017 (LMOS 2017) aimed to better understand the
Atmospheric aerosols anthropogenic and biogenic sources that contribute to ozone and fine particles (PMys) along the coast of Lake

Chemical composition Michigan. Here, we focus on the chemical composition of daytime and nighttime PM, s—especially organic

E&prene carbon, inorganic ions and organosulfates—at a ground-based supersite in Zion, Illinois. PMy 5 mass concen-
23 . trations ranged from 1.5 to 12.9 pg m~°> with an average (+standard error) of 5.2 + 0.4 pg m™°. The most

Secondary organic aerosol g . . .

Organosulfates significant contributor to PMy s mass was organic matter (OM; calculated as 1.7 x organic carbon [OCI;

contributing an average of 59 + 2%), followed by sulfate (17 + 1%), ammonium (6.3 + 0.3%), nitrate (3.5 +
0.4%), and elemental carbon (EC; 3.4 £+ 0.2%). During each of the three periods of high ozone, PMy s had
different regional characteristics. Period A (2-3 June) was impacted by lake breeze and south-easterly air masses
that travelled over major urban areas. Period A had the highest daily PMy 5 mass concentrations (11.4 £ 1.5 pug
m %) and EC with a relatively low OC:EC ratio of 7.0, indicating the influence of sources with low OC:EC ratios,
which includes the anthropogenic combustion of fossil fuels and biomass. Period B (10-13 June) was impacted
by air masses traveling from the southern US. It had a relatively high OC:EC ratio of 18, the highest PMj 5 sulfate
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concentrations and aerosol acidity, and elevated mixing ratios of isoprene along with its oxidation products
methyl vinyl ketone (MVK) and methacrolein (MACR). Peak concentrations of organosulfates, including meth-
yltetrol sulfate (m/z 215; CsH11SO7 ), were also observed throughout period B. Period C (13-17 June) followed a
change to northerly winds. PMy 5 concentrations decreased along with decreases in sulfate, acidity, and most
organosulfates. Throughout the study, organosulfates accounted for an average of 4% of OM and up to 15% of
OM in Period B. Organosulfates were largely isoprene-derived, with lessor contributions from monoterpenes
(0.3%) and anthropogenic sources (0.5%). Through these measurements of organosulfates in the Great Lakes
region, we demonstrate the importance of anthropogenic sulfate emissions and aerosol acidity on SOA formation,
and establish that isoprene-derived organosulfates, in particular, contribute significantly to PM;s. With other
LMOS observations, the chemical signatures of PM3 5, and back trajectories show that ozone episodes cooccur
with localized lake-breeze meteorology within air masses that vary from episode to episode in chemical history

and source region.

1. Introduction

Atmospheric fine particulate matter (PMys; particles < 2.5 pm in
aerodynamic diameter) is a criteria air pollutant regulated by National
Ambient Air Quality Standards (NAAQS). PMy 5 includes inorganic and
organic species of natural and anthropogenic origin that are emitted
directly (primary) or formed in the atmosphere as secondary aerosol.
The latter category includes secondary organic aerosol (SOA) derived
from volatile organic compounds (VOCs) and secondary inorganic
aerosol derived primarily from NHs, SOy, and NO;. PMy 5 adversely
affects human health (Kampa and Castanas, 2008; Valavanidis et al.,
2008) and influences Earth’s climate through direct and indirect radi-
ative forcing (Haywood and Boucher, 2000). These effects are influ-
enced by the composition of PMj 5 which is region-specific and variable
due to differences in sources, meteorology, and geography (Atkinson,
2000; Lee and Hopke, 2006; Schlesinger, 2007; Whiteaker et al., 2002).
The chemical composition of PM; 5 can yield insight to its sources and
chemical transformations in the atmosphere. Combined with receptor
modelling, PM composition data can be used to estimate the absolute
and relative impacts of PM sources in a specific region (Hopke, 2016;
Singh et al., 2017).

A significant, albeit uncertain, fraction of PMy 5 is SOA produced
from biogenic and anthropogenic precursors (De Gouw et al., 2005;
Hallquist et al., 2009; Kanakidou et al., 2005). Of the known SOA pre-
cursors, biogenic VOCs, such as isoprene (2-methyl-1,3-butadiene;
CsHg) and monoterpenes (CioHig), are among the most significant
contributors to SOA due to their large global emission rates and high
reactivities with atmospheric oxidants. Isoprene is the most prevalent
non-methane hydrocarbon emitted into the atmosphere with yearly
emission rates exceeding 500 Tg (Guenther et al., 2012). The photoox-
idation of isoprene—primarily initiated by the hydroxyl radical (OH)
along with contributions from ozone, nitrate radicals, and chlorine
atoms—has been estimated to account for as much as 50% of the global
SOA budget (Henze and Seinfeld, 2006; Zhang et al., 2007). Ozone can
affect SOA formation, for example, by scavenging nitrogen oxides (NOy)
(Li et al., 2019; Meng et al., 1997) and form SOA via ozonolysis of
isoprene and other VOCs (Carlton et al., 2009).

Organosulfates in PMj 5 form by reactions of VOCs in the presence of
acidic sulfate (Surratt et al., 2007, 2010) and are estimated to account
for as much as 5-10% of the organic mass across the continental US
(Tolocka and Turpin, 2012). They are primarily formed via the
acid-catalyzed reactive uptake of gas-phase epoxides onto sulfate aero-
sol (Surratt et al., 2010), but have also been found to form by the
nucleophilic substitution of organic nitrate by sulfate (Darer et al., 2011)
and through the oxidation of VOCs via sulfate radical anions (Noziere
etal., 2010; Schindelka et al., 2013). Through a combination of chamber
experiments and field studies, organosulfates have been shown to form
readily from biogenic precursors which include isoprene (Surratt et al.,
2007), monoterpenes (Ilinuma et al., 2009), sesquiterpenes (Chan et al.,
2011), 2-methyl-3-buten-2-ol (MBO) (Zhang et al., 2012), and 3-Z-hexe-
nal (Shalamzari et al., 2014). Because sulfate is primarily a product of
fossil fuel combustion (Carlton et al., 2010), organosulfates can be used

to trace biogenic SOA influenced by anthropogenic emissions.

The Lake Michigan Ozone Study 2017 (LMOS 2017) was a collabo-
rative field campaign with the broad goal of better understanding air
quality in the Lake Michigan region through airborne, ship, mobile, and
ground-based measurements of meteorology, gas-phase chemistry, and
PM, 5 composition (Pierce et al., 2016). Coastal regions, like this one,
experience ozone exceedances that can result from unique coastal
meteorology in which urban pollution reacts in a shallow stable
boundary layer over the water to form ozone that is advected back to
shore by prevailing winds or by diurnal breezes off the lake (Dye et al.,
1995; Hastie et al., 1999), sea (Angevine et al., 2004; Banta et al., 2011),
or bay (Loughner et al., 2014). Our study of PM3 5 helps to understand
the complex, multiphase chemistry occurring during ozone exceedences.
In addition, it provides new insights to PMy 5 in the region.

Previous studies have characterized atmospheric PM in the Great
Lakes region and found that a significant portion of PM; 5 is secondary
and predominantly composed of organic matter (OM), sulfate, nitrate,
and ammonium (Bullard et al., 2017; Jeong et al., 2011; Kim et al., 2005;
Sheesley et al., 2004). Sources of PMs 5 in the Great Lakes region are
commonly attributed to regional secondary aerosol (SOA, sulfate, and
nitrate), mobile sources (gasoline-powered vehicles and diesel com-
bustion), and local sources (i.e. industrial processes) (Buzcu-Guven
et al., 2007; Morishita et al., 2011; Rizzo and Scheff, 2007; Stone et al.,
2009). Single-particle measurements from a mixed forest in northern
Michigan have demonstrated diel transitions in SOA composition and
phase state, in which daytime particles were more impacted by
isoprene-derived SOA and sulfate, while nighttime particles had a larger
impact of terpene-derived SOA (Slade et al., 2019). Sulfate, nitrate, and
oxalate concentrations in northern Chicago were lowest in air masses
originating over the lake, and highest in air masses impacted by indus-
trial activities to the south (Fosco and Schmeling, 2007). Other studies
investigating the transport of atmospheric aerosols over Lake Michigan
predict that lake-breeze circulations transport atmospheric particles
originating in Chicago northward (Harris and Kotamarthi, 2005) and
that anthropogenic SOA reaches a regional maximum alongside ozone
over southern Lake Michigan (Spak and Holloway, 2009).

Our study has two primary objectives. First, we evaluate how PMy 5
concentrations and composition in Zion, Illinois vary across three
distinct periods of elevated ozone during LMOS 2017. Second, we
identify the major organosulfates, quantify/semi-quantify their contri-
bution to PMjy 5, and assess differences in SOA formation between pe-
riods of elevated ozone compared to background periods. The detailed
chemical speciation of atmospheric PM 5 is intended for use in future
source apportionment modelling and chemical transport model evalu-
ation. Additionally, this work delivers one of the first measurements of
organosulfates in the upper Midwestern US and provides new insights
into the relationship between ozone and PM; 5 composition.,
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2. Materials and methods
2.1. Chemicals and reagents

Authentic standards utilized for instrument calibration include a six-
cation and seven-anion solution (Dionex), methyl sulfate (Sigma
Aldrich), and ethyl sulfate (Sigma Aldrich). Standards for glycolic acid
sulfate, hydroxyacetone sulfate, and acetoin sulfate were synthesized
(potassium salts, >95% purity) as described in Hettiyadura et al. (2015).
Ultra-pure water was generated on site (Thermo, Barnsted EasyPure-II;
18.2 MQ cm resistivity, OC < 40 pg L™1). Acetonitrile (Optima, Fisher
Scientific), ammonium acetate (>99%, Sigma Aldrich), and ammonium
hydroxide (Optima, Fisher Scientific) were used as received.

2.2. PMy 5 sample collection

Ground-based measurements for LMOS 2017 were conducted at an
Illinois Environmental Protection Agency (EPA) monitoring site in Zion,
Illinois (42.468°N, 87.810°W; city population: 23 705) located within
the Illinois Beach State Park just south of the Wisconsin border, 0.95 km
inland from the shoreline of Lake Michigan, and 65 km north of Chicago,
Illinois (population: 2.7 million). The site was surrounded by dunes,
marshes, prairies, and forests with no major point sources between
sample collection location and the lakeshore. PM; 5 was collected using
two medium volume air samplers (3000B, URG Corporation) equipped
with a cyclone operating at a flow rate of 90 L min ~!. One sampler
collected PM5 5 on prebaked (550 °C for 18 h) 90 mm quartz fiber filters
(QFFs; Pallflex Tissuequartz, Pall Life Sciences). The second sampler
collected PM, 5 using a dual-stage filter holder. The first stage collected
particulate matter on 47 mm Teflon filters (PTFE Membrane, Pall Life
Sciences), while the second stage, used to account for organic gas
adsorption during sampling, utilized prebaked (550 °C for 18 h) 47 mm
QFFs (Pallflex Tissuequartz, Pall Life Sciences). PMy 5 samples were
collected twice daily from 08:00 to 20:00 CDT (daytime) and from 20:30
to 07:30 CDT (nighttime) the following day. The 12-h sampling period
for daytime samples was selected following the analysis of historical
meteorological data at Zion during which the onset of lake breeze cir-
culations was observed as early as 08:00 and as late as 18:00. Field
blanks were collected every five samples following the same sampling
procedure without passing air through the sampler. Following collec-
tion, QFFs were stored in aluminium foil (prebaked at 550 °C for 5.5 h)
lined Petri dishes whereas the Teflon filters were stored in unlined Petri
dishes. The Petri dishes were sealed with Teflon tape and stored at
—20 °C until analysis.

2.3. Measurements of mass, organic carbon, and elemental carbon

PM; 5 mass was determined gravimetrically using a high-precision
balance (XP26, Mettler-Toledo). The 47 mm Teflon filters were
weighed pre- and post-sampling in a humidity (<40% RH) and
temperature-controlled (22-25 °C) chamber. Elemental carbon (EC) and
organic carbon (OC) were measured by thermal-optical analysis (Sunset
Laboratory) following the Aerosol Characterization Experiment (ACE)-
Asia base case protocol described by Schauer et al. (2003). Organic
carbon was corrected for gas adsorption artifacts by subtracting OC
measured on 16 backup QFFs collected after Teflon filters in the
dual-stage filter holder. The magnitude of the artefact averaged 0.3% for
daytime samples and 0.2% for nighttime samples.

2.4. Water-soluble ion analysis

Water-soluble cations and anions were extracted using a procedure
adapted from Jayarathne et al. (2014). Briefly, Teflon filters were cut in
half using a ceramic blade on a clean glass surface. Mass measurements
of the filter were taken before and after filter cutting using an analytical
balance (Mettler Toledo XS204) to determine the fraction of filter
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extracted. One-half of the filter was extracted with 4.00 mL of ultra-pure
water by shaking (10 min), sonicating (30 min), and then shaking (10
min). The extracts were filtered with a polypropylene membrane syringe
filter (0.45 pm pore size; Puradisc, Whatman) and quantified using ion
exchange chromatography (Dionex IonPac CS12A cation column and
Dionex IonPac AS22 anion column) with suppressed conductivity
detection (ICS5000, Dionex).

2.5. Organosulfate analysis

2.5.1. Extraction of organosulfates

Organosulfates were extracted following the method described in
Hettiyadura et al. (2015). Briefly, sub-samples of the QFFs were
extracted via sonication in 10 mL acetonitrile and ultra-pure water
(95:5, v/v) for 20 min. The extracts were filtered through a poly-
propylene membrane syringe filter (0.45 pm pore size; Puradisc,
Whatman), evaporated to dryness under ultra-high purity nitrogen at
50 °C (Turbovap LV, Caliper Life Sciences; Reacti-Vap I 18825, Thermo
Scientific), and reconstituted to a final volume of 100 pL using 95:5
(v/v) acetonitrile: ultra-pure water. Extraction recoveries were deter-
mined as the ratio of organosulfate recovered from the extraction to the
organosulfate spiked onto a filter. Efficient recoveries were obtained for
a range of compounds: methyl sulfate (85-115%), ethyl sulfate
(83-123%), hydroxyacetone sulfate (86-114%), acetoin sulfate
(81-112%), and glycolic acid sulfate (78-116%).

2.5.2. Quantitation of organosulfates

Using the optimized conditions described in Hettiyadura et al.
(2017), an ultra-performance liquid chromatograph (UPLC) interfaced
to a triple quadrupole mass spectrometer with negative electrospray
ionization ((—)ESI-TQD) operating in multiple reaction monitoring
(MRM) mode was utilized for quantifying five organosulfates. The dy-
namic linear range for each compound was between 0.5 and 500 pg L™}
with coefficient of determination (R2) greater than 0.995 and detection
limits reported in Hettiyadura et al. (2015). Separation was achieved
using hydrophilic interaction liquid chromatography (HILIC) on an
ethylene bridged hybrid amide (BEH-amide) column (2.1 x 100 mm,
1.7 pm particle size; AQCUITY UPLC Waters). The eluents, delivered as a
gradient outlined by Hettiyadura et al. (2015), included an organic
eluent of ammonium acetate buffer (10 mM, pH 9) in acetonitrile and
ultra-pure water (95:5, v/v) and an aqueous eluent of ammonium ace-
tate buffer (10 mM, pH 9) in ultra-pure water. Data was acquired and
analyzed using MassLynx and QuanLynx software (Waters Inc., Version
4.1).

2.5.3. Semi-quantification and identification of organosulfates

Due to the limited availability of authentic standards, additional
organosulfate species were semi-quantified using surrogate standards. In
MRM, the TQD detects specific precursor-to-fragment transitions. For
organosulfates, the fragment ion was either the bisulfate anion (m/z 97)
or the sulfate radical anion (m/z 96), and the precursor ions ([M-H]")
were identified using HILIC-TQD in precursor ion mode scanning masses
ranging from 100 to 400 Da. Organosulfates were further characterized
by (—) ESI time-of-flight mass spectrometry (TOF-MS) (Bruker Daltonics
MicrOTOF) following HILIC to determine their monoisotopic mass and
elemental composition. Data was acquired and analyzed using MassLynx
and Quanlynx software (Waters Inc., Version 4.1) and molecular for-
mulas were assigned considering both odd and even electron states, Cy.
20> Ho-50, No-10, O0-10, So-6, and a maximum error of 5 mDa. Hydrox-
yacetone sulfate, glycolic acid sulfate, and methyl sulfate were utilized
as surrogate standards to semi-quantify the organosulfates eluting
before four minutes in the precursor to m/z 97 scan, eluting after four
minutes in the precursor to m/z 97 scan, and eluting before four minutes
in the precursor to m/z 96 scan, respectively.
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2.6. Analysis of 2-methyltetrols, 2-methylglyceric acid, and levoglucosan

Isoprene SOA tracers 2-methylthreitol and 2-methylerythritol
(collectively known as 2-methyltetrols) along with 2-methylglyceric
acid and levoglucosan were measured by gas chromatography mass
spectrometry (GC-MS) as described by Al-Naiema and Stone (2017).
Briefly, sub-samples of each filter were spiked with isotopically labelled
succinic acid as an internal standard for 2-methyltetrols and 2-methyl-
glyceric acid along with levoglucosan-'3Cs for levoglucosan. The
sub-samples were extracted sequentially with three 10 mL portions of
acetonitrile for 15 min by ultrasonication. The combined extracts were
reduced to 2 mL via rotary evaporation at 30 °C, 120 rpm, and 200 mbar.
Extracts were filtered with 0.25 PTFE syringe filters (Whatman) and
stored frozen at —20 °C until analysis. Inmediately prior to analysis, the
extracts were evaporated to 50 pL under ultra-high purity nitrogen at
30 °C. A 20 pL aliquot of the extract was evaporated to dryness under a
gentle stream of ultra-high purity nitrogen at 30 °C and trimethylsi-
lyated with 10 pL of N,O-bis(trimethylsilyl)trifluoroacetamide and tri-
methylchlorosilane (BSTFA + TMCS, 99:1, Fluka Analytical 99%). The
mixture was reacted at 100 °C for 90 min and then analyzed by GC-MS.

2.7. Collocated measurements

LMOS 2017 featured a suite of meteorological, gas-phase, and
aerosol measurements. These included isoprene, methyl vinyl ketone
(MVK), and methacrolein (MACR) along with an ensemble of other
VOCs obtained by proton transfer reaction quadrupole interface time-of-
flight mass spectrometry (PTR-QiTOF, Ionicon Analytik, GmbH) as
described in Millet et al. (2018). Measurements of nitric acid were ob-
tained using a chemical ionization time-of-flight mass spectrometer
(Tofwerk AG, Switzerland, and Aerodyne Research Inc., USA) as
described by Bertram et al. (2011). These measurements in LMOS 2017
are discussed in further detail by Vermeuel et al. (2019) and were
averaged here to one hour for comparison to PM. Onsite measurements
of ozone, NOy, and meteorological conditions were provided by the Il-
linois EPA via the EPA’s Air Quality System database.

2.8. Data analysis

Pearson’s correlation coefficients were assessed using Minitab soft-
ware. Correlations were classified as very strong (r = 0.9-1.0), strong
(0.7-0.9), moderate (0.5-0.7), weak (0.3-0.5), or negligible (0.0-0.3).
The correlations were tested at the 95% confidence interval such that
correlations with p-values less than 0.05 were considered statistically
significant.

Aerosol acidity was calculated using the thermodynamic equilibrium
model ISORROPIA II (version 2.3) to predict the equilibrium portioning
of species between the gas and particle phase. Model inputs included
aerosol and gas phase species (NO3 + HNOs3, NH; + NHz, SO7 -, Na*,
K*, Ca®*, and Mg?"), temperature, and relative humidity. Notably, the
ISORROPIA II model only considers the contribution of inorganic spe-
cies and neglects the contribution of organic acids which has been
shown to influence aerosol acidity at specific locations (Jin et al., 2020).
Due to the low vapor pressure of sulfuric acid, PMys sulfate was
assumed to represent total sulfate. Additionally, given the low atmo-
spheric abundance (<0.05 pg m~3) of chloride, this species was
neglected. Gas phase ammonia was simulated using the Weather
Research and Forecasting with Chemistry (WRF-Chem) model described
in Abdi-Oskouei et al. (2020) as field measurements were not available.
ISORROPIA II was run in the forward mode and thermodynamically
stable phase state. Sensitivity tests to modelled ammonia concentrations
were conducted and are depicted in Fig. S1.

Air trajectories were calculated using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model system developed
by the National Oceanic and Atmospheric Administration’s Air Re-
sources Laboratory (Rolph et al., 2017; Stein et al., 2015). HYSPLIT was
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ran online via the Real-time Environmental Applications and Display
sYstem (READY) using meteorological data from the High-Resolution
Rapid Refresh (version 1) with 3 x 3 km spatial resolution and 1 h
temporal resolution. For each of the 65 filter samples, 48 h backward
trajectories were initialized every hour (yielding 780 total trajectories)
at 50 m above ground level.

3. Results and discussion

3.1. Ogzone concentrations, meteorology, and relationship to PMy 5 during
LMOS 2017

PM; 5 mass and ozone generally trended together (Fig. 1). Hourly
ozone concentrations were fairly low from 22 May — 1 June, with daily
maxima <60 ppbv (Fig. 1b). Lake breeze meteorology and elevated
hourly ozone concentrations (>70 ppbv) were observed on 2 June and
numerous times throughout 10-12 June and 14-16 June, hereafter
referred to as ozone periods A, B, and C, respectively. Days are desig-
nated as “non-ozone events” when hourly ozone concentrations did not
exceed 70 ppbv. Periods with elevated ozone exhibited “lake-breeze”
meteorology to varying extents (Fig. S2). Ozone period A (08:00 on 2
June - 07:30 on 3 June) had the highest hourly ozone concentration (91
ppbv at 15:00-16:00) and PM levels. The meteorology at this time
exhibited lake breeze characteristics with south-westerly winds
observed at Zion in the early morning followed by a dramatic shift to
onshore, south-easterly winds between 09:00 and 10:00 (Fig. S3). The
lake breeze was deep (penetrating 5 km inland) and was maintained for
10 h during which time urban plumes originating in Gary, Indiana and
Chicago, Illinois were transported to Zion after being processed over
southern Lake Michigan (Abdi-Oskouei et al., 2020; Vermeuel et al.,
2019). Ozone period B (08:00 on 10 June - 07:30 on 13 June) primarily
had south-westerly winds with shallow lake breezes (penetrating 1 km
inland) observed on 11 and 12 June (Fig. S4). Ozone concentrations
during period B peaked at 76 ppbv between 11:00-12:00 on 12 June.
PM; 5 mass decreased between ozone period B (average + standard
error; 8.3 £ 1.4 pg m~>) and ozone period C (08:00 on 14 June - 07:30
on 17 June; 5.7 + 0.3 pg m ™), concurrent with a decrease in average
temperature (26.3 °C to 22.8 °C) and an increase in relative humidity
(53% to 75%) (Fig. S2). Ozone period C had more variable winds
ranging from easterly to south-westerly (Fig. S5). A deep lake breeze was
observed briefly on 14 June whereas shallow lake breezes were observed
throughout the afternoon on 15 and 16 June. Ozone concentrations
during period C peaked at 88 ppbv between 14:00-15:00 on 15 June.
Though lake breeze meteorology was common across the three ozone
periods, air masses for each time period came from different regions.

3.2. Average PMy 5 composition

The ambient concentrations of PM5 5 mass, OM (calculated as 1.7 x
0CQ), EC, and water-soluble inorganic ions for each sample are shown in
Fig. 1a, with ranges and mean concentrations summarized in Table 1.
Throughout the study, the largest contributor to PMy 5 mass was OM
(59%) while OC:EC averaged 12. During period A (Fig. 2a), the EC and
OC concentrations peaked and exhibited lower OC:EC (7.0) than periods
B (18), C (11) and non-ozone episodes (12). In comparison to summer-
time studies using similar methodology, the relatively high OC:EC ratio
in Zion was similar to those observed in Iowa City, Iowa (11.1; Hughes
and Stone, 2019) and Seney, Michigan (9.0; Sheesley et al., 2004) and
much higher than the ratio observed in Chicago, Illinois (3.1; Morishita
et al., 2011). The former areas have been shown to have a large influ-
ence from summertime SOA formation, suggesting that the enhance-
ment of this ratio in Zion is due to contributions from non-combustion
sources of OC, likely SOA (Cabada et al., 2004; Lim et al., 2003), while
the lower ratio for period A suggests that PM had a greater influence
from primary combustion sources. Biomass burning was ruled out as a
major source of PM; 5 based on low concentrations of gas-phase tracers
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Fig. 1. Concentrations of (a) PM, s mass, elemental carbon, organic matter (calculated as 1.7 x OC), ammonium, nitrate, and sulfate relative to (b) hourly ozone
concentrations measured throughout the study period. The error bars represent the standard deviation and dates are defined using local time (CDT).

Table 1

Average concentrations (g m ) of PM 5 mass, elemental carbon (EC), organic carbon (OG), organic matter (OM), and inorganic ions measured throughout the LMOS
2017 campaign (n = 65) and during ozone period A (n = 2), ozone period B (n = 6), ozone period C (n = 6), and non-ozone episodes (samples during which hourly

ozone did not exceed 70 ppbv; n = 49). Standard error is given in parenthesis.

Component LMOS 2017 Campaign Ozone Period A Ozone Period B Ozone Period C Non-Ozone

21 May 08:30-23 June 07:30 2 June 08:00 — 10 June 08:00 — 14 June 08:00 — Episodes

3 June 07:30 13 June 07:30 17 June 07:30

Range Average %PM Average %PM Average %PM Average %PM Average %PM
PM, 5 1.5-12.9 5.2 (0.4) 11.4 (1.5) 8.3 (1.3) 5.7 (0.3) 4.2 (0.3)
EC <0.05-0.78 0.22 (0.02) 3.4 0.6 (0.2) 5.3 0.17 (0.01) 2.0 0.19 (0.03) 3.2 0.20 (0.02) 3.7
ocC 0.49-4.7 1.8 (0.1) 35 4.1 (0.6) 36 2.7 (0.4) 35 1.90 3 1.5(0.1) 35
OM (1.7 x OC) 0.83-8.0 3.0 (0.2) 59 7.0 (1.0) 61 4.6 (0.6) 59 3.1(0.1) 56 2.5(0.2) 59
Sulfate <0.02-3.1 0.8 (0.1) 17 1.1 (0.1) 9.7 1.4 (0.3) 17 0.8 (0.1) 14 0.7 (0.1) 17
Nitrate <0.02-0.80 0.19 (0.03) 3.5 0.37 (0.06) 3.4 0.09 (0.01) 1.3 0.19 (0.05) 3.3 0.19 (0.03) 3.8
Ammonium <0.002-0.83 0.31 (0.02) 6.3 0.43 (0.01) 3.8 0.5 (0.1) 6.1 0.29 (0.03) 5.0 0.27 (0.02) 6.6
Sodium <0.009-0.12 0.043 (0.004) 0.7 0.04 (0.01) 0.4 0.06 (0.02) 0.7 0.041 (0.004) 0.7 0.043 (0.005) 0.8
Potassium <0.004-0.10 0.029 (0.003) 0.6 0.06 (0.02) 0.5 0.04 (0.01) 0.6 0.029 (0.002) 0.5 0.026 (0.003) 0.6
Magnesium <0.001-0.05 0.012 (0.001) 0.2 0.04 (0.01) 0.4 0.021 (0.004) 0.3 0.017 (0.005) 0.3 0.009 (0.001) 0.2
Calcium <0.008-0.19 0.06 (0.01) 1.1 0.12 (0.03) 1.1 0.10 (0.02) 1.3 0.06 (0.02) 1.0 0.05 (0.01) 1.1

(Vermeuel et al., 2019) and levoglucosan, a tracer for biomass burning
PM (Fig. S7).

The presence of secondary aerosol was also indicated by contribu-
tions from sulfate (17%), ammonium (6%), and nitrate (4%) derived via
conversion of their gaseous precursors SO2, NOy, and NHg, respectively
(Allen and Turner, 2008). Ammonium correlated very strongly with
sulfate (r = 0.939, p-value < 0.001) reflecting their co-occurrence as
ammonium sulfate salts. Nitrate correlated weakly with ammonium (r =
0.403, p-value = 0.002) which is likely explained by the reversible re-
action of ammonium nitrate and its dependence on temperature (Spicer,
1977; Stelson and Seinfeld, 1982). A weak negative correlation between
nitrate and temperature (r = —0.303, p-value = 0.025) is consistent with

increasing temperatures shifting the partitioning of nitrate from the
particle to the gas phase as nitric acid (Aw and Kleeman, 2003). In total,
the measured components accounted for 91% of PM; 5 mass on average,
which is comparable to prior studies in the Midwestern US (Buzcu--
Guven et al., 2007; Jayarathne et al., 2016; Morishita et al., 2011;
Pancras et al., 2013).

3.3. Organosulfates during LMOS 2017
3.3.1. Quantitative analysis

The ambient concentrations of the organosulfates quantified using
authentic standards are shown in Table 2. The two most abundant
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Fig. 2. Concentrations of (a) bulk PM, 5 components, (b) five abundant orga-
nosulfates, and (c) four organosulfates uniquely formed via isoprene ozonolysis
relative to (d) aerosol pH, NOy concentration, and relative humidity throughout
ozone period A (2 June), ozone period B (10-12 June), ozone period C (14-16
June), and non-ozone episodes. The error bars represent the standard error.

organosulfates quantified were hydroxyacetone sulfate (Fig. 3a) and
glycolic acid sulfate (Fig. 3b). Both species correlated strongly with
sulfate (r = 0.773 and 0.768; p-values < 0.001), reflecting the key role
sulfate plays in organosulfate formation as a reactant and source of
aerosol acidity. Similar relationships have been observed in the South-
eastern US (Budisulistiorini et al., 2015; Hettiyadura et al., 2017; Rat-
tanavaraha et al., 2016) and highlight the ability of anthropogenic
pollutants to enhance isoprene-derived SOA. In the presence of acidic
sulfate, hydroxyacetone sulfate has been reported to form via isoprene
photooxidation (Surratt et al., 2008) and isoprene ozonolysis (Riva
et al., 2016). Glycolic acid sulfate has been shown to form from glyoxal
and more efficiently from glycolic acid (Liao et al., 2015). While glyoxal
and glycolic acid have both anthropogenic and biogenic sources, gly-
colic acid sulfate has been primarily associated with isoprene oxidation
(Liao et al., 2015). When compared to other summertime studies, the
observed glycolic acid sulfate concentrations were a factor of two lower
than those reported in Iowa City, Iowa (Hughes and Stone, 2019) and
Centreville, Alabama (Hettiyadura et al., 2017), a factor of three lower
than Birmingham, Alabama (Rattanavaraha et al., 2016), and similar to
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those in Bakersfield, California (Olson et al., 2011). Concentrations of
hydroxyacetone sulfate were three times lower than those reported in
Iowa City (Hughes and Stone, 2019) and four times lower than Cen-
treville (Hettiyadura et al., 2017). Although the absolute concentrations
of glycolic acid sulfate and hydroxyacetone sulfate were lower in Zion,
they accounted for a greater fraction of total OC in Zion (0.51%) than in
Iowa City (0.24%) and Centreville (0.15%) indicating a stronger relative
influence on PM; 5 from biogenic SOA. The five organosulfates quanti-
fied using authentic standards collectively accounted for 0.2% of PMj 5
mass and 0.3% of OM in Zion. With previous estimates suggesting that
organosulfates account for 6.7-8.4% of OM in the Midwestern US
(Tolocka and Turpin, 2012), additional organosulfur species were
identified and semi-quantified using surrogate standards.

3.3.2. Semi-quantitative analysis of organosulfates

Other organosulfates in PM; 5 were screened by tandem mass spec-
trometry (MS/MS) following HILIC separation. The triple-quadrupole
MS/MS operated in precursor ion mode, in which the instrument de-
termines the precursors of relatively abundant sulfur-containing orga-
nosulfate fragment ions: the bisulfate anion (HSO4 at m/z 97) and the
sulfate radical anion (SO§~ at m/z 96) (Attygalle et al., 2001). Our
analysis focuses on precursors to m/z 96 and m/z 97, which are char-
acteristic of organosulfates (Gomez-Gonzalez et al., 2008; Iinuma et al.,
2007b; Surratt et al., 2008). Precursors to the bisulfite anion (m/z 81)
and sulfite radical anion (m/z 80) were not examined because they are
largely redundant (Hettiyadura et al., 2017, 2019; Hughes and Stone,
2019).

Six day/night samples from the start (29-30 May), middle (6-7
June), and end (20-21 June) of the LMOS 2017 campaign were used for
initial organosulfate identification by high-resolution TOF-MS. The
organosulfate species identified were then semi-quantified in all LMOS
samples. Utilizing surrogate standards for quantification does not ac-
count for differences in ionization efficiency and fragmentation patterns
which may introduce positive or negative biases (Hettiyadura et al.,
2017). The following discussion focuses on the observed organosulfate
species that either: (1) exhibited relative intensity > 1% of the precursor
ion signal; (2) are a unique product of isoprene ozonolysis (Riva et al.,
2016); or (3) eluted after four minutes, when ionization is suppressed
due to the mobile phase gradient shifting from acetonitrile to aqueous
(Hettiyadura et al., 2017) but atmospheric abundance may be high.
These selection criteria were utilized to focus our attention on organo-
sulfates of high atmospheric abundance and maximize instrument
sensitivity by limiting the number of ions monitored.

Ten organosulfates in the precursor to m/z 97 scan and two orga-
nosulfates in the precursor to m/z 96 scan met these selection criteria
(Fig. 4). Together, these twelve organosulfates accounted for 63% of the
m/z 97 precursor ion scan signal and 32% of the m/z 96 precursor ion
scan signal. Stronger signals were observed in the precursor to m/z 97
scan, relative to the m/z 96 scan, due to the greater stability of the
bisulfate anion compared to the sulfate radical anion. The semi-
quantified organosulfate species observed in Zion are summarized in
Table 3 along with their calculated monoisotopic mass, molecular for-
mula determined using HILIC-TOF, molecular structures and expected
precursor(s) based on previous chamber experiments and fieldwork,
retention time, and relative contribution to their respective precursor
ion signal.

The majority of the semi-quantified organosulfates were isoprene-
related (8 out of 12 total) and accounted for 3.2 + 0.4% OM on
average (+standard error), indicating that PM; 5 was heavily influenced
by isoprene SOA. The most abundant organosulfate, methyltetrol sulfate
(CsH11S07; m/z 215; Fig. 3d), is produced from the acid catalyzed
nucleophilic addition of sulfate to isoprene epoxydiols (IEPOX) (Surratt
et al., 2010). Four isomers of methyltetrol sulfate were baseline resolved
and corresponded to secondary (retention time (tg) of 1.30 and 1.58)
and tertiary (tg of 2.45 and 3.03) diastereomers (Cui et al., 2018). The
four isomers detected in Zion are consistent with those in Iowa City,
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Average concentrations (ng m~>) of organosulfates measured throughout the LMOS 2017 campaign and during ozone period A (n = 2), ozone period B (n = 6), ozone
period C (n = 6), and non-ozone episodes (samples during which hourly ozone did not exceed 70 ppbv; n = 49).

Organosulfate LMOS 2017 Campaign Ozone Period A Ozone Period B Ozone Period C Non-Ozone
21 May 20:30-23 June 7:30 2 June 08:00 - 3 June 10 June 08:00 — 13 June 14 June 08:00 — 17 June Episodes
07:30 07:30 07:30
Range Average  %OM  Average  %OM Average  %OM Average  %OM Average  %OM
CH3S07 (m/z 111)° <0.03-0.71 0.23 0.01 0.29 0.004 0.39 0.1 0.27 0.01 0.20 0.01
methyl sulfate
C,HsS03 (m/z 125)* <0.03-0.15 0.06 0.002  0.04 0.001 0.07 0.001 0.04 0.001 0.06 0.002
ethyl sulfate
C3HsSOs (m/z 153)" <0.03-10.97 1.63 0.1 1.03 0.02 6.29 0.1 1.67 0.1 1.04 0.04
hydroxyacetone sulfate
C2H3S0g (m/z 155)" <0.02-68.97  8.17 0.3 5.27 0.1 34.54 0.7 3.02 0.1 5.37 0.2
glycolic acid sulfate
C4H,S05 (m/z 167)" <0.07-0.71 0.13 0.003  0.09 0.001 0.18 0.003 0.10 0.003 0.12 0.004
acetoin sulfate
C4HsSOs (m/z 165)° <0.03-2.1 0.5 0.02 0.8 0.01 1.3 0.03 0.4 0.01 0.4 0.02
CsHoSOs (m/z 181)¢ <0.03-5.5 1.1 0.04 0.9 0.01 2.9 0.06 1.2 0.04 0.9 0.04
C4H,S0¢ (m/z 183)° <0.03-17.7 2.4 0.1 1.4 0.02 10.5 0.2 1.9 0.1 1.6 0.1
CsHoSOg (m/z 197)° <0.03-18.4 3.1 0.1 2.7 0.04 11.8 0.2 2.5 0.1 2.0 0.1
CsH;1S06 (m/z 199)¢ <0.03-14.9 1.3 0.04 0.3 0.005 6.7 0.1 0.6 0.02 0.7 0.03
C4H7S07 (m/z199)° <0.02-84.2 8.8 0.2 3.7 0.1 52.1 1.0 2.6 0.1 4.0 0.1
methylglyceric acid sulfate
CsH7S07 (m/z 211)° <0.03-75.3 7.9 0.2 3.1 0.04 41.4 0.8 6.0 0.2 4.0 0.2
CsHoSO7 (m/z 213)! <0.03-76.3 8.9 0.2 6.2 0.1 45.4 0.9 6.2 0.2 4.6 0.2
CsH11S07 (m/z 215)° <0.03-833 87.0 2.2 42.7 0.6 523 10.1 56.8 1.9 38.3 1.4
methyltetrol sulfate
C,H;1807 (m/z 239)° <0.03-21.1 3.6 0.5 2.5 0.2 10.5 0.3 2.7 0.1 2.8 0.1
C12H25805 (m/z 265)° <0.03-95.5 14.4 0.5 15.1 0.2 10.3 0.3 1.5 0.1 12.4 0.6
C10H16NSO7 (m/z 294)° <0.03-36.6 5.1 0.2 11.8 0.2 9.2 0.2 2.8 0.1 4.6 0.2

@ Quantified using commercial standard.

b Quantified using synthesized standards.

¢ Quantified using methyl sulfate as a surrogate standard.

4 Quantified using hydroxyacetone sulfate as a surrogate standard.
¢ Quantified using glycolic acid sulfate as a surrogate standard.

Iowa (Hughes and Stone, 2019), but do not include the primary di-
astereomers previously reported in Centreville, Alabama (Hettiyadura
et al.,, 2017) and Atlanta, Georgia (Hettiyadura et al., 2019). The
absence of these isomers in Zion and Iowa City suggests that the primary
isomers of methyltetrol sulfate are less chemically stable (e.g. undergo
hydrolysis) compared to the secondary and tertiary isomers (Cui et al.,
2018; Darer et al., 2011). The organosulfates with the next highest
signals were sulfate esters of cyclic methyltrihydroxyaldehyde hemiac-
etal (CsHyoSO7; m/z 213) and sulfate esters of methydihydroxylactone
(CsH7SO7; m/z 211), which have been observed during the photooxi-
dation of isoprene (Surratt et al., 2008) and may be produced from the
further oxidation of methyltetrol sulfate (Hettiyadura et al., 2015).
2-Methylglyceric acid sulfate (C4H7SO7; m/z 199; Fig. 3f) was observed
at a comparable concentration, and forms from isoprene oxidation
products in the presence of sulfate under high NOy conditions (Nguyen
etal., 2015). Four organosulfates (m/z 181, 183, 197, and 199) uniquely
formed from isoprene ozonolysis (Riva et al., 2016) were observed at
lower concentrations (<5 ng m~>) and highlight the direct influence of
ozone on PMj; 5 composition (Fig. 2c). These four organosulfates were
consistently detected throughout LMOS 2017 and accounted for 0.30 +
0.01% OM on average. In general, the organosulfates from isoprene
ozonolysis followed the same trend as the major organosulfates resulting
from isoprene photooxidation with concentrations highest during ozone
period B. Methyltetrol sulfate has also been shown to form from isoprene
ozonolysis in addition to isoprene photooxidation (Riva et al., 2016) and
is expected to form through a combination of photooxidation and ozo-
nolysis pathways in Zion (Fig. 2b).

In addition to isoprene, organosulfate formation was also found to be
influenced by monoterpenes (accounting for 2 of the 12 semi-quantified
species) and anthropogenic sources (2 of 12). Monoterpene-derived
organosulfates included an organosulfur species with the formula
CyH11S0O7 (m/z 239) derived from the oxidation of limonene (Surratt

et al., 2008) and a nitro-oxy organosulfate (C10H16NSO7; m/z 294)
formed from the oxidation of numerous monoterpenes in the presence of
NOy (Surratt et al., 2008). Organosulfates influenced by anthropogenic
sources included C4HsSOs (m/z 165), which has been found to result
from the photooxidation of cyclohexene (Liu et al., 2017), and dodecyl
sulfate (C;2H25504; m/z 265), a common surfactant in detergents and
wastewater treatment (Hettiyadura et al., 2017). Dodecyl sulfate was
measured intermittently (58% of samples) but had the second-highest
estimated concentration. This value is likely biased high because sur-
factants like dodecyl sulfate ionize efficiently under negative electro-
spray conditions (Cortés-Francisco and Caixach, 2013) and the utilized
surrogate standard did not represent this. Together the observed orga-
nosulfates emphasize the influence of biogenic emissions—particularly
isoprene—on SOA formation.

3.4. Factors influencing the composition and abundance of isoprene SOA
in LMOS 2017

The average concentrations of organosulfates and their contribution
to aerosol OM during ozone periods A-C and non-ozone episodes are
summarized in Table 2. While similar organosulfur species were
observed during the four time periods, their absolute concentrations and
contributions to OM varied considerably. The differences between the
periods were driven by a combination of factors affecting isoprene SOA
formation which included isoprene and NOy mixing ratios (Kroll et al.,
2006), aerosol acidity (Surratt et al., 2007, 2008), and relative humidity
(Nguyen et al., 2011; Zhang et al., 2011). Throughout the study period,
aerosol acidity (average pH of 1.9 + 0.2) was consistent with previous
estimates of aerosol pH in the Midwestern US (Pye et al., 2020).

The lowest organosulfate concentrations, on average, were observed
during ozone period A when organosulfur species accounted for 1.4 +
0.3% OM. Air masses from the upper Midwestern US (Fig. S3) brought
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Fig. 3. Concentrations of (a) hydroxyacetone sulfate, (b) glycolic acid sulfate, (c) 2-methyltetrols, (d) methyltetrol sulfate, (e) 2-methylglyceric acid, (f) methyl-

glyceric acid sulfate, (g) isoprene, and (h) methyl vinyl ketone and methacrolein (MVK + MACR) throughout the study period. Dates are defined using local
time (CDT).
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Fig. 4. Mass spectra corresponding to organosulfate species that fragment to
the (a) bisulfate anion (m/z 97) and (b) sulfate ion radical (m/z 96). Stronger
signals were obtained for the m/z 97 precursor ions relative to m/z 96 as
demonstrated by maximum absolute signal of 146 700 au and 1883 au,
respectively.

lower temperatures (20.1 °C on average) and lower isoprene mixing
ratios (daytime peak: 0.99 ppbv). Although sulfate and NOyx concen-
trations were elevated, the aerosol was not as acidic as later ozone pe-
riods (Fig. 2). Together, these conditions resulted in little isoprene SOA
formation.

Organosulfate concentrations increased 8-fold in period B and
accounted for 15 £+ 2% OM (Fig. 2 and Table 2). Southerly air masses
(Fig. S4) from forested areas of Missouri and Arkansas increased the
temperature and had higher isoprene mixing ratios (Fig. 3g; daytime
peak: 5.84 ppbv). The co-occurrence of MVK and MACR (Fig. 3h) indi-
cated photochemical aging. Higher sulfate concentrations (Table 1) and
a lower relative humidity (Fig. S2c¢) combined to produce more acidic
aerosol (Fig. 2d). The 8-fold increase in organosulfates during period B
was attributed to a combination of these factors. Similar conditions were
observed on 22 June, when air masses from the Southern US (Fig. S6)
were transported to Zion along with elevated isoprene (Fig. 3g), sulfate
(Fig. 1a), and aerosol acidity (pH —1.30). The 8-fold drop in organo-
sulfate concentrations on the evening of 22 June was attributed to
rainfall. Together, period B and 22 June reveal that periods with
southerly winds and elevated temperatures, isoprene mixing ratios, and
acidity are the most conducive to isoprene SOA in Zion.

A substantial reduction in isoprene SOA was observed at the end of
ozone period B between the daytime and nighttime on 12 June as

organosulfate concentrations decreased from 908 to 64 ng m™S,
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respectively (Fig. 3). This decrease was attributed to enhanced particle
dispersion and dilution (Cugerone et al., 2018; Wang and Ogawa, 2015)
resulting from strong wind gusts (reaching 8 m s 1) at 20:00 (CDT).
Following the evening of 12 June, the concentration of organosulfates
remained low throughout ozone period C when the origin of air masses
shifted from the Southern US to the Midwestern US (Fig. S5) decreasing
the temperature while increasing the relative humidity (Fig. S2) and
lowering aerosol acidity (Fig. 2d). Isoprene mixing ratios were elevated
(peaking at 4.92 ppbv), while MVK and MACR were low (Fig. 3h),
indicating that isoprene was not very photochemically aged. This sug-
gests that either the isoprene was emitted nearby and/or that the rate of
photooxidation was slower relative to period B. Along with greater NOx
concentrations (Fig. 2d), relatively high concentrations of hydrox-
yacetone sulfate (Fig. 3a) and 2-methylglyceric acid (Fig. 3e) were
observed, both of which form from oxidation of MACR under high-NOy
conditions (Lin et al., 2013; Schindelka et al., 2013). Though enhance-
ments were observed for 2-methylgyceric acid, no commensurate in-
crease was observed for 2-methylgyceric acid sulfate. Likewise,
2-methyltetrol sulfate did not increase. The low organosulfate concen-
trations throughout period C were attributed to the lower concentrations
of inorganic sulfate (Table 1), higher relative humidity (Fig. 2d), and
slightly less acidic aerosol (pH of 1.1 in C compared to 0.9 in B).

On 4 June, ozone was briefly elevated, reaching 71 ppbv between
14:00-16:00 concurrent with a northern lake breeze (Fig. S7). Relative
to ozone period A and C, organosulfate concentrations increased two-
fold and accounted for 4.5 + 0.2% OM. Between 08:00-14:00 (CDT)
on 4 June, air masses were transported from southern Missouri (Fig. S7)
and resulted in an elevated temperature (23.1 °C) and isoprene mixing
ratio (daytime peak: 3.65 ppbv). Notably, beginning at 14:00 and
continuing through the nighttime, air masses were transported from the
upper Midwestern US out over Lake Michigan and then delivered to Zion
via a northerly lake breeze (Fig. S7). Compared to ozone period B, the 4
June had a similar concentration of sulfate (accounting for 15 + 5%
PM, 5 mass) but a much lower aerosol acidity (pH of 2.41) coincident
with a higher relative humidity (69% on 4 June versus 53% during
period B). Much like period C, the concentrations of MVK and MACR on
4 June were relatively low (Fig. 3h) indicating that isoprene was
oxidized to a lesser degree. This day provides a unique example of
elevated SOA in air masses from northern Lake Michigan and further
underscores the importance of sulfate, relative humidity, and aerosol pH
on SOA formation.

3.5. Comparison of organosulfates in LMOS 2017 to other locations in the
US and globally

The major isoprene-derived organosulfates identified in this study
(m/z 215, 213, 211) are consistent with those detected during sum-
mertime at other locations, both by the same precursor ion scan MS/MS
methods (Hettiyadura et al., 2017, 2019; Hughes and Stone, 2019) and
by high-resolution MS (Briiggemann et al., 2020; Meade et al., 2016;
Rattanavaraha et al., 2016; Wang et al., 2018). Furthermore, the ma-
jority of organosulfates being from isoprene is consistent with previous
work in the Southeastern US (Hettiyadura et al., 2019; Rattanavaraha
et al., 2016; Surratt et al., 2008), Denmark (Kristensen et al., 2016;
Nguyen et al., 2014), Brazil (Glasius et al., 2018), and China (Ma et al.,
2014; Wang et al., 2018). Among the isoprene-derived organosulfates,
methyltetrol sulfate was estimated to account for 1.1% OC in Zion on
average and up to 5.4% of OC during ozone period B. As a point of
comparison, methyltetrol sulfate contributions to OC in locations
heavily impacted by isoprene SOA during summertime were Centreville,
Alabama (6.1%; Hettiyadura et al., 2017), Atlanta, Georgia (12.6%;
Hettiyadura et al., 2019), and Look Rock, Tennessee (12.9%; Cui et al.,
2018), with more moderate impacts in Iowa City, Iowa (3.4%; Hughes
and Stone, 2019), and lesser impacts in Manaus, Brazil (1.3%; Glasius
et al., 2018), Towson, Maryland (0.04%; Meade et al., 2016), and
Changping, China (0.02%; Wang et al., 2018). The elevated methyltetrol
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Organosulfates identified in Zion, IL from the precursor to m/z 97 scan. Summarized for each compound is the calculated monoisotopic mass, formula determined by
TOF-MS, proposed structure, VOC precursor(s) with references to prior studies, HILIC retention time for major peaks, m/z error, and the percent contribution to the

precursor ion signal.

Calculated Mass [M-H]~ Formula Proposed Structure VOC Precursor(s) tg (min.) Error (mDa) Contribution to precursorion signal (%)
215.0225 CsH;,S07 a Isoprenea"b 1.30 0.3 54.4
methyltetrol sulfate Ho’\)r\ 1.58 0.4
HO 0883"1 2.45 ~0.4
3.03 —-0.1
213.0069 CsHoSO7 ¢ (o] Isopreneb 1.03 0.2 2.8
OH 1.36 0.4
HO 0S0;~ 1.98 -0.4
182.9963 C4H7SO¢ d o Isoprene® 0.86 -0.3 1.4
MVK/MACR"# 0.99 -0.9
HO NS
0S0;
239.0225 C,H11S07 h 0S0,~ Limonene® 0.71 0.5 1.2
MVK/MACR"
o
OH O )
265.1474 C12H25S04 i 0SO.- Anthropogenic' 0.52 -0.6 1.2
3
20
210.9912 CsH;SO; °0 0303— Isopreneb 0.52 1.6 1.0
0.67 0.6
o OH 0.81 0.3
197.0120 CsHoSOg6 ¢ 0 Isoprene® 0.56 —-0.5 0.43
HO,YJ\,OSO{ 0.90 -0.6
181.0171 CsHoSOs5 e Isoprene® 0.60 —0.1 0.25
OH 0.76 0.5
0SO0;~
199.0276 CsH71SO¢ i HO Isoprene® 1.69 -0.7 0.16
0S0;~ MBO™*
OH
198.9912 C4H,S07 b o Isoprene' 7.71 3.7 0.1
methylglyceric acid sulfate
HO 0S0;~
OH
294.0647™ C10H16NSO7 b a-pinene” 0.55 0.2 29.1
080;”
164.9858™ C4HsSOs ° _0 Cyclohexene? 0.64 -1.0 2.4
INY o
0SO;

2 Surratt et al. (2010); b Surratt et al. (2008); € Hettiyadura et al. (2015); d Shalamzari et al. (2014); € Riva et al. (2016); fmethyl vinyl ketone (MVK) methacrolein
(MACR); & Schindelka et al. (2013); h Noziére et al. (201 0); ! Hettiyadura et al. (2017);? Zhang et al. (2012); k 2-methyl-3-buten-2-ol (MBO); ! Gémez-Gonzalez et al.
(2008); ™ Identified in precursor to m/z 96 scan; " linuma et al. (2007a); © Hettiyadura et al. (2019); P Liu et al. (2017).

sulfate concentrations in period B (averaging 520 ng m ) approached
those observed in at a remote location in the Southeastern US (Centre-
ville, Alabama; averaging 670 ng m™>) (Hettiyadura et al., 2017, 2019).
Together, these data indicate a moderate influence of isoprene SOA in
Zion across the LMOS study, with exceptionally high impacts occurring
in period B.

4. Conclusions

Through quantitative measurements of organosulfates during sum-
mertime, we shed new light on the episodic nature of biogenic SOA in
the Midwestern US. Under conditions of anthropogenic sulfate, high
biogenic VOC concentrations, and acidic aerosol particles that were
accompanied by southerly winds, the absolute concentrations of
isoprene-derived organosulfates approached levels observed at the
remote Centreville, Alabama site in the Southeastern U.S. during sum-
mertime (Hettiyadura et al., 2017, 2019). These data demonstrate that
SOA periodically has a substantial impact on PM5 5 in the Upper Mid-
western US and that on occasion, high SOA coincides with elevated PM
and ozone levels.

Furthermore, this study provides insight into the relationship be-
tween PM3 5 composition and ozone along the Lake Michigan coastline
during LMOS 2017. Three periods of elevated ozone each corresponded
to distinct PMy 5 concentrations and composition. Ozone period A was
an episode of elevated ozone with a clear influence from coastal
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meteorology where the wind dramatically shifted from south-westerly
to a south-easterly lake breeze that persisted for ten hours. Relative to
the other days throughout LMOS 2017, period A was unique in that
PM, 5 composition was more heavily influenced by primary combustion
sources. Ozone period B was influenced by interstate transport from
forested areas to the south and southwest, with a high influence from
SOA production and a significant mass concentration of organosulfates.
Ozone period C was distinctly different from period B due to variable
wind directions, higher NOy concentrations, and less acidic aerosol.
Taken together, the chemical signatures of PMy 5 and back trajectories
during these coastal Lake Michigan ozone episodes show variation in
chemical histories and source regions from episode to episode. The
chemical measurements described herein provide initial insight to the
sources of PMy 5 during LMOS 2017, with source apportionment of
PM, 5 to follow.
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