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ABSTRACT PAPER HISTORY
The Lake Michigan Ozone Study 2017 (LMOS 2017) in May and June 2017 enabled study of Received September 25, 2020
transport, emissions, and chemical evolution related to ozone air pollution in the Lake Michigan Revised January 16, 2021
airshed. Two highly instrumented ground sampling sites were part of a wider sampling strategy of ~ Accepted February 23, 2021
aircraft, shipborne, and ground-based mobile sampling. The Zion, lllinois site (on the coast of Lake
Michigan, 67 km north of Chicago) was selected to sample higher NO, air parcels having undergone
less photochemical processing. The Sheboygan, Wisconsin site (on the coast of Lake Michigan,
211 km north of Chicago) was selected due to its favorable location for the observation of
photochemically aged plumes during ozone episodes involving southerly winds with lake breeze.
The study encountered elevated ozone during three multiday periods. Daytime ozone episode
concentrations at Zion were 60 ppb for ozone, 3.8 ppb for NO,, 1.2 ppb for nitric acid, and 8.2 ug m™
for fine particulate matter. At Sheboygan daytime, ozone episode concentrations were 60 ppb for
ozone, 2.6 ppb for NO,, and 3.0 ppb for NO,. To facilitate informed use of the LMOS 2017 data
repository, we here present comprehensive site description, including airmass influences during
high ozone periods of the campaign, overview of meteorological and pollutant measurements,
analysis of continuous emission monitor data from nearby large point sources, and characterization
of local source impacts from vehicle traffic, large point sources, and rail. Consistent with previous
field campaigns and the conceptual model of ozone episodes in the area, trajectories from the
southwest, south, and lake breeze trajectories (south or southeast) were overrepresented during
pollution episodes. Local source impacts from vehicle traffic, large point sources, and rail were
assessed and found to represent less than about 15% of typical concentrations measured.
Implications for model-observation comparison and design of future field campaigns are discussed.
Implications: The Lake Michigan Ozone Study 2017 (LMOS 2017) was conducted along the
western shore of Lake Michigan, and involved two well-instrumented coastal ground sites (Zion,
IL, and Sheboygan, WI). LMOS 2017 data are publicly available, and this paper provides detailed site
characterization and measurement summary to enable informed use of repository data. Minor local
source impacts were detected but were largely confined to nighttime conditions of less interest for
ozone episode analysis and modeling. The role of these sites in the wider field campaign and their
detailed description facilitates future campaign planning, informed data repository use, and model-
observation comparison.

Introduction led to the development and refinement of a conceptual

Several field campaigns have investigated ozone air quality =~ model for air pollution episodes where urban emissions
in and around Lake Michigan (Cleary et al. 2015; Dye, ~ combine with the regional background of air pollutants,
Roberts, and Korc 1995; Foley et al. 2011; Lyons and Cole ~ and these in turn are coupled to lake Michigan meteorol-
1976; Lyons and Olsson 1973). These field campaigns have ~ ogy (Lyons 1972). Briefly, the conceptual model involves
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nighttime and early morning urban emissions (most pro-
minently from the Chicago-Gary metropolitan area) trans-
ported over the lake and northward, combined with stable
inversions which provide confinement and facilitate che-
mical processing, and daytime onshore lake breezes which
transport polluted air to coastal locations. Earlier cam-
paigns established the conceptual understanding of epi-
sodes, quantified NO, and VOC limitations via multiple
methods, helped to test and develop emission inventories
and monitoring network designs, and provided extensive
data for meteorological and photochemical grid model
(PGM) development and evaluation. Notable previous
campaigns were the Lake Michigan Air Quality Study
1991 (Dye, Roberts, and Korc 1995) and the Lake
Michigan Air Directors Consortium (LADCO) Aircraft
Project (LAP 1994-2003) (Foley et al. 2011).

The Lake Michigan Air Quality Study (LMOS) 1991
was the first major multi-site campaign with aircraft and
ship components to confirm and quantify both chemical
and meteorological aspects of the ozone episode con-
ceptual model (Dye, Roberts, and Korc 1995; Hanna and
Chang 1995; Lyons, Tremback, and Pielke 1995).
Principle findings of LMOS 1991 included confirmation
of the conceptual model during four ozone episodes
during June-August 1991, observation of meteorologi-
cal decoupling between the stable lake layer and daytime
emissions on land, simultaneous ventilation, and NO
titration of ozone blowing onshore in vertically confined
lake breezes, determination that rural areas away from
major sources were NOy limited, determination that
urban plumes were VOC limited, and observation of
titration of ozone in urban and point source plumes by
NO and NO, (Bowne and Shearer 1991; Roberts et al.
1995).

LMOS 1991 was followed by the Lake Michigan Air
Directors Consortium (LADCO) Aircraft Project (LAP
1994-2003). The LAP further quantified O3, NO,, and
VOC concentrations over the lake during ozone epi-
sodes. In the work of Cleary et al. (2015), these were
supplemented with systematic ozone measurements
during 2008-2010 on a ferry routinely crossing Lake
Michigan, quantifying the incremental ozone over the
lake.

Design of campaigns has changed over time to reflect
available instrumentation, science questions, needs of
the air quality modeling community, and available
resources. For example, LMOS 1991 involved over 30
campaign-specific monitoring sites spread over 4 states,
spanning the entire north-south extent of Lake
Michigan and both the Wisconsin and Michigan shor-
elines. With a large number of sites, individual sites were
not characterized in detail. Campaign-specific continu-
ous chemical measurements were limited to NO, and
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0s. VOC grab samples were captured at a subset of sites
on specific days, and instruments for continuous NO,
(MCI Airtrack 2000) and PAN (Scintrex LPA-4) were
tested (Johnson et al. 1993). Although precise site loca-
tions changed from 1991 to 2017, Zion and Sheboygan
hosted measurements for both LMOS 1991 and LMOS
2017. Data from LMOS 1991 are primarily available in
the format of data tables in reports archived on the
LADCO website.

LMOS 2017 was necessary to update chemical mea-
surements under current emissions, land cover, and con-
centration conditions. Smaller in geographic scope than
LMOS 1991 or the LAP, LMOS 2017 focused on the
southwestern shore of Lake Michigan from Chicago to
Sheboygan. Distinctions from previous campaigns were
greater use of continuous chemical measurements,
a focus on more complete chemical characterization at
two ground-based enhanced monitoring (EM) sites
rather than sampling at many sites, remote sensing for
NO, and formaldehyde from ground-based and aircraft-
based instruments, and characterization of particulate
matter for source apportionment. Most observations
were focused to the EM sites to enable collocated sam-
pling by a large number of investigators, and therefore
more comprehensive characterization, including gas
phase chemistry, physical and chemical aerosol state,
and meteorology. For example, continuous high-time
resolution measurement of VOC oxidation products
(e.g. formaldehyde, hydrogen peroxide), coupled with
continuous high-time resolution of NO; oxidation pro-
ducts (e.g. nitric acid) was a focus of LMOS 2017. These
are useful for probing ozone formation chemistry, sensi-
tivity to VOC and NOy emission controls, and termina-
tion channels for the loss of hydrogen oxide radicals
(Kleinman 2005; Sillman 1995). LMOS 2017 measure-
ments were also designed to test and develop products
and data use strategies for new ground-based and satellite
remote sensing observations of NO, and formaldehyde
(Judd et al. 2019). Together, these can be used for a space-
borne constraint on NO,-VOC sensitivity; however,
deployment and use of these instruments at urban-
coastal locations is challenging due to strong spatial and
temporal gradients. LMOS 2017 data were released via
a public repository (discussed below). Data use by inves-
tigators outside the original instrument Pls is encouraged
to leverage the initial public and private investments in
the measurement campaign.

Guided by earlier field campaigns, LMOS 2017 EM
sites were located in order to sample polluted lake breezes
at or close to the Lake Michigan shore. The EM sites were
part of a wider sampling effort that included two aircraft,
one instrumented ship, and a handful of routine monitor-
ing sites that were enhanced with ground-based remote
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sensing instruments. The overall campaign goals and
results overview can be found in the LADCO Synthesis
Report (Abdioskouei et al. 2019) and in Stanier et al.
(2021). The goal of this paper is to characterize the EM
sites in detail in order to facilitate informed use of their
publicly available data. This is not meant as an LMOS
2017 overview. More in depth discussions of specific
measurement systems and science questions can be
found in recent LMOS 2017 publications (Abdi-Oskouei
et al. 2020; Hughes et al. 2021; Judd et al. 2019; Vermeuel
et al. 2019).

The goals of the current work are to (1) explain the site
selection logic for the LMOS 2017 EM sites; (2) present
a site characterization of the EM sites (maps, potential
local source influences, available data sources); (3) sum-
marize winds, back trajectories, ozone and NO, measure-
ments at the EM sites during LMOS 2017; (4) provide an
overview of other in situ measurement results; (5) esti-
mate local (<15 km) source influences (large point
sources, vehicle, and locomotive traffic) that might influ-
ence these sites; (6) conduct factor analysis source appor-
tionment modeling, and assessment of photochemical
age, using high time resolution data from Zion to further
assess potential source influences at Zion; and (7) synthe-
size 1-6 into recommendations for model-observation
comparison and site selection/instrumentation of future
field campaigns. In other words, we intend to facilitate
informed use of the LMOS 2017 dataset, which is available
at a public NASA repository (LMOS Team 2018). Data
are in community-standard data and metadata formats
(e.g., ICARTT, netcdf, hdf).

Figure 1 places the two ground-based EM sites in
context with the wider LMOS 2017 field campaign.
Figure 1 shows nearby EPA AQS monitoring sites; it
further shows a campaign-specific network of portable
ozone monitors (Model POM, 2B Technologies)
installed in Sheboygan. Additional campaign measure-
ments including Pandora solar spectrometers (Herman
et al. 2009) and ceilometers (Vaisala CL51) are noted;
these were deployed by the EPA National Exposure
Research Laboratory (EPA NERL) in collaboration
with the Wisconsin Department of Natural Resources
(WDNR). Two aircraft flew during the campaign,
Scientific Aviation (Conley et al. 2014) and the NASA
LarC UC-12, which carried the Geostationary Trace gas
and Aerosol Sensor Optimization (GeoTASO) instru-
ment (Judd et al. 2019). The areas of operation for
mobile sampling platforms are also shown: the UW-
Eau Claire (UWEC) and EPA Region 5 Geospatial
Monitoring of Air Pollution (GMAP) vehicle-based
samplers operated between Zion and Sheboygan, while
an instrumented vessel (NOAA RV 5503) sampled on
Lake Michigan. Further description of measurements

can be found in the LADCO Synthesis report and recent
LMOS 2017 publications.

Many of the goals listed above concern the spatial
representativeness of the LMOS 2017 EM sites. To be
most useful in testing models, EM sites should sample air
that is representative of larger portions of the airshed (e.g.,
satellite pixels, PGM grid cells of 16 km* or 144 km?). With
the exception of source-oriented sampling (which was
limited during LMOS 2017), local impacts should be mini-
mized in site selection, and then characterized to aid in
interpretation of model-observation differences. A unique
challenge in this context for coastal air pollution is the
presence of sharp atmospheric gradients, especially for
ozone (Goldberg et al. 2014; Hastie et al. 1999; Stauffer
et al. 2015; Sullivan et al. 2018). Ozone concentrations can
vary dramatically with distance from the lake shore and
due to fine scale features that influence lake breeze meteor-
ology and the development of the thermal internal bound-
ary layer (TIBL) (Lyons and Olsson 1973). These factors
include surface roughness, vegetation, topography, angle of
shoreline, and shoreline features, such as bays and points.

Source-receptor techniques such as positive matrix
factorization (PMF) have become widely accepted tools
for characterizing source impacts in routine and cam-
paign field measurements. In this work, we focus on
PMF with hourly or sub-hourly input data in order to
assess impacts from intermittent and localized sources.
This approach has been used with time-resolved aero-
sol particle size distribution data (Zhou et al. 2004,
2005) as well as with time-resolved volatile organic
compound measurements (Abeleira et al. 2017; Zhou
et al. 2004, 2005). These studies have been located in
metropolitan areas, such as Pittsburgh, St. Louis, or
Denver and been successful in identifying emission
source groups for traffic, steel processing, sulfate
sources, nitrate sources, oil and natural gas, and bio-
genic sources. Unlike these previous studies, the LMOS
EMs are located near a large water body (Lake
Michigan) which presents the opportunity to investi-
gate PMF’s ability to identify sources after long-range
transport over the lake. We jointly analyze the PMF
results with meteorology to calculate conditional prob-
ability functions (CPF), which helps localize sources to
specific wind sectors (Lee, Hopke, and Turner 2006;
Pekney et al. 2006).

Methods
Site selection and description

In order to improve the interpretation of the Zion and
Sheboygan ground-based EM sites, site description and
selection process are captured in this section. The EM
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Figure 1. Overview map showing spatial coverage of LMOS 2017. Green and dark blue polygons indicate ship and aircraft operations
areas, respectively. Enhanced monitoring sites at Sheboygan, WI (north) and Zion, IL (south) are mapped in more detail with insets.
KUGN station is Waukegan Airport. Source: Wisconsin Department of Natural Resources (WDNR).

sites are mapped in Figure 2 and more detailed layouts
of each site, showing location of key samplers and
meteorological instruments relative to buildings can be
found in Supplemental Information (SI) Section F.
Sites at the lakeshore were the highest priority for
sampling the polluted air masses coming off the lake
before significant growth of the TIBL. In an ideal sam-
pling configuration, these lakeshore sites would be
supplemented with additional sites at a range of dis-
tances from the lake, including sites on the water using
buoys or piers, and sites far enough inland to be out of
the lake breeze penetration zone. Due to the resource
intensity of this configuration, LMOS 2017 focused on

two fixed EM sites and employed alternative
approaches to probe meteorological and concentration
gradients, including a network of low-cost ozone moni-
tors, aircraft flight paths, and mobile sampling using
vehicles with on-board ozone monitors. It is important
for EM sites to have relatively minor local source
impacts in order to make them as representative as
possible for airshed level sampling. Other practical
considerations included site security, site access, pre-
existing measurements, and localized vegetation.
Localized vegetation can influence biogenic emissions,
obstruct remote sensing equipment, and modify wind
fields.
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Figure 2. Maps of the EM sites for LMOS 2017 at (a) Zion IL and (b) Sheboygan WI. Also shown is Sheboygan lighthouse, used for

supplemental meteorological measurements.

Four additional factors entered into the Zion site
selection: (a) coastal site with persistent high ozone
design values; (b) VOC sensitivity in transition from
the high NO, urban core to the NO, limited regional
airshed; (c) manageable flight restrictions permitting
aircraft-based vertical profiles; and (d) sufficient proxi-
mity to Chicago to sample the urban plume at high
concentrations, but after mixing in order to avoid
plumes from individual sources.

Preliminary data and modeling (Pierce et al. 2016)
indicated these conditions would be met at Zion due to
its location 67 km north of downtown Chicago. Science
flight operations above Zion required permission from
Waukegan National Airport; however, Zion was outside
the Class B controlled airspace for Chicago O’Hare. The
Zion EM site (42.468 N, 87.810 W) was collocated with
a routine Illinois monitoring location (AQS 17-097-1007)
inside the Illinois State Beach Park 900 m inland from the
shoreline. In the AQS database and in previous studies,
AQS 17-097-1007 is referred to as the Camp Logan Trailer.

The choice of the Spaceport Sheboygan site was based
on several additional factors, including proximity to
established monitoring sites, sightlines for remote sen-
sing instruments, and available space and power for two
large instrument trailers. Spaceport Sheboygan
(43.745 N, 87.709 W) met these requirements, and was
located just south of the harbor and centered between
two regulatory monitors operated by Wisconsin DNR,

Sheboygan Haven (AQS ID 55-117-0009) and
Sheboygan Kohler Andrae (AQS ID 55-117-0006). The
location was immediately southeast and across the
Sheboygan river from the Sheboygan central business
district and 240 m from Lake Michigan at its closest
point. Also marked in Figure 2b is the location of the
Sheboygan lighthouse, which was used as the source of
local meteorological measurements. For clarity, all dis-
cussion of Sheboygan refers to Spaceport Sheboygan EM
site unless noted otherwise.

Both Zion and Sheboygan were measurement sites
during LMOS 1991 (Bowne and Shearer 1991).
However, the exact measurement locations were different
in 1991. Distances between the 1991 and 2017 sites range
from 1 to 8 km in Zion and Sheboygan. Furthermore,
distances and directions from local sources, and from
Lake Michigan, were different during the campaigns.

Data sources

Data used in this paper for EM site characterization are
described here. A complete list of instrumentation at the
EM sites is available through the campaign repository,
and the synthesis report (Abdioskouei et al. 2019).

Zion
In situ gases measured at the Zjon site included volatile
organic compounds (VOCs) by proton transfer reaction



quadrupole interface time-of-flight mass spectrometer
(PTR-Qi-TOF, Ionicon Analytik) as described in Millet
et al. (2018) and by offline gas chromatography of per-
iodic canister collections (Schauffler et al. 1999), nitro-
gen oxides (NO and NO,, Chemiluminescence, Thermo
Fisher 42i), ozone (UV Photometric, Teledyne 400E),
sulfur dioxide (SO,, UV Fluorescence, Teledyne 100E),
and finally nitric acid (HNO3) and hydrogen peroxide
(H,0,) by chemical ionization mass spectrometry
(CIMS, Tofwerk AG, Switzerland, and Aerodyne
Research Inc., USA) as described in Vermeuel et al.
(2019). During LMOS 2017, a semi-continuous gas
chromatograph-mass spectrometer (GC-MS) was oper-
ated at Zion for hourly analysis of VOCs; however, the
data did not pass post-campaign QA-QC intercompar-
ison checks to the PTR-Qi-TOF and to independent
VOC canister measurements, and is not used herein.

At Zion, two versions of the NO, data are available in
the repository, which we refer to as NO,-OVI (outlier
included) and NO,-OVE (outlier
excluded). The outlier exclusion identified and excluded
1 min datapoints whose absolute deviation from a 5 min
moving average exceeded 4.45 times the mean absolute
deviation of the 5 min period. The outlier removal
removed 11.2% of the 1 minute datapoints in the NO,-
OVI time series. The mean (+ one standard deviation) of
the NO, datasets are 2.37 + 3.59 ppb and 2.17 £ 3.19 ppb
for the OVI and OVE datasets, respectively. NO,-OVE
was thought to be more relevant to PGM modelers due
to exclusion of local sources capable of short duration
excursions; therefore, NOy-OVE was used in all analyses
and statistics except the analysis of NO, impact from
nearby locomotive traffic, which used the NO,-OVI
timeseries.

Fine particulate matter smaller than 2.5 microns
(PM,s) was collected via integrated aerosol filters
(3000B, URG Corporation) and composition analyzed
post campaign as described in Hughes et al. (2021).
Winds at Zion were measured by the Illinois EPA
(IEPA) on a 10 m met tower. Particle size distributions
were measured with a Scanning Mobility Particle Sizer
(SMPS, TSI 3936) and an Aerosol Particle Sizer (APS, TSI
3321). The size ranges of these instruments, after
conversion of aerodynamic to electrical mobility sizes
for the APS (Khlystov, Stanier, and Pandis 2004), were
13-562 nm, and 542- 8354 nm, respectively. Instrument-
specific time resolutions and representative LMOS 2017
values for select measurements can be found in Table 1.
Audio volume measurements were performed during
a 10-day subset of the LMOS campaign (192 hours dur-
ing June 14 - June 23) for detection of trains, which
passed Illinois State Beach on a freight and commuter
rail line 0.5 km to the west. These were taken at 1 sec time

values values
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resolution using the microphone of an Android tablet
and AirCasting data acquisition software, with the tablet
installed in a rainproof box approximately 17 m east of
the tracks and 70 m north of 17" street.

Sheboygan

At the Sheboygan site, nitrogen oxides were measured
via chemiluminescence (Teledyne T200U) and ozone via
UV absorption (Model POM, 2B Technologies). Surface
winds were measured as part of the EPA meteorology
suite. Instrument-specific time resolutions and repre-
sentative LMOS 2017 values for select measurements
can be found in Table 2.

In addition to site-specific measurements listed above
for the EM sites, a detailed listing of available meteor-
ological measurements within 10 km of each site is
found in Table S2 of SI section C.

Ozone episode classification

Site-specific episode days were determined when the
maximum hourly ozone concentration was 70 ppb or
higher. A set of test criteria were also developed to
determine time periods of high ozone concentrations
that had a larger spatial coverage, or multi-site ozone
episodes. These test criteria are discussed in SI Section
A. Daytime hours are defined as 9-5 pm CST and night-
time as 6 pm — 8 am CST coinciding with the analysis in
Abdi-Oskouei et al. (2020).

Large point source emissions

Continuous emission monitoring (CEM) system data
for Illinois, Wisconsin, and Indiana from the US EPA
Air Markets Program Data were used to quantify local
industrial and power production emissions from large
point sources during LMOS 2017. CEM data included
hourly emissions of CO,, SO,, and NOy along with
unit-specific information including location and fuel
type. Diurnal patterns of NO, NO,, NOy, and SO,
were inspected after segregation of each study hour
into one of two categories. In this paper, the term
“large point source” refers only to sources whose emis-
sions are tracked by CEM. Category one required the
local wind direction to be from (£22.5°) the large point
source and the CEM recording greater than 22.7 kg/hr
of the pollutant of interest. Category two included all
hours not meeting the criteria for category one.
Significant differences between diurnal patterns in
category one vs. category two were calculated using
a pooled two-sample t-test with significance level
of 0.05.
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Table 1. Statistics for select measurements from Zion ground site.

Mean Standard deviation Median Interquartile range n
Time Ozone Ozone Ozone Ozone Ozone
Variable resolution  Unit Daytime  events  Daytime events Daytime events Daytime events Daytime  events
No.o2-20F 2 min 3 5711 9278 4020 4993 4717 8772 4481 7227 6844 1834
Nitric acid 1 min pptv 839 1226 1100 995 430 876 945 1115 11319 3840
Hydrogen 1 min pptv 2062 3432 1939 1925 1365 3400 2651 2621 11319 3840
peroxide
Ammonium 12 hr ugm3 0321 0.462 0.178 0.221 0.300 0.388 0.240 0.258 32 8
Nitrate 12 hr ug m> 0.129 0.156 0.152 0.120 0.086 0.120 0.081 0.078 32 8
Sulfate 12 hr ugm3 0861 1.271 0.470 0.567 0.832 1.113 0.503 0.752 32 8
PM, s* 12 hr pg m= 5.05 8.24 292 2.58 4.08 733 3.96 3.92 32 8
Ozone 1 min ppbv 47 60 14 13 45 62 20 17 14430 3848
Air temp 1 min C 223 26.7 43 3.1 213 26.5 6.2 43 14430 3848
Wind speed 1 min m/s 5.00 442 3.28 1.99 4.60 4.20 3.20 2.70 14430 3848
Relative 1 min % 56.0 53.8 15.0 14.8 55.0 54.0 240 233 14430 3848
humidity
Nitric oxide® 1 min ppbv 0.43 0.69 0.90 1.27 0.16 0.19 0.32 0.38 15360 3840
Nitrogen 1 min ppbv 1.54 3.15 291 4.19 0.67 1.44 1.84 243 15360 3840
dioxide®
Nitrogen oxides® 1 min ppbv 1.97 3.83 373 5.42 0.86 1.60 1.99 2.88 15360 3840
PM, st 2 min ug m* 6.38 10.47 4.28 3.90 5.00 9.80 6.20 6.70 7920 1920
PM; ot 2 min pg m3 8.27 13.68 5.66 533 6.70 12.70 7.80 6.90 7920 1920
Acetone 1 min ppbv 1.38 2.02 0.54 0.37 1.17 1.96 0.81 0.45 15392 3848
Acetonitrile 1 min ppbv 0.066 0.089 0.023 0.024 0.061 0.088 0.030 0.029 15392 3848
Benzene 1 min ppbv 0.050 0.083 0.036 0.036 0.035 0.073 0.042 0.038 15392 3848
C4 carbonyls 1 min ppbv 0.150 0.249 0.117 0.062 0.105 0.238 0.149 0.088 15392 3848
C5 carbonyls 1 min ppbv 0.030 0.051 0.019 0.013 0.022 0.052 0.029 0.017 15392 3848
C6 carbonyls 1 min ppbv 0.012 0.021 0.009 0.007 0.008 0.020 0.012 0.009 15392 3848
Isoprene 1 min ppbv 0.698 1.56 0.805 0.830 0.351 1.53 0.917 1.06 15392 3848
Methanol 1 min ppbv 3.99 5.76 1.76 1.58 3.49 5.74 2.04 2.77 15392 3848
Toluene 1 min ppbv 0.068 0.107 0.087 0.092 0.039 0.071 0.053 0.077 15392 3848
Radiation 1 min W m 624 670 298 260 688 750 499 343 15500 3840
Sulfur dioxide 10 min ppbv 0.34 0.40 0.29 0.22 0.32 0.39 0.31 0.27 1282 384
*Measured by integrated filter
tCalculated from particle size distribution
$Particle number concentration for particles with diameters between 0.02 and 20 microns
5NO, NO,, and NO, are from the OVE (outlier values excluded) time series (see Methods).
Table 2. Statistics for select measurements from Sheboygan ground site.
Mean Standard deviation Median Interquartile range n
Time Ozone Ozone Ozone Ozone Ozone
Variable resolution Unit Daytime events Daytime events Daytime events Daytime events Daytime events
Formaldehyde 1 min ppbv  1.76 2.55 0.72 0.74 1.57 241 0.81 0.68 12755 1920
Formic acid 1 min ppbv  0.628 1.161 0.505 0.638 0.530 1.040 0.530 0.750 12755 1920
Ozone 1 min ppbv 455 62.8 12.7 12.6 43.6 61.7 17.3 18.6 15360 1920
Nitric oxide 1 min ppbv  0.703 0.372 0.808 0.678 0.720 0.100 0.600 0.720 15360 1920
Nitrogen dioxide 1 min ppbv  1.68 2.24 1.18 1.35 1.36 1.74 1.04 1.45 15360 1920
Nitrogen oxides 1 min ppbv 238 2.61 1.77 1.95 2.02 1.84 1.27 213 15360 1920
NO, 1 min ppbv  1.86 3.04 2.18 247 1.30 2.10 1.80 240 15360 1920
Wind speed 1 min m/s 17.2 18.9 43 3.7 17.1 17.3 4.7 5.0 15360 1920
Air temp 1 min C 64.7 66.1 15.9 12.2 66.2 68.4 26.9 18.7 15360 1920
Relative 1 min % 1.76 2.55 0.72 0.74 1.57 241 0.81 0.68 12755 1920
humidity

Traffic and rail impact assessment tools

The Community LINE source model (C-LINE) and the
Community model for near-PORT applications (C-PORT)
from the Community Modeling and Analysis System
(CMAS) were used for a model-based high spatial resolu-
tion estimate of the influence of traffic and rail emissions
from nearby roadways and railways on the sampling site
(Isakov et al. 2017; Snyder et al. 2013). The model config-
uration assumed neutral atmospheric stability and summer
weekday conditions with westerly wind (major roads are

located to the west of the site; Figure 2). Dispersion from
these point, line and area sources is then modeled by
Gaussian plume formulations (Venkatram and Horst
2006). C-LINE incorporates NEI-2011 v1/MOVES-2014
emissions from arterial roads and highways, but not local
roads, in a zone extending 11.5 km to the west of the sites.

Back trajectories

Air mass trajectories were calculated using Hybrid
Single-Particle Lagrangian Integrated Trajectory



(HYSPLIT) (Rolph, Stein, and Stunder 2017; Stein et al.
2015). Input meteorological fields were from the High-
Resolution Rapid Refresh v1 model at 3 x 3 km spatial
resolution and 1 hr temporal resolution (Benjamin et al.
2016). Backward trajectories (48 hr in duration) were
initialized hourly at 50 m above ground level
Trajectories were converted to spatial density plots,
with a 0.05°x0.05° resolution, using ,;/1,,,; where m;
is the number of trajectories passing over grid cell (if)
and ny., is the total number of trajectories.

Factor analysis

Multivariate factor analysis was performed using posi-
tive matrix factorization (PMF) using the USEPA PMF
version 5.0 tool (Norris et al. 2014). PMF inputs used in
this study were gas concentrations and particle size dis-
tributions at 10 min time intervals, and uncertainties on
those measured values. The PMF technique produces
time-invariant factor profiles and a time series of factor
contributions. PMF utilizes a stationarity assumption; in
other words, emission source profiles are assumed to not
change after release. Reactive gases violate the stationar-
ity assumption; gases with a lifetime with respect to
oxidation by the hydroxyl radical of less than 8 hr were
excluded from the analysis. Consistent with previous
studies (Abeleira et al. 2017; Thornhill et al. 2010)
NOy, acetaldehyde, and isoprene were included in the
PMF analysis even though they have short lifetimes. An
OH concentration of 5 x 10® mol cm™ (the 24 hr average
simulated OH at Zion from the HRRR-Noah WREF-
Chem of Abdi-Oskouei et al. (2020)) was used for the
calculation of lifetime. Particle size distributions were
pre-processed for suitability with PMF following Zhou
et al. (2004) as described below.

Each set of six consecutive size bins were averaged to
produce 30 new size intervals from the original 180.
Particle growth periods during nucleation events were
excluded since such non-stationary violates PMF
model assumptions. Growth events were removed
using visual inspection assisted by an interactive
MATLAB program.

PMF inputs were averaged to a common 10 min
interval. Uncertainties provided by instrument PIs in
the NASA repository files (MDL and uncertainty) were
used as reported (they can be found in Supplemental
Information Table S3). Input data were graded accord-
ing to the signal-to-noise ratio (S/N) calculated for each
species. The number of factors and model solutions were
evaluated by examining the model goodness of fit para-
meter Q. Detailed explanation of these methods can be
found in the PMF literature (e.g., Norris et al. 2014;
Paatero and Hopke 2003; Reft, Eberly, and Bhave 2007).
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OH exposure analysis methods

The OH exposure, defined as the time-integrated exposure
of air masses to the hydroxyl radical (de Gouw et al. 2017),
was calculated using the toluene:benzene chemical clock
method (de Gouw et al. 2017; Warneke et al. 2007). The
method assumes a consistent ratio of toluene to benzene in
emissions, and determines plume age as toluene reacts
more quickly than benzene with the OH radical. The
equation and rate coefficient used are reported in
Supplemental Information Section B (Warneke et al. 2007).

Concentration data analysis during rail locomotive
passage

In order to assess the impact of the nearby (540 m to the
west) rail line on pollutant concentrations at the Zion
EM, each second of the field campaign with audio
volume monitoring at the train tracks was classified
into a “train passing” or “no train passing” condition.
Data processing for this classification was in MATLAB as
follows. Files of 1 sec audible volume collected near the
rail line were analyzed to identify peaks with volume over
84.5 dB. Visual inspection of the time series was used to
eliminate duplicate detections and to identify the first (t;)
and last (t,) times to exceed 80 dB. After the elimination
of overlapping detections, 211 potential train passage
detections were identified. Audio data were synchronized
with wind, rainfall, NO,, and particle measurements.

A subset of the 211 train passage detections was
identified, based on favorable conditions for transport
of pollution plumes from the tracks to the site: wind
directions between 188° and 358°, wind speed above
0.75 m/s, no rain, and absence from an exclusion list
based on field notes (thunderstorms and inspection per-
iods that might disrupt the audible volume record). The
period preceding t; by 10 min was used as the “before
train” analysis period, although it was shortened if
needed based on the previous train’s detection time.
We allowed 20 minutes for dispersion of the previous
train’s plume. The period from t, plus 3 minutes until t,
plus 20 minutes was used as the 17 min “after train”
analysis period. The degree of rail impact on the mea-
surement site was determined by comparison of
concentrations before and after the train passage. The
3 min reflects the approximate time required to transit
the 540 m distance from tracks to the site. Train type was
determined by duration of high audio volume, with
commuter trains less than 20 sec, and freight trains as
greater than 20 sec. Timing guidelines and thresholds
were developed based on visual inspection of the time
series in conjunction with field notes. Statistical signifi-
cance of changes in NO, and particle counts were
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determined by creating a distribution of paired differ-
ences (before train, after train), and then using a paired
t-test to test for difference at the 0.05 significance level.

Results and discussion

The Results and Discussion begins with overview and
summary of measurements from the EM sites during
LMOS 2017, in the context of ozone episodes and their
associated meteorology. Analysis of local winds and
back trajectories follow. Potential sources are then quan-
tified for source categories that could be assessed at both
EM sites (C-PORT, C-LINE model results, and large
point source emissions). Subsequent sections focus on
source characterization analyses (factor analysis, rail
impact, and OH exposure analysis) that were performed
only at the Zion EM site, due to its greater availability of
high time resolution measurements.

Site overview of ozone air pollution and air
pollution meteorology

Three multi-site ozone episode periods occurred during
LMOS 2017, denoted periods A, B, and C by the LMOS
2017 team (Hughes et al. 2021). Period A occurred dur-
ing June 2-4 with the highest, most spatially extended
ozone concentrations on June 2. Periods B and
C occurred during June 9-12 and June 14-16, respec-
tively. Site-specific high ozone days were June 2, June 4,
June 10-12, and June 14-16 (Zion) and June 2,
June 11-12, and June 16 (Sheboygan). All further dis-
cussion of ozone event days will be of the respective site-
specific ozone days. As Tables 1 and 2 show, daytime
ozone during all LMOS 2017 campaign daytime hours
averaged 47 ppb and 45.5 ppb at the Zion and
Sheboygan EM sites, respectively. During the ozone
episode daytime hours, the ozone concentrations were
60 ppb and 63 ppb at Zion and Sheboygan, respectively.
During daytime hours of ozone episodes, NOy concen-
trations at the sites were 3.83 and 2.61 ppb at Zion and
Sheboygan, respectively. Typical daytime concentrations
of other species used in analysis in this paper can be
found in Tables 1 and 2.

LMOS 2017 period wind roses for Zion, Waukegan
Airport (KUGN), and Sheboygan (Figure 3) show fre-
quent winds from the southwest at Waukegan (5.1 km
from Lake Michigan). This behavior reflects the most
common regional wind condition during summer. This
is in contrast to the south and southeast (onshore) winds
and westerly (offshore) winds at the coastal Zion (0.9 km
from lake) and Sheboygan (0.2 km from lake) sites. Roses
are separated by period: all hours, daytime, and daytime
on ozone episode days. The wind roses show that

coincident occurrence of onshore daytime lake breeze
and high ozone episodes occurred frequently during
LMOS 2017. The ozone episode daytime roses indicate
onshore lake breeze flows during almost all episode hours
at the lakeshore sites (c and i) but not at the more inland
site (f). Although Zion (0.9 km from lake) and Waukegan
(5.1 km from lake) are only 7.0 km apart, the difference in
winds is attributable to the greater number of hours with
lake breeze penetration to Zion (0.9 km) vs. Waukegan
(5.1 km). Sheboygan, like Zion, experienced frequent
onshore (SE) and offshore (W) winds during LMOS
2017. Lake breezes are not usually perpendicular to the
shoreline due to the Coriolis effect and the position of the
daytime mesohigh that drives lake breeze circulation
(Lyons and Olsson 1973).

To add longer range transport perspective to the
locally focused wind roses, backward air mass trajectories
are used. Figure 4 shows the spatial density plot of 48 hr
back trajectories ending at Zion for the LMOS 2017
period. These are consistent with the wind roses from
Figure 3. Nighttime trajectories (Figure 4c) have a higher
frequency of southwesterly winds compared to the day-
time trajectories (Figure 4a), which have higher northerly
and south-easterly frequency. Lake breeze influence is
seen in daytime Zion site-specific ozone episodes
(7 days, Figure 4b). Trajectories for lake breeze periods
are often curved, as synoptic flow from the SW and
nighttime offshore lake breezes are gradually turned dur-
ing the lake breeze setup, and finally brought onshore in
SE flow. Our segregation of data into daytime hours
(Methods) captures some hours before lake breeze setup
in the daytime figures; these hours still have offshore or
synoptic southwesterly flow on most of the ozone days.
This is known from more detailed analysis of the timing
of lake breeze onset on specific ozone event days (Abdi-
Oskouei et al. 2020), where the average lake breeze arrival
time at Zion and Sheboygan were 10:38 am and 9:32 am
CST, respectively, as described in Wagner et al. (2021).

Similarly, Figure 5 depicts the trajectories terminat-
ing at Sheboygan. Figure 1 illustrates that southerly
flows at Sheboygan will arrive after passing over the
lake. Daytime hours (Figure 5a) have high prevalence
of distinct lake (southerly) and westerly winds; however,
nighttime hours (Figure 5¢) do not have a prominent
direction. Yet, during daytime hours of site-specific
ozone event days (4 days) the lake influence is more
frequent (25-50% of trajectories) than when considering
all daytime hours (13% of trajectories).

Dependence of O3 and NOy on wind direction during
LMOS 2017 at the EM sites is shown in pollution roses
(Figures 6 and 7). Pollution roses are similar to wind
roses, except pollution concentration is plotted in place
of wind speed. Figure 6 employs the NO,-OVE data to
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Figure 3. Wind roses of Zion (left), Waukegan (center), and Sheboygan (right) for the three cases: all hours (a, d, g), daytime hours (b, €, h)
and daytime hours during ozone episodes (c, f, i). Wind speed in m/s. Zion: 1-min resolution data from May 31 to June 21. Waukegan: 1 hr
resolution data from May 31 to June 21. Sheboygan: 1 min resolution data from May 21 to June 21.

deemphasize local sources, although matching figures
from NO4-OVI dataset (Supplementary Information
S14) have only minor changes in the relative frequency
of high NO,, with a shift of highest NO, periods from SE
(down from 7% to 6%) to W (up from 6.5% to 7.5%).
The all-hours plots (a,d) show that O; and NO,
enhancements both originated primarily from the
southeast and west during LMOS 2017, with the highest
concentrations occurring during SE winds. The daytime
plots (b,e) reveal minimal westerly influence and show
the influence of lake breezes with higher NO, and O;
concentrations during the day; elevated NO, and O3 in
westerly winds are therefore associated with nighttime
winds at these sites. CPF plots for each case using
threshold values of 70 ppb for O; and 15 ppb for NO,
confirm enhancements originate from the southeast.
CPF plots are located in Supplemental Information
Section G.

Sheboygan pollution roses were created for the same
three cases: all hours (a, d), only daytime hours (b,e) and
daytime hours on ozone episode days (c, f). Figure 7 shows
that plumes arriving at Sheboygan with high levels of O;
during LMOS 2017 originated primarily to the south and

southeast of the site (as also seen at Zion). During daytime,
Sheboygan experienced both southeasterly and westerly
winds, but during daytime on ozone event days winds
were almost exclusively southeasterly. The NO, roses at
Sheboygan are similar to those for Zion except that con-
centrations of greater than 20 ppb were not observed.

A majority of the high ozone days sampled during
LMOS 2017 corresponded to local lake breeze condi-
tions, consistent with findings from past studies around
Lake Michigan (Lennartson and Schwartz 2002).
Additional information on meteorological remote
sounding results from Zion and Sheboygan during
LMOS 2017 can be found in Wagner et al. (2021).
Additional discussion of the sensitivity of air quality
predictions to lake breeze skill during LMOS 2017 can
be found in Abdi-Oskouei et al. (2020).

Source impacts

Local (<15 km) sources can be challenging for model-
observation interpretation, as they may be sampled
before appreciable dilution, but modeled using instanta-
neous dilution across the full model grid volume in
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Figure 4. Spatial density plot of 48 hr back trajectory frequency for trajectories terminating at Zion, grouped by (a) daytime, (b) ozone

episode daytime, (c) nighttime, and (d) all hours.

PGMs. Furthermore, intermittent sources such as festi-
vals, fireworks usage, and other public gatherings may
influence a measurement location but be absent from
emission inventories. Finally, temporal profiles of emis-
sion inventories are based on average activity patterns,
and substantial variation can occur due to holidays,
business and school closures, unusual traffic patterns,
and weather influences on combustion, recreation, and
travel patterns. In this section, we discuss traffic, rail,
and large point sources that may be relevant to data
interpretation at the LMOS 2017 EM sites.

Potential local source impacts

At the Zion site, this included vehicles, a recreational
marina, nearby homes and businesses, within-park
camping, and the local rail line. The Zion site was
located roughly 1.3 km from a busy arterial road (IL
137, Sheridan Rd., 4-5 lanes, undivided), 0.5 km from
a local rail line, and 1.6 km from a nearby marina.
Within the park, visitor’s vehicles, campfires, and grills
were identified as potential sources. Residential emis-
sions of VOCs, nitrogen oxides (NO,), and PM, s were

expected from consumer product use, fuels, and biomass
burning. Additionally, three power plants equipped with
CEM monitoring were located within 15 km of the Zion
site.

Sheboygan included active construction, a recreational
marina and harbor, and traffic from a local resort.
Spaceport Sheboygan was located on a small peninsula
created by the Sheboygan River (190 m south and 180 m
west) and Lake Michigan (240 m east), across the street
from the Portscape Apartments and Blue Harbor Resort,
590 m southwest of the Sheboygan Harbor, and 260 m
southeast of a boat charter on the Sheboygan river. Local
emissions of VOCs, NO,, and PM, 5 were expected from
businesses, apartment complex, and resort located on the
peninsula. Additionally, one power plant was located
3.5 km south of the site.

Traffic impacts

Traffic impacts from arterial and larger roads within
11.5 km were assessed using the C-LINE model as
described in Methods. C-LINE results for Zion averaged
0.019 ug m™, 0.92 ppb, and 0.23 ppb for PM, 5, CO, and
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Figure 7. Pollution roses for O3 (left) and NO, (right) at Sheboygan site grouped by (a, d) all hours, (b, €) daytime hours and (c, f) ozone
episode daytime. Concentrations in ppb. Created using 1 min resolution data from May 21 to June 21.

NO,, respectively. The closest modeled road was
Sheridan Rd. (IL 137) 1.3 km from the site. Local roads
and the park access road were not included in the
C-LINE estimate. For Sheboygan, arterial roads contrib-
uted 0.020 ug m™, 1.34 ppb, and 0.23 ppb to PM, 5, CO,
and NOj, respectively. The mean measured NO, con-
centrations at Zion and Sheboygan over the campaign
were 2.17 ppb and 3.35 ppb, respectively. Expressed as
a percentage, under westerly winds and neutral stability,
arterial roads and highways would contribute less than
11% of average NOy at both locations.

Large point source impacts

Cartograms of CO, emissions from large point sources
during the field campaign are shown in Figure 8. The
cartogram is constructed to show the logarithm of
distance from the EM site to CO, sources. Circular
marker area is proportional to the cumulative emis-
sion during the campaign. State borders for
Wisconsin, Illinois, Indiana, and Michigan are shown
in solid lines and their distortion is due to the loga-
rithmic scale used. An asterisk at the center marks EM
site locations.

Figure 8 shows that the two EM sites are not close to
the highest emitting stationary sources, which are mainly
in the Ohio river valley. The location of power plants
within 15 km of the EM sites is shown in Figure 9, with
CO, emissions during LMOS 2017 proportional to the

circles marking the sites, and NOy and SO, emissions
during LMOS 2017 shown as bar graphs near each source.

For Zion, two large point sources within 10 km oper-
ated during LMOS 2017. To the northwest, at a distance
of 6.12 km, is the Zion Energy Center. Zion Energy
Center had three natural gas boilers, each reporting
CEM emissions. The boilers had similar emissions
when operating (approximately 90 metric tonnes (MT)
of CO, per hour), but had different operational sche-
dules during LMOS 2017 (daytime only, intermittent
use, etc.).

To the south of the site, and within 10 km, is the
Waukegan Generating Station (WGS). WGS is located
directly on the Lake Michigan shoreline 7.17 km from
the Zion sampling site. Waukegan has 6 CEM units
(four diesel and two coal). The four diesel units operated
for only a few hours during LMOS 2017 and are not
considered further herein. One coal-fired unit was shut
down until June 12, and then operated on a diurnal cycle
with peaks during the daytime of approximately 270
MT/hr CO,. NO, and SO, emissions were significant,
typically peaking at 135 and 450 kg/hr, respectively.
The second coal-fired unit at WGS had a similar diurnal
cycle and emission amount, but operated at its usual rate
during only 50% of the study days. While the most
common wind frequency during daytime ozone epi-
sodes at Zion was from the southeast (and not the
south), winds sometimes rotated from SW to SE as the
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lake breeze set in during LMOS as shown in Abdi-
Oskouei et al. (2019). Thus, some influence from WGS
could be expected during portions of ozone episodes at
Zion during LMOS 2017. This is further supported by
the non-zero frequency to the due south of Zion in the
spatial density plot of back trajectory frequencies
(Figure 4b).

A larger emission source was located at 11.7 km to the
northwest of the site: the Pleasant Prairie coal-fired power
plant. Pleasant Prairie had two CEM-tracked units
operating during LMOS 2017 and was not located
upwind of Zion during ozone episodes. The first of
these was down until June 1. It subsequently operated
with a diurnal cycle that peaked in daytime at about 635
metric tonnes CO, per hour and had a minimum in the
early morning of about 450 metric tonnes per hour. SO,
and NO, emissions were appreciable, peaking at approxi-
mately 90-160 kg/hr and 180-230 kg/hr , respectively.
Pleasant Prairie #2 is similar to the first unit, but switched
from idle to operational on June 8. Both units had ele-
vated SO, emissions (about twice the normal daily peak)
occurred for approximately 36 hours centered on June 12.
Pleasant Prairie and Zion Energy Center also had occa-
sional hourly enhancements in NO, emissions above
typical peak values, often at startup.

For Sheboygan, one large point source nearby to the
EM site operated during the campaign (Figure 9).
Edgewater Generating Station was located 3.5 km south
of the Sheboygan site and had two coal fired units in
operation during LMOS 2017 which were upwind of the
site during ozone episodes. These operated on a diurnal
cycle with a peak of 720 metric tonnes CO, per hour and
a minimum of about half the peak level. Peak SO, and
NOy emissions were about 790 and 270 kg/hr, respec-
tively, with disproportionate emissions of these from unit
one. Operation was consistent throughout the campaign
except for a few days of half-capacity operation.

As a quantitative test of significant impact from the
power plants discussed above, measured diurnal profiles
of pollutants were analyzed jointly with local wind direc-
tions as described in Methods. We note that the absence of
a statistically significant impact using this method is not
the same as verification of zero impact or quantification of
impact. However, the simple comparison of concentrations
segregated by wind direction and CEM emission rate
should detect large direct impacts from the nearby large
point sources. At Zion, SO,, NO, NO,, and NO, measure-
ments were analyzed. Comparison of diurnal patterns for
SO,, NO, NO,, and NO, did not show statistically signifi-
cant differences, suggesting that SO, and NO, variability at
Zion was mainly driven by sources other than local power
plants. Diurnal patterns for Zion (Figure S1) are located in
supplemental information section D.

At Sheboygan, NO, NO,, and NO, measurements
were analyzed. For Sheboygan, Edgewater routinely
emitted over the 22.7 kg/hr NOy threshold. However,
NO was significantly lower with winds from Edgewater
(p =.0024), while the other compounds had insignificant
differences. We interpret this as a symptom of the coin-
cidence of lake breeze winds with the Edgewater power
plant. As Figures 1 and 4 show, winds from the due
south at Sheboygan EM site can be coincident with the
Edgewater station. During these periods, a number of
long-range and localized source influences are possible,
including the Edgewater station. Our interpretation and
lessons learned from this are threefold. First, site place-
ment in future campaigns should avoid this type of
directional coincidence. Second, as Edgewater during
LMOS 2017 emitted SO, at a rate of 13.24 MT/day
(Figure 9), the lack of in situ SO, monitoring at the
Sheboygan EM site was a missed opportunity to char-
acterize plume influence. Third, additional analysis
using LMOS aircraft spirals, wind and temperature pro-
files taken at Sheboygan, comparison of Kohler Andre
and Sheboygan pollutant concentrations, and/or plume
resolving dispersion models such as SCICHEM
(Chowdhury et al. 2015) may be appropriate for further
interpretation of the LMOS 2017 measurement record.
Diurnal patterns for Sheboygan (Figure S2) are located
in supplemental information section D.

Particle measurements (Zion)

At Zion, the full aerosol size distribution from 1 nm to
8.35 pm (aerodynamic diameter) was measured with
two SMPSs and an APS; here we use the size distribu-
tion from 13 nm to 8.35 um. Descriptive statistics of
the particle size distribution measurement were num-
ber concentrations of 5268 cm > (15-100 nm size
range), and 6335 cm ™ (15-2500 nm size range). The
inferred PM, 5 from the size distribution measure-
ment was 6.36 ug m >, which compares favorably to
the gravimetric co-located filters which measured
5.2 ug m>. The mode of the mean number-size dis-
tribution was 40 nm and bimodal mean volume size
distributions peaked at 223 nm and 2.661 um.
Ultrafine particle burst events were identified qualita-
tively and occurred on 14 days of the campaign, with
nearly all events beginning in the morning between
10:00 am - 1:00 pm CST.

Rail impact (Zion)

In order to better quantify the impact of rail on the site,
audio volumes were recorded for 192 hours during the
period June 14 - June 23, as described in methods. The



rail line 540 m to the west was used for Metra commuter
trains, and for Union Pacific freight. After filtering for
appropriate wind speed and wind direction (see meth-
ods), pollutant measurements at Zion (NO, NO,, NOj,
and particle size distribution) were then compared for
the periods prior and after the train. Ninety-four train
detections met analysis requirements (sufficient pollu-
tant measurements, suitable meteorology). Inspection of
aerosol size distributions showed the strongest signal in
the 15 to 30 nm range (Nys.39). As shown in Figure 10,
Ni5_30 increased after trains passed, rising from an aver-
age pre-train value of 2024 cm ™ to an average post-train
value of 2510 cm™. Individual cases were often more
sharply featured, with a distinct plume of 3-10 min
duration at the Zion site. The broadening of the peak
in Figure 10a arises from the variability in timing and
shape of these plumes over the 94 cases. Figure 10b
shows the distribution of concentrations before (blue)
and after (orange) the train, with the post-train appear-
ance of a tail at concentrations in excess of 7000 cm .
Figure 10c shows that the pre-train (blue) and post-train
(orange) audible volumes follow the same distribution
with a mean of 58-59 dB. The increase in particles at the
15-30 nm size range was significant (p = .0029).
Similar analyses were done for particle mass below
0.5 um, NO, NO,, and NO,, with analyses also per-
formed separately for commuter (91 detections with
suitable meteorology) and freight (20 detections with
suitable meteorology). Statistically significant (one-
sided p-value < 0.05) increases were observed for par-
ticle number for all trains, particle number for com-
muter trains, NO for all trains, and NO for commuter
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trains. NO increased from 0.33 ppb (pre-train) to 0.42
ppb (post-train) on average. Unlike the N5 34 increase,
which was detected with many (but not all) trains, the
NO increase distribution was more skewed due to
a small number of high concentration plumes, possibly
indicating high emitting trains or intermittent high
emitting conditions for NO. Increases in NO,, NO,,
and particle mass <0.5 pm were observed on average
but were not statistically significant at the 0.05 level.
The Metra trains were reported to be over 88% tier 0
and tier 0+ in 2018 (Victory 2018). Tier 0 is higher
emitting compared to new (tier 4) heavy duty diesel
engines.

Some false-positive train detections are likely, due to
extraneous sources of high volumes, such as thunder,
rain, and wind. The frequency of train detections, after
removing rain periods (7 train detections) and other
known events was 26.3 per day, which exceeded the
number expected based on the Metra schedule and
reports of freight activity. Freight activity was estimated
(M. Harrell, email to C. Stanier, June 8, 2017). In total,
we expected an average of 21 train detections per day.
The additional 5.3 may be false positives (and therefore
the emission per train would be biased low) or they may
reflect a low a priori estimate.

Each train passage happens quickly; therefore, the
perceived impact on air quality may be limited.
However, our 17 min post-train averaging period multi-
plied by 26.3 trains per day corresponds to 31% of an
average day impacted at the levels reported above. Thus,
at 540 m distance from the rail, approximately 7% of the
24 hr average Njs_39, and 1% of the 24-h average NOx,
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Figure 10. Results from 94 train detections over a 10 day period meeting all required criteria (meteorology and available particle size
distribution measurements). The average time series is shown in panel (a) with a short pulse of audio volume indicating passage of
train; particle number increases, rising from a minimum of 1930 cm™ to a peak of 2749 cm™ 5.5 minutes after the train detection.
Histograms of (b) particle number and (c) audio volume before and after show modest increase, and no change, respectively.
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may be from rail traffic even though the source is present
for only minutes at a time.

Although we are not able to recover emission factors,
and thus cannot compare directly to EPA heavy-duty
diesel standards, we can compare to modeled local
impacts (C-PORT) and to published ratios of emission
factors, such as PM, s, number, and NO, emission fac-
tors (Johnson et al. 2013). The NO, impact under neu-
tral westerly winds (0.051 ppb) from the C-PORT model
is similar to our measurement (0.028 ppb) considering
the limitations and assumptions of the techniques. The
corresponding C-PORT PM,s value was less than
0.01 ug m™. Although the analysis detected no statisti-
cally significant increase in PM, 5, given the size of the
dataset and variability observed, an impact of approxi-
mately 0.12 pg m™ or larger would have been detectable.

Comparing to measured emission ratios, the NO,:parti-
cle ratio was 1.35 ppb per 1000 cm™> (Johnson, 15-500 nm)
compared to 0.19 ppb per 1000 cm™ (this work,
15-30 nm). The PM, s:number ratio was 0.065 pg m™ per
1000 cm > (Johnson, 15-500 nm). In our work (on average)
a statistically significant PM, 5 increment from trains was
not detectable, and we estimate the detection limit was
0.39 ug m™ per 1000 cm™ given the number of samples
and observed variability in ultrafine and accumulation
mode particles. It should be noted that this is based on
a small sample, and may not be representative of average
emissions across all long-haul commuter and freight trains
in the region; however, these analyses of rail passing do
serve as a component of site characterization, inform the
interpretation of LMOS data, and provide a rare assessment
of in-use rail impact.

Positive matrix factorization results

PMF analyses were conducted for Zion in order to
consolidate information from many time-resolved
measurements into a smaller number of factors asso-
ciated with source categories. A parallel analysis for
Sheboygan could not be conducted due to the lower
number of species measured there. At Zion, two ana-
lyses were conducted: one was based on time-resolved
gas measurements only; the second included all gases
from the first analysis as well as hourly averaged parti-
cle size distributions spanning 12.6- 610 nm particle
diameter. Our conclusions about source factor contri-
butions presented here are mainly drawn from the gas-
only analysis, with some discussion of additional infor-
mation content with the addition of particle size dis-
tribution data.

One goal of our PMF analysis was to resolve local
sources that might vary at hourly or sub-hourly time

scales. To do this requires using high time resolution
data (10 min time resolution data are used herein). This
excluded using PM, s metals and organic molecular
markers in aerosols that have high resolving power,
but that were only available at ~12 hr time resolution
as they were collected using filters and analyzed offline.

The PMF analysis identified primary and secondary
influences on the site with distinctive diurnal patterns.
Factors are named according to the species which loaded
most heavily onto each factor. These are (1) SO,, (2)
BTEX (benzene, toluene, ethylbenzene, xylenes), (3)
oxygenated VOCs (OVOCs) without acetonitrile, (4)
NO,, (5) isoprene, and (6) OVOCs with acetonitrile.
Six factors were used in the analysis because this resulted
in a Q/Qexp ratio closest to one while showing agreement
between observed measurements and predicted concen-
trations when evaluating timeseries and scatter plots for
each modeled species. PMF analyses using five, six, and
seven factors resulted in Q/Qex, values of 1.40, 1.07, and
0.93, respectively. Key results from the interpretation of
PMF factors include division of factors into mostly pri-
mary factors (SO,, BTEX, isoprene) and those with
mixed primary and secondary characteristics (OVOC:s,
OVOC:s with acetonitrile, and NOy). Features leading to
classification as primary emissions were: (i) the domi-
nant species was a primary emission (SO,, BTEX, iso-
prene), (ii) the factor was highly correlated with factors
thought to be primary; (iii) the diurnal pattern had
a peak during nighttime or early morning. An exception
to the diurnal pattern test is for isoprene, which is
known to peak at around solar noon due to light and
temperature-dependent biogenic production. Features
leading to classification as secondary included (i) corre-
lation with high ozone periods; (ii) inclusion of com-
pounds known to be formed in atmospheric chemical
reactions; (iii) diurnal patterns peaking in afternoon and
early evening; (iv) correlation with periods of high
photochemical age. Factors can also be divided into
those occurring in lake breezes (NO, and isoprene fac-
tors) versus the other factors with primarily west and
northwest non-lake breeze impact. Diurnal patterns,
directional dependence, relation to ozone episodes, and
possible sources of factors are discussed below. Diurnal
patterns are located in Supplemental Information
Section E.

Time series and CPFs for each factor are shown in
Figure 11. The SO, factor follows a diurnal pattern with
peak levels at 6:00 am CST. The CPF of the SO, factor
shows a mix of directions with high SO,, but the south-
east is absent; we conclude that the lake breeze ozone
episodes at the Zion EM during LMOS 2017 were not
enhanced in SO, or in fresh emissions from coal-fired
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Figure 11. PMF factor time series and conditional probability functions. Abscissa units are in CST and tick marks are at midnight CST.

The shading represents ozone event days.

combustion. This can be contrasted with the NO, factor,
which often was enhanced in lake breezes, in addition to
influences from other directions discussed below.

The BTEX factor had high nighttime concentrations
during the first portion of the campaign (through
June 6). Enhancement of anthropogenic compounds at
Zion, particularly in the earlier portion of the campaign,
has been noted in Vermeuel et al. (2019) and Hughes et al.
(2021). In this pre-June 6 period the BTEX factor was
highly correlated with the OVOCs without acetonitrile
factor and the CPFs for both show a western sector sug-
gesting coincident origin. The highest concentration
OVOC in that factor included acetaldehyde and 4-6 car-
bon carbonyls. BTEX and OVOC factors in the first period
both follow a diurnal pattern with peak levels at midnight
and early morning. The PMF technique cannot easily
separate small local (i.e., <10 km) from larger more distant
sources. The diurnal pattern probably rules out activities
within the state park. However, there is likely some con-
tribution from nearby residential and vehicle sources, as
well as from numerous more distant sources. The counties
to the west and northwest in Illinois (Lake and McHenry)
and Wisconsin (Kenosha, Racine, Walworth, Waukesha,
Jefferson, and Rock) have high to moderate populations
(and therefore on-road and off-road vehicle use). They also
include numerous stationary sources. These include many
airports, landfills, and VOC emitters of greater than 10
tons per year. Industrial and manufacturing emitters of
VOC:s in these counties include paint, adhesives, chemical

manufacturing, printing, and manufacturing of machinery,
glass, plastic, and metal components. Therefore, a mix of
combustion and primary factors in offshore nighttime
breezes from the west is consistent with the known land
uses and known sources in that direction.

During the second period of the campaign (post-
June 6), peak contributions of the NO, factor decreased
substantially. A transition to greater secondary and bio-
genic influence is supported by the isoprene factor. In
the first period, the isoprene factor was minimal with the
exception of a peak in the early afternoon of June 4. The
isoprene factor had influence from both the west and
from the southeast (lake breeze). However, on June 4,
only westerly winds were observed at Zion, meaning that
the afternoon isoprene peak originated from the land
west of Zion rather than from the lake breeze.

PMF identified a second OVOC factor that included
acetonitrile. The other leading compounds loading
onto this factor were acetone and methanol. This
OVOC factor had low correlation with BTEX, NO,,
and the other OVOC-dominant factor in either period
of the campaign. This factor peaked during ozone
episode B on June 10-11 and the CPF indicates
a southwesterly influence. In Hughes et al. (2021) this
period is shown through back trajectory analysis and
organic aerosol molecular markers to have influence
from forested areas in Missouri and Arkansas, and to
have high secondary organic aerosol (SOA) fraction.
Furthermore, it had uniquely high loadings of isoprene
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organosulfates such as methyltetrol sulfate and glyco-
loic acid sulfate. Acetonitrile is a marker of biomass
burning (de Gouw et al. 2003; Yuan et al. 2010) and
NOAA NESDIS HMS analysis of visible smoke and fire
detections reveal agricultural burning during
June 7-10 along the Mississippi river valley in
Arkansas, Tennessee, and Missouri. However, the
PM, 5 levoglucosan timeseries in Hughes et al. (2021)
and the OVOC/Acetonitrile factor from this work do
not peak on the same days; therefore, attribution of
this factor to either fresh or aged biomass burning is
uncertain.

PMF analysis for the gases above supplemented by
particle size distributions spanning 12.6— 610 nm yielded
qualitatively similar results (see Figure S4). In other
words, the inclusion of the size distributions did not
lead to additional interpretable factors. The best solution
included seven factors. These included OVOCs with acet-
onitrile, NO, and toluene, isoprene, and SO, dominant
factors. A particle mode of 160 nm diameter loaded onto
the SO, dominant factor, and a particle mode of 300 nm
diameter loaded onto the isoprene-dominant factor.
Three particle modes were identified by PMF without
appreciable loading of gases - these were a nuclei mode
of 15 nm, and two ultrafine modes at 30 and 80 nm. Since
in section 3.4, we showed that 15-30 nm were a marker of
locomotive exhaust at Zion, the lack of gases loading onto
the 15 and 30 nm dominated factors is further support
that the NO, impact from locomotives is small. And it is
further evidence that VOC and OVOC gases are not in
the locomotive exhaust. This is helpful from a model-
observation comparison standpoint, as intermittency
and proximity of the locomotive emissions would be
difficult to represent for the Zion site.

Nostalgia Days, a local festival and car show held
annually, occurred in Zion on June 16 and 17. It
included events such as outdoor music, food vendors,
a car show focusing on vintage cars, and parade of cars.
The center of activities for Nostalgia Days was in down-
town Zion along Sheridan Rd. (IL 137). This is located
about 2.35 km from the site to the southwest.

The impact of Nostalgia Days on the Zion measure-
ment record was detectable, but much lower than its
maximum potential impact, due to variable winds during
Nostalgia Days. On June 16 and 17, daytime winds were
from the southeast, and nighttime winds were from the
west. During the Nostalgia Days period, increased corre-
lation was observed between three factors consistent with
internal combustion and biomass burning. These were
the factor with high loading of the 80 nm particle mode,
the SO,/160 nm particle factor, and the factor with
OVOC:s and acetonitrile. Hughes et al. (2021), with 12 hr
PM, s filters analyzed for molecular marker tracers,

identified high concentrations of combustion markers
on the night of June 16 and the afternoon on June 17,
further supporting the influence of Nostalgia days on the
Zion measurement site. However, many of the emissions
from Nostalgia days likely did not impact the Zion mea-
surement record due to wind direction.

The PMF analysis confirms other assessments about
the Zion site during LMOS 2017 from the complemen-
tary methods; however, the PMF analysis is the only one
to simultaneously consider the VOC and OVOC gases
together with SO,, NO,, and particles. The main con-
clusions derived from PMF, or supported by PMF, are
that the Zion site is strongly impacted, particularly in
daytime, by relatively aged and well mixed plumes of
NO,, OVOC, and secondary particulate matter. These
originate at times in a SE lake breeze, and at other times
in synoptic SW flow. Peak contributions in secondary
factors occurred during episode B (June 10 and 11).
Factors that are primary, with the exception of isoprene,
are detected mainly at night and in offshore flows with
W and NW origins. A split in the campaign into a more
primary pollutant phase (before June 6) versus a more
biogenic and secondary pollutant phase (after June 6) is
supported by PMF, where primary factors (BTEX, NO,)
decrease, the isoprene factor increases, and correlation
between OVOCs and BTEX decreases. Nearby primary
sources that potentially could have influenced the Zion
site, causing problems for model-observation compari-
son due to model representation issues, are not identi-
fied by PMF. This is supportive of their small influence
as identified by other means, such as the local traffic
impact being less than 11% of average NOj, and the
absence of a detectable influence on diurnal patterns of
SO, and NOj depending on large point source emission
rate and local winds.

OH exposure

The OH exposure of air sampled at Zion was calcu-
lated according to the measured ratio of toluene and
benzene as described in Methods and in Supplemental
Information. Photochemical age analysis was only per-
formed for Zion as toluene and benzene were not
measured at the Sheboygan site. The emission ratio
of toluene to benzene was set equal to 2.81 and was
determined by taking the 95™ percentile of the mea-
sured toluene to benzene ratio from 5 to 9 am for all
days of the campaign.

The median OH exposure at Zion, as shown in Figure
12, was 1.9 x 10" molecules cm™ sec; the maximum
exposure observed was 4.8 x 10" molecules cm™ sec.
The diurnal pattern of OH exposure, as shown in Figure
13, peaks at 4 pm CST and has a nighttime minimum.
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Figure 13. Diurnal pattern of OH exposure.

The box plots of Figure 12 show OH exposure distribu-
tions for all hours, all daytime hours, all nighttime
hours, as well as for daytime and nighttime hours on
each ozone episode day. Daytime hours have higher OH
exposure than nights, as expected. On average, episode
periods have OH exposure distributions similar to the
campaign average. Ozone episode days that stood out in
terms of OH exposure were June 10, 11, and 16. June 10
and 11 were discussed above due to possible smoke
influence, high SOA, and isoprene organosulfate load-
ings, and long-distance transport from the south and

southwest. June 14 stands out as an episode day with
a low benzene-toluene OH exposure.

Conclusions

We have provided a comprehensive characterization
and documentation of the two main ground-based
enhanced monitoring sites (Zion and Sheboygan) from
LMOS 2017 which will aid in future interpretation of
measurements in the campaign repository, and in plan-
ning and execution of future field campaigns.

Both sites allowed investigators to sample, during day-
time, polluted lake breezes along the Lake Michigan shore
with high concentrations of ozone and NO,. During day-
time hours (9-5 CST) of ozone episodes, Zion had NO,
concentrations (mean * standard deviation) of 3.83 + 5.42
ppb, and mean nitric acid concentration of 1.2 + 1.0 ppb.
The corresponding NO, concentrations at Sheboygan
were 2.61 + 1.95 ppb (nitric acid concentrations were
not measured but NO, averaged 3.04 ppb, implying 0.43
ppb of NO, oxidation products). Thus, Zion did encoun-
ter higher average and peak NO, and NO, concentra-
tions, consistent with a stronger impact of the combustion
sources and periodic impact of relatively high NO,
plumes. Ozone episodes were divided into periods A, B,
and C to aid in future analysis. The LMOS 2017 data are
publicly available in a campaign repository, and this paper
will facilitate informed use of the data from the Zion and
Sheboygan EM sites.
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While large point sources emitting NOy and SO, were
present close to the monitoring sites (at a distance of
3-12 km), analysis of diurnal NO, NO,, and SO, (at
Zion) and NO and NO, (at Sheboygan) patterns stratified
by CEM emission rate and local winds did not detect
a significant impact. This presumably reflects the com-
bined effects of dilution, wind direction, and atmospheric
decoupling whereby plume mixing to the surface was
limited.

Other potential sources (arterial roads, highways,
rail, a vintage car festival) were within 10 km of the EM
sites, but were found to have contributions that are
limited to night and morning periods of generally
westerly flow. Even during these westerly flows, these
local source categories likely contribute less than 11%
of average NO, (roads), less than 2.5% of total NOy
(rail), and 7% of ultrafine particles (rail). The novel
technique of detecting trains through audio volume
records was effective. Changes in particle size distribu-
tions, most strongly at 15-30 nm in size, were detect-
able downwind (540 m) of a rail line with commuter
and freight locomotive traffic; however, these were not
a dominant feature in the dataset. A local festival and
car show held annually (Nostalgia Days) occurred dur-
ing LMOS 2017 within 5 km of the Zion EM site, but
under wind conditions that limited its impact at the
Zion EM site.

Availability of highly time resolved measurements (pri-
marily of VOC and OVOC gases) permitted the creation of
time series of OH exposure, and of source factors at 10 min
time resolution using PMF. The input compounds used in
the PMF analysis are emitted by numerous sources.
Accordingly, unique sources (i.e., diesel combustion)
were not isolated by PMF. Rather PMF’s best solution
had four factors primarily of VOC, one with a high NO,
loading, and one with a high SO, loading. The VOC factors
were dominated by isoprene, primary aromatics including
BTEX, and OVOCs with and without acetonitrile, respec-
tively. The PMF analysis confirms other assessments about
the Zion site during LMOS 2017 from complementary
methods, including the strong daytime contributions
from factors with secondary and long-range transport
components, and primary factors most concentrated dur-
ing nighttime offshore flows with W and NW origins.

While the direct impact of local sources was found to
be small at both sites, it is possible for precursors from
local sources to be carried out over the lake during the
nighttime land breeze and then return to coastal monitors
during the next day, either as primary pollutants or as
secondary components having undergone photochemical
processing. Depending on PGM model resolution, these

offshore plus return flows should be feasible to simulate,
and not dependent on detailed relative locations of sources
relative to grid cell boundaries and monitoring locations.

As stated in the introduction, one of the goals for this
paper was to present recommendations for model-
observation comparison and site selection/instrumenta-
tion of future field campaigns. Recommendations for
model-observation comparison: at both Zion and
Sheboygan, we have not detected local sources that should
complicate model evaluation due to errors in spatial
representation (large local sources that violate well-
mixed volume assumptions), or due to unusual temporal
profiles that are not matched by standard emission inven-
tories. Although direct impact of large point sources on
NO, and SO, measurements was not statistically signifi-
cant, we note that these sources undergo large and sudden
shifts in emission rates, due to load and maintenance
considerations; thus, use of current year CEM data for
large point source emissions for modeling LMOS 2017 is
important. Spatial resolution issues for modelers that are
likely important and unique to coastal monitors, such as
the Zion and Sheboygan EM sites are the positioning of
meteorological features, such as the lake breeze conver-
gence front, and rapid changes in concentrations within
the onshore component of the lake breeze due to mixing
processes as the TIBL grows. However, due to small local
source contributions, grid cell boundaries relative to emis-
sion sources, and representation of upwind/downwind
relationships between sources and monitors during peri-
ods of onshore and offshore flow, should be minor con-
siderations for the Zion and Sheboygan EM sites.
Recommendations for future campaigns: the site selection
criteria and instrumentation choices described herein,
and in the LMOS White Paper (Pierce et al. 2016) were
appropriate and, to a large extent, achieved in LMOS
2017. One notable exception is the need to further char-
acterize the impact of the Edgewater large point source on
the Sheboygan EM site, due to its coincident direction
during lake breeze conditions.
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