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Abstract: The Michigan–Ontario Ozone Source Experiment (MOOSE) is an international air qual-
ity field study that took place at the US–Canada Border region in the ozone seasons of 2021 and
2022. MOOSE addressed binational air quality issues stemming from lake breeze phenomena and
transboundary transport, as well as local emissions in southeast Michigan and southern Ontario.
State-of-the-art scientific techniques applied during MOOSE included the use of multiple advanced
mobile laboratories equipped with real-time instrumentation; high-resolution meteorological and
air quality models at regional, urban, and neighborhood scales; daily real-time meteorological and
air quality forecasts; ground-based and airborne remote sensing; instrumented Unmanned Aerial
Vehicles (UAVs); isotopic measurements of reactive nitrogen species; chemical fingerprinting; and
fine-scale inverse modeling of emission sources. Major results include characterization of south-
east Michigan as VOC-limited for local ozone formation; discovery of significant and unaccounted
formaldehyde emissions from industrial sources; quantification of methane emissions from landfills
and leaking natural gas pipelines; evaluation of solvent emission impacts on local and regional
ozone; characterization of the sources of reactive nitrogen and PM2.5; and improvements to modeling
practices for meteorological, receptor, and chemical transport models.

Keywords: ozone; air quality; field studies; methane; formaldehyde; ozone; atmospheric chemistry;
lake breezes; transboundary transport; emissions inventories; fine particulate matter (PM2.5); volatile
organic compounds (VOC); nitrogen oxides (NOx); reactive nitrogen reservoirs

1. Introduction

In 2015, the United States (US) Environmental Protection Agency (USEPA, Washington,
DC, USA) set the US National Ambient Air Quality Standard (NAAQS) for ozone (O3) at
70 parts per billion by volume (ppb) averaged over 8 h [1]. Attainment of the standard is
based on an O3 design value, defined as the three-year average of the annual fourth highest
daily 8 h O3 maximum concentration measured at a monitoring station. Areas with design
values that exceed the NAAQS may be designated by the USEPA as in nonattainment of
the O3 standard within several categories of increasing seriousness ranging from marginal
to severe, with corresponding increases in mandatory offsets of new emissions of ozone
precursors and progressive reductions of existing emissions, as well as other regulatory
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requirements. The federal government of Canada has an even more stringent Canadian
Ambient Air Quality Standard (CAAQS) for O3 of 62 ppb averaged over 8 h, which will be
reduced to 60 ppb in 2025 [2]. The statistical form of the Canadian standard is equivalent to
that of the US design value.

The Michigan–Ontario Ozone Source Experiment (MOOSE), which took place during
2021 and 2022, was the result of conversations initiated by the Michigan Department of
Environment, Great Lakes, and Energy (EGLE) with Environment and Climate Change
Canada (ECCC) and the Province of Ontario’s Ministry of the Environment, Conservation,
and Parks (MECP). In 2007, the Canadian agencies conducted the Border Air Quality
and Meteorology Study (BAQS-Met) [3], which revealed the importance of lake breeze
phenomena in modulating high O3 episodes in the southern Great Lakes region (Figure 1).
A key discovery of the BAQS-Met study was the enhancement of regional O3 peaks over
the Great Lakes by up to 30 ppb due to lake breeze effects that transported ozone precursors
from urban areas and increased their ozone production over water. The pool of high ozone
was then available to be transported back to land areas by the lake breeze cycle [3].

Atmosphere 2023, 14, x FOR PEER REVIEW 2 of 15 
 

 

emissions of ozone precursors and progressive reductions of existing emissions, as well 
as other regulatory requirements. The federal government of Canada has an even more 
stringent Canadian Ambient Air Quality Standard (CAAQS) for O3 of 62 ppb averaged 
over 8 h, which will be reduced to 60 ppb in 2025 [2]. The statistical form of the Canadian 
standard is equivalent to that of the US design value. 

The Michigan–Ontario Ozone Source Experiment (MOOSE), which took place dur-
ing 2021 and 2022, was the result of conversations initiated by the Michigan Department 
of Environment, Great Lakes, and Energy (EGLE) with Environment and Climate Change 
Canada (ECCC) and the Province of Ontario’s Ministry of the Environment, Conservation, 
and Parks (MECP). In 2007, the Canadian agencies conducted the Border Air Quality and 
Meteorology Study (BAQS-Met) [3], which revealed the importance of lake breeze phe-
nomena in modulating high O3 episodes in the southern Great Lakes region (Figure 1). A 
key discovery of the BAQS-Met study was the enhancement of regional O3 peaks over the 
Great Lakes by up to 30 ppb due to lake breeze effects that transported ozone precursors 
from urban areas and increased their ozone production over water. The pool of high ozone 
was then available to be transported back to land areas by the lake breeze cycle [3]. 

 
Figure 1. Map of the southern Great Lakes area showing the locations of the major cities in the region 
and all participating ozone monitoring sites (supersites indicated by red stars) during the BAQS-
Met study [3] (modified reproduction licenced under Creative Commons CC BY 3.0). The approxi-
mate area that was the subject of the MOOSE field campaign is indicated by the black rectangle. 

MOOSE was designed to further address US–Canada Border air quality issues, such 
as the possibility that southeast Michigan (SEMI), which includes the city of Detroit, 

Figure 1. Map of the southern Great Lakes area showing the locations of the major cities in the region
and all participating ozone monitoring sites (supersites indicated by red stars) during the BAQS-Met
study [3] (modified reproduction licenced under Creative Commons CC BY 3.0). The approximate
area that was the subject of the MOOSE field campaign is indicated by the black rectangle.

MOOSE was designed to further address US–Canada Border air quality issues, such as
the possibility that southeast Michigan (SEMI), which includes the city of Detroit, would be
“bumped up” from its original designation by the USEPA as a marginal O3 nonattainment
area to a moderate nonattainment area with more stringent emissions control requirements.
This bump-up occurred very briefly in 2023, until an exceptional event demonstration by
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EGLE attributing two days of high O3 values in June 2022 to a Canadian wildfire was
accepted and approved by the USEPA. This enabled SEMI to be re-designated back to
attainment of the O3 NAAQS based on a clean data determination for the three-year period
of 2020–2022, as opposed to O3 design values for 2018–2020 that were the basis for the
prior bump-up. However, SEMI remains an ozone maintenance area subject to contingency
provisions that would require EGLE to implement new control strategies once a certain
ozone concentration threshold has been passed. By providing information on which ozone
precursors contribute most to exceedances of the NAAQS, the results of the MOOSE study
will help inform the design of new control strategies that may be needed to maintain the
current attainment designation for SEMI, as well as to decrease population exposure to
other criteria pollutants and to air toxics.

Ozone, fine particulate matter (PM2.5), and their precursors are generated both locally
and regionally. They can travel hundreds of kilometers, affecting areas far from the emission
sources. Long-range transport and transboundary flow of air pollutants play a significant
role in Ontario’s air quality. During the summer, elevated levels of air pollutants are
often associated with distinct weather patterns (i.e., slow-moving high-pressure systems
originating from south of the lower Great Lakes) that result in the long-range transport of
these pollutants into Ontario from neighboring US industrial and urbanized states during
south to southwesterly flow conditions [4].

The Ontario MECP routinely monitors conventional air pollutants, including O3 and
PM2.5, at 38 Air Quality Health Index air monitoring stations across the province, including
Windsor and Sarnia at the US–Canada Border. Southern Ontario continues to experience
persistent elevated ozone levels. In 2020, 13 of the 26 designated CAAQS air monitoring
stations exceeded the federal O3 standard. The provincial Ambient Air Quality Criteria
(AAQC) for O3 (80 ppb averaged over 1 h) was also exceeded several times across southern
Ontario in 2020. In southwestern Ontario, when ozone levels are elevated, over 95% of
the ozone is attributable to transboundary sources, with the US contributing as much as
40% and the remainder due to the global background [5]. Windsor is the southernmost
major city in Ontario and often experiences poor air quality owing to industrial and traffic
emissions and transboundary transport of air pollution from neighboring states in the US.
The city reported one of the highest PM2.5 values in 2020 (i.e., 19 µg/m3 for the 24 h CAAQS
metric and 7.8 µg/m3 for the annual metric) among the 26 designated CAAQS stations
in Ontario [5]. Furthermore, Ontario’s 24 h AAQC for PM2.5 (27 µg/m3) was exceeded in
Windsor in 2020, although both the ambient levels of PM2.5 and its primary emissions to
air have decreased over the past 10 years [5].

MOOSE became a reality once EGLE secured funding from the USEPA for the opera-
tion of two advanced mobile laboratories to investigate both air toxics and ozone issues in
SEMI in a focused study known as the Chemical Source Signatures Experiment (CHESS),
which eventually became a sub-experiment of the larger MOOSE campaign (see below).
After initial funding was secured by EGLE, both ECCC and MECP committed to adding
significant resources to MOOSE, as did federal agencies in the US in addition to the USEPA,
including the National Aeronautics and Space Administration (NASA), the US Forest
Service, and the National Science Foundation (NSF). MOOSE thus became an international
air quality field experiment conducted by federal, state, and provincial governments on
both sides of the US–Canada Border.

An Executive Committee was set up with ECCC serving as the official convenor. All
official exchanges of the Committee were at the government-to-government level, although
contractors hired by a government agency could contribute to deliberations. An early action
of the Executive Committee was to develop a Science Plan [6] to guide the deployment of
technical resources and define the scientific objectives of MOOSE.

According to the Science Plan, MOOSE would consist of three sub-experiments with
the following objectives:
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Great Lakes Meteorology and Ozone Recirculation (GLAMOR)

• To understand and successfully simulate complex 3D flows associated with lake breeze
circulations;

• To understand and successfully simulate the urban heat island (UHI) and its interaction
with the lake breeze;

• To understand and successfully simulate the impact of lake breezes and the UHI on
ozone and ozone precursor transport;

• To determine the conceptual picture (mesoscale meteorological patterns and photo-
chemical production locations) for ozone exceedances in the Border region;

• To select representative ozone episodes for each identified mesoscale pattern, which can
then be used as model base case periods for future ozone attainment demonstrations;

• To conduct modeling and data analyses in support of an ozone attainment demonstra-
tion for SEMI or, if warranted, a US Clean Air Act 179B(b) petition or ozone exceptional
event demonstration.

Chemical Source Signatures (CHESS)

• To characterize the ozone precursor signatures at key monitoring stations in the Border
region where design values are highest during ozone exceedances in a normal year;

• To characterize emission plumes from point sources in the Border region and their
impacts on ozone design values on both sides of the U.S.–Canada Border;

• To develop emission source fingerprints for the most important industrial facilities
and source sectors in the Border region;

• To characterize the horizontal variations (including upwind, interior, and downwind
concentrations) and vertical gradients of nitrogen oxides (NOx) and volatile organic
compounds (VOCs) in the Border region;

• To perform receptor modeling, source apportionment, and ozone culpability analyses
to improve emission inventories and inform potential control strategies;

• To perform air quality model simulations of potential emission control strategies.

Methane Releases from Landfills and Gas Lines (MERLIN)

• To determine the natural gas leakage rate of pipeline or other infrastructure in SEMI;
• To quantify methane, formaldehyde, and other emissions from landfills in the Border

region;
• To determine the contributions of large methane sources to ozone exceedances in the

Border region, thereby informing potential control strategies.

2. Experimental Methods

With USEPA funding, EGLE hired Aerodyne Research, Inc. (Billerica, MA, USA)
and the University of Michigan (Ann Arbor, MI, USA) to conduct mobile laboratory
investigations in SEMI during MOOSE. Prior to the execution of the intensive portion of the
field study in the late spring and summer of 2021, EGLE developed a Quality Assurance
Project Plan (QAPP) for the CHESS experiment that was approved by the USEPA [7].
USEPA-approved QAPPs are acceptable benchmarks of quality for state regulatory agencies
in the US.

The Aerodyne Mobile Laboratory (AML) [8–10] measured O3 (2BTech), total NOx
(cavity-attenuated phase shift spectrometer coupled to an ozone reactor—Aerodyne CAPS-
NOx); nitric oxide (NO) and nitrogen dioxide (NO2), methane, ethane, formaldehyde,
and CO (4 separate tunable infrared laser direct absorption spectrometers—Aerodyne
TILDAS [11–13]); CO2 (non-dispersive infrared spectrometry); and VOCs (gas chromatog-
raphy electron impact mass spectrometer—Aerodyne GC-EI-ToF [14] and Aerodyne Vocus
proton transfer reaction—mass spectrometer [15,16]). The Michigan Pollution Assessment
Laboratory (MPAL) [17,18] run by the University of Michigan deployed cavity ring-down
spectrometers (Picarro G2401 and G2204) to measure methane, CO, and CO2, as well as
other instruments to measure O3 (API 400A) and NOx (EcoPhysics CLD 700 AL). Both the
AML and MPAL were equipped with a global positioning system (GPS) and meteorological
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sensors to measure wind speed and direction, surface pressure, temperature, and relative
humidity.

MECP also deployed a mobile monitoring platform equipped with GPS and real-time
instrumentation for the measurements of O3, SO2, NOx, particulate matter, and VOCs [19].
Specifically, a proton transfer reaction-mass spectrometer (IONICON PTR-ToF-MS 8000)
measured aromatics including benzene, toluene, and xylenes, in addition to other VOCs
with proton affinities greater than that of water. The platform was used in summer 2021 to
measure air pollutant concentrations and chemical fingerprints immediately downwind of
industrial sources in Sarnia and Windsor, Ontario.

Mobile measurements were complemented by measurements at monitoring stations
in SEMI and Windsor, Ontario during the 2021 intensive portion of the MOOSE study.
In SEMI, these included continuous column measurements of formaldehyde and NO2
by two Pandora UV-visible spectrometers [13,20] operated jointly by USEPA and NASA,
specialized isotopic measurements of reactive nitrogen compounds by a university team
funded by NSF (as described in Section 3.1), and continuous measurements of boundary
layer wind profiles (mini sodar) and mixing height (ceilometer) by the US Forest Service.
These were in addition to routine meteorological and chemical measurements by EGLE at
regulatory monitoring stations.

In collaboration with ECCC, MECP enhanced air monitoring activities at its Windsor
West air monitoring station prior to the MOOSE field campaign in 2021. Additional
research-grade instruments deployed at this station included: (1) Xact 625 particulate metal
analyzer (Pall Corporation, Port Washington, NY, USA); (2) online gas chromatograph
(AMA Instruments GmbH, Ulm, Germany); (3) Vaisala CL51 Ceilometer (Vaisala, Helsinki,
Finland); (4) Pandora spectrometer [20]; (5) Vaisala Weather Transmitter WXT520 (Vaisala,
Helsinki, Finland). All enhanced air monitoring activities are currently ongoing at Windsor
West station except that the ceilometer was decommissioned in March 2023.

During the MOOSE intensive field campaign in 2021 (Figure 2), ECCC conducted
high-resolution, real-time meteorological and air quality forecasts to guide the deployment
of mobile platforms on both sides of the Border by using ECCC’s operational Global
Environmental Multiscale-Modeling Air-Quality and Chemistry (GEM-MACH) model [21]
with a nested domain covering SEMI and southern Ontario at 2.5 km grid spacing. The
GEM-MACH model was further used to simulate episodic ozone events in the Great Lakes
region, with the aim of characterizing the dynamics of lake breezes, accounting for the
influence of the local urban heat island.

The activities of the three mobile labs on a given day were determined by a conference
of the field study teams based on daily real-time meteorology and air quality forecasts pro-
vided by ECCC. These forecasts also guided flights of a NASA Gulfstream aircraft equipped
with a UV-visible spectrometer capable of measuring column densities of formaldehyde and
NO2 at sub-kilometer resolution. The three mobile labs sometimes collaborated with each
other to map ozone and ozone precursor concentrations in relation to lake breeze fronts,
especially during high ozone episodes, or to perform coordinated transects on either side
of the US–Canada Border. For example, lake breeze effects were observed during regional
transects via elevation of the background levels of CO and ethane. The mobile laboratories
also worked individually to characterize point source emissions in the Border region.

Among the emission sources investigated by the mobile labs in Michigan were landfills
in SEMI, two of which were also subject to monitoring by EGLE with sensors mounted
on Unmanned Aerial Vehicles (UAVs), obtained with funding from the US Department of
Energy. The AML and MPAL also investigated methane leaks from underground pipelines
in SEMI as part of the MERLIN sub-experiment.
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during the MOOSE field campaign.

Datasets for the campaign were uploaded to a centralized repository hosted by NASA
(see data accessibility statement). The data have undergone extensive analyses using
advanced techniques such as very high-resolution 3D modeling at regional, urban, and
neighborhood scales, fine-scale inverse modeling of emissions based on measured ambient
air concentrations, chemical fingerprinting based on real-time measurements, and source
apportionment with positive matrix factorization (PMF). Major policy-relevant results of
completed analyses are presented in the following section.

3. Major Field Study Findings and Implications
3.1. Findings Relevant to Ozone Maintenance or Attainment in Southeast Michigan

Conclusions drawn from recent analyses of MOOSE field study data that are relevant
to maintenance or attainment of the US ozone NAAQS in SEMI are highlighted in bold.
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Local ozone production in SEMI is likely most sensitive to VOC emission controls.

VOCs and NOx are the two main types of O3 precursors that are directly emitted into
air by industrial, automotive, consumer and commercial, and natural sources. Knowing
which type of precursor most controls the amount of O3 formed in an airshed is vital to
identifying the most effective control strategies for inclusion in a State Implementation
Plan (SIP) to attain the US O3 NAAQS.

Based on prior analyses of satellite column and ground-based monitoring data, ozone
modeling and trend assessments, and weekday–weekend differences, the Lake Michigan
Air Directors Consortium (LADCO) had previously identified SEMI as in a transitional
regime evolving away from VOC sensitivity towards NOx sensitivity ([22] and references
therein). Xiong et al. [23], however, used the observed ratio of formaldehyde (HCHO) to
nitrogen dioxide (NO2) in near-surface ambient air measured by the AML during MOOSE
and a zero-dimensional (0-D) photochemical box model, F0AM (the Framework for 0-D
Atmospheric Modeling), utilizing an extensive set of contemporaneous speciated VOC,
NOx, and O3 measurements to analyze the sensitivity of local ozone in SEMI to VOC and
NOx controls. F0AM model sensitivity simulations by Xiong et al. [23] suggest that the
HCHO/NO2 ratio for the transition between the VOC- and NOx-limited O3 production
regimes is 3.0 ± 0.3 in SEMI. The midday (12:00–16:00) averaged HCHO/NO2 ratio during
the MOOSE intensive campaign was 1.6 ± 1.0, implying that local O3 production in SEMI
is limited by VOC emissions.

Emissions of formaldehyde may be severely underestimated in official inventories.
Formaldehyde controls are five times more effective by weight than NOx controls in
reducing ozone at monitors exceeding the NAAQS in SEMI.

Formaldehyde (HCHO) is a VOC that is especially important in ozone chemistry,
given its role as an initial radical precursor [24]. It is also a carcinogen with additional
non-cancer impacts that poses significant risks to human health [25]. A joint study by EGLE,
Georgia Institute of Technology (Georgia Tech), and LADCO demonstrated that air quality
models based on current emissions inventories drastically underpredict ambient HCHO
compared to measurements at EGLE monitoring stations in SEMI, and that plausible order-
of-magnitude corrections to the inventory for SEMI may result in over 1000 US tons per
year total additional HCHO emissions [26]. Moreover, the same study showed that such
plausible corrections to the HCHO inventory in a high-resolution (1.3 km horizontal grid)
air quality model (CAMx) resulted in unexpectedly high ambient HCHO concentrations
in the vicinity of New Haven, Michigan, which were confirmed by measurements during
MOOSE.

Olaguer [27] used an advanced microscale (400 m grid) forward and inverse model
(MicroFACT) constrained by AML ambient air measurements to rigorously estimate emis-
sions in the Dearborn/southwest Detroit area, and to conclude that several large industrial
facilities may emit over 1 US ton of HCHO per year, typically two orders of magnitude
above values reported to or inferred from activity data using USEPA emission factors [28]
by the State of Michigan. The microscale model also helped to explain the observed hori-
zontal gradient in routine stationary measurements of HCHO performed by EGLE using
the dinitrophenylhydrazine (DNPH) cartridge technique. This gradient was attributed to
local primary (directly emitted) HCHO rather than secondary (atmospherically formed)
HCHO.

A related modeling study by Georgia Tech [29] simulated the ozone impacts of various
SEMI control strategy options being considered by EGLE, including Reasonably Available
Control Technology (RACT) required by the US Clean Air Act for moderate ozone nonat-
tainment areas. HCHO emission reductions were found to be five times more effective on
a pound-for-pound basis than NOx reductions in mitigating ozone at monitors in SEMI
that previously exceeded the NAAQS. This study indicates that HCHO may be the most
important VOC to control for ozone mitigation in SEMI.
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Industrial solvent VOC emissions are substantial and possibly under-reported. Con-
trolling these emissions may have significant ozone mitigation benefits.

Solvents are part of a subset of VOCs referred to as Volatile Chemical Products (VCPs).
Estimates of VOC emissions from solvent use have recently increased. The USEPA has
updated solvent emissions in the 2020 US National Emissions Inventory (NEI) based on
the Volatile Chemical Product framework (VCPy) [30]. However, fugitive emissions of
solvents from industrial manufacturing operations are very difficult to quantify and may
still be considerably underestimated due to the lack of reliable emission factors. During
MOOSE, the AML found significant enhancements of VOCs such as acetone, aromatics,
and chlorinated solvents downwind of industrial facilities, including auto makers, chemical
waste sites, and coatings or cleaning product manufacturers, possibly indicating emissions
from paint, coatings, and solvent use [31,32]. Trans-border emissions from certain large
Canadian point sources were also observed on the US side of the Border [32].

Stroud et al. [33] used the Canadian GEM-MACH model to assess the importance of
solvent emissions (see Section 3.2). GEM-MACH at 2.5 km grid spacing was evaluated
for 8 h daily ozone with 2018 summer data at Windsor and showed good skill (model
vs. measurements, slope = 1.04, correlation, R = 0.79). A GEM-MACH simulation of a
2021 ozone episode with U.S. VCPy emissions yielded similar maximum ozone reductions
in Detroit (~0.6%) for 10% emission reductions in either solvents or mobile source NOx.
The contribution of solvent use to mono-aromatics in Detroit for the ozone episode was
estimated at 60%.

Fugitive releases of methane from landfills and leaking natural gas pipelines may be
large enough to significantly enhance ozone formation by VOC and NOx sources.

Methane is not only a powerful greenhouse gas but can also enhance global concentra-
tions of tropospheric ozone, another important greenhouse gas [34]. Although methane is
an organic compound, it is not classified by the USEPA as a VOC due to its low reactivity
compared to other organics, which limits the amount of local ozone it can form under
normal conditions. However, large volumes of methane released from landfills and leaking
natural gas pipelines may compensate for methane’s low reactivity in enhancing O3 for-
mation by local sources of VOC and NOx. Olaguer [35] applied the MicroFACT fine-scale
air quality model to estimate O3 impacts up to ~30 km downwind of a single hypothetical
landfill in SEMI and concluded that a large methane leak of 3000 kg/h could enhance local
ozone formation by landfill emission sources of O3 precursors by at least a tenth of a ppb,
and possibly several times more if sources of VOC and NOx other than the landfill itself
were accounted for.

During MOOSE, several advanced techniques were deployed by a team of Michigan
scientists and engineers to measure methane emissions from two landfills in SEMI [36].
These techniques included mobile infrared cavity ringdown spectrometry, UAV-mounted
meteorological sensors and tunable diode laser spectrometry, estimation of total landfill
emissions of methane based on flux plane measurements, and Gaussian plume inverse
modeling of distributed methane emissions in the presence of complex landfill terrain. The
total methane emissions measured at the two landfills were of the order of 500 kg/h, with
an uncertainty of around 50%. The results indicated that both landfill active faces and
leaking gas collection systems are important sources of methane emissions.

Xia et al. [37] used the MPAL to measure ambient levels of methane at eight large
operating landfills in SEMI. Elevated methane levels were typically found along the down-
wind side or corner of the landfills, reaching up to 38 parts per million by volume (ppm) in
the morning and dropping to near-baseline levels during midday. Both mechanistically
based dilution-type models and multivariate models identified wind speed, boundary
layer height, barometric pressure changes, and landfill temperature as key determinants of
methane levels, explaining most (r2 = 0.89) of the variation in the maximum methane levels
at the most-visited landfill.



Atmosphere 2023, 14, 1630 9 of 15

The University of Michigan and Aerodyne mobile laboratories also measured ambient
methane concentrations in the vicinity of natural gas pipelines and distribution networks.
The MPAL collected 20 days’ worth of 1 s methane measurements over 1100 km of surface
streets in Detroit and detected 534 distinct methane peaks, equivalent to roughly one
peak per 2 km traveled [38]. The AML, on the other hand, made repeated traverses of a
heavily industrialized area in Dearborn and southwest Detroit where natural gas leaks
were frequently encountered [32]. Methane emissions from a persistent leak observed at
the intersection of Dearborn Street and Fort Street were quantified using an inverse model
and found to be around 200 kg/h [39].

Temporary storage of NOx in reactive nitrogen reservoir compounds such as HONO
and HNO3 may be inadequately simulated in current air quality models. This may
affect estimates of ozone formed both locally and from precursors transported farther
downwind of urban emission sources.

In the summers of 2021 (June 7–29) and 2022 (June 6–28), Chai et al. [40] performed
speciated sample collections (3–12 h integration time) to quantify the isotopic composition
(15N/14N, 17O/16O, 18O/16O) of the O3 precursors, NOx, NO2, and nitrous acid (HONO),
as well as their oxidation products, nitric acid (HNO3) and particulate nitrate. These
offline measurements were combined with real-time measurements of NO, NO2, and O3
to characterize the sources, chemical pathways, transport, and sinks of reactive nitrogen
species under the influence of urban emissions and changing meteorological conditions,
especially the land–lake breeze.

HONO and HNO3 are important temporary reservoirs of NOx. In addition to being
a NOx reservoir, HONO is also a radical precursor on par with HCHO [24]. The radicals
generated by HCHO and HONO, both relatively short-lived compounds, determine how
much local O3 is formed in an airshed from emissions of VOC and NOx. HNO3, on the other
hand, is much longer-lived and can re-release sequestered NOx back to the atmosphere
after traveling long distances downwind of the original NOx sources.

Reactive nitrogen measurements were conducted at two sites during MOOSE: an
urban Detroit site (Trinity) which is greatly influenced by emissions from motor vehicles,
urban soils, and industrial sources, and a suburban site (New Haven) ~40 miles north of
Detroit and typically downwind of major urban emission sources during ozone episodes.
Measured HONO concentrations ranged from 0.6 to 4.0 ppb and 0.4 to 3.0 ppb at Trinity and
New Haven, respectively, in 2021, whereas HONO concentrations significantly decreased
in 2022 with corresponding ranges of 0.4–2.1 ppbv and 0.3–1.9 ppbv. Over both summers,
the average ratio of offline HONO to real-time NOx in New Haven was 2–3 times that at
Trinity.

Preliminary stable isotopic composition measurement and analysis performed by
Chai et al. [41] demonstrated interesting differences in source contributions and secondary
chemistry influence between urban and suburban sites. The isotopic data provided direct
evidence of secondary HONO production via O3 in reactive nitrogen cycling during a lake
breeze in addition to impacts on O3 over land. It also appears from the offline measurements
that local concentrations of HONO may be much larger than concentrations of nitric acid
with [HONO]/[HNO3] in the range of 1–21 (mean = 3), contrary to the predictions of
standard air quality models. The cycling of reactive nitrogen reservoirs may thus require
improvements in future models. This may affect both the simulated efficacy of local control
strategies and the influence of an urban airshed on modeled ozone in areas far downwind.

Contributions of secondary sulfate and nitrate to PM2.5 in Detroit are lower than in pre-
vious assessments, and mobile sources now represent the dominant PM2.5 contributor.

Yang et al. [42] applied the PMF source apportionment technique with spatially and
temporally diverse datasets to assess source contributions and temporal trends of PM2.5
pollution in Detroit, Michigan, including pandemic-related effects. The approach consoli-
dated measurements from 2016 to 2021 collected at three sites where long-term PM2.5 levels
averaged from 8.63 to 10.83 µg m−3. Most PM2.5 was due to mobile sources (characterized
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by elemental and organic carbon with some K+) representing 33–44% of PM2.5, depending
on site and apportionment approach, followed by secondary sulfate at 24–29% of PM2.5,
and then secondary nitrate at 17–22% of PM2.5. Smaller contributions arose from soil/dust,
ferrous and non-ferrous metals, and road salt sources. Several sources varied significantly
by season and site. Pandemic-related changes were generally modest. Compared to earlier
apportionments, contributions of secondary sulfate and nitrate were lower, and mobile
sources now represent the dominant PM2.5 contributor.

3.2. Findings and Implications of Canadian Studies during MOOSE

Conclusions drawn from analyses of MOOSE field study data relevant to air quality
improvement in southern Ontario are summarized below.

Entirely different target abatement actions may be required to reduce VOC emissions.

Healy et al. [19] collected VOC data over five days in a heavily industrialized region
of southwestern Ontario containing several refineries, petrochemical production facilities,
and a chemical waste disposal facility by using a mobile monitoring platform. PMF
analysis was used to apportion industrial VOCs with high time-resolution measurements
collected while stationary and while moving. Concentrations of VOCs (including toluene,
benzene, methyl ethyl ketone, and butene) were generally elevated close to industrial
facilities. Factors associated with petroleum, chemical waste, and rubber production were
identified and ambient mixing ratios of selected aromatic, unsaturated, and oxygenated
VOCs were apportioned to local and background sources. Fugitive emissions of benzene,
highly localized and predominantly associated with storage facilities, were found to be
the dominant local contributor to measured ambient benzene mixing ratios. Toluene
and substituted aromatics were predominantly associated with refining and traffic, while
methyl ethyl ketone was linked to chemical waste handling. The findings indicated that
entirely different target abatement actions would be required to reduce local emissions of
each of these VOCs. The approach to source apportionment of VOCs in this study, using
fine spatial and temporal resolution, can be used to identify problematic source locations
and to inform VOC emission abatement strategies.

A combined precursor reduction strategy is required to address both regional and local
contributions to ozone production.

Stroud et al. [33] studied the impact of solvent emissions on reactive aromatics and
ozone in the Great Lakes region by using both ECCC’s operational air quality GEM-MACH
model and a PMF model. VOC emissions from solvent use have increased as urban
areas expand while transportation emissions have declined over the past decades. This
study found that when the 2015 Canadian emissions and 2017 US emissions were used,
model estimates of total mono-substituted aromatics from solvent emissions were smaller
in Windsor than estimates from PMF analysis based on the 2018 measurements. The
use of updated US solvent emissions for summer 2021 simulations increased the solvent
use contributions and provided a more unform spatial distribution across the US–Canada
Border. Long-chain alkanes were the dominant species in the model’s air pollutant emission
inventory and in the observation-derived solvent use factor.

The modeling further showed that summertime 8 h daytime O3 levels decreased
by 0.4% over Windsor when solvent use emissions were reduced by 10%. A 10% NOx
reduction from transportation emissions resulted in a 0.6% ozone decrease over Windsor
and more widespread changes over the Great Lakes region. A combined regional-scale
NOx reduction from transportation sources and more localized industrial VOC source
reductions in the Border region is likely the optimal strategy for reducing ozone episodes in
southern Ontario. VOC reductions also have the co-benefit of decreasing public exposure
to some toxic VOCs and secondary particulate matter.

A recent Canadian study by Zhang et al. [43] analyzed weekday/weekend data at
Canadian and US urban sites in the Border region. The study showed that ozone in this
region had a greater weekend positive increment due to lesser NO titration. Overall, the O3
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formation regime gradually shifted from VOC toward NOx sensitivity during 1996–2007
then became more sensitive to VOCs during 2008–2015.

Local traffic and regional/transboundary industrial sources contribute about equally to
particulate matter-bound elemental pollution in Windsor, Ontario.

Zhang et al. [44] assessed hourly measurements of PM2.5-bound elements and black
carbon collected from April–October 2021 at Windsor West station. A clear diurnal pattern
was observed for most of the elements, likely related to the evolution of atmospheric
mixing heights and local anthropogenic activities. Conversely, sulfur showed elevated
levels in the afternoon, suggesting secondary formation of particulate sulfate from sulfur
dioxide when ambient temperatures are high. Five source factors were identified by using
the USEPA PMF model: three traffic-related sources (i.e., vehicular exhaust, crustal dust,
and vehicle tire and brake wear factors), and two industrial sources (i.e., coal/heavy oil
burning and metal processing factors). The three traffic-related sources were mostly local
and contributed 47% to the total elemental concentrations, while the two industrial sources
originated from regional/transboundary sources and contributed 53%.

Zhang et al. [45] conducted five additional scenarios of the PMF modeling to assess
impacts of input data on source identification, source contribution, and model performance
by using concentrations of PM2.5-bound elements in Windsor, Ontario. The model outcomes
and performance were found to be insensitive to data below method detection limits (MDLs)
being replaced with 1

2 MDLs, and to whether brown carbon data were excluded. Unique
factors of fireworks and mineral dust were identified by analyzing two episodic events
individually. Moreover, PMF model performance was improved greatly for event markers
of the episodes and elements with less variability in concentration when compared with
the base case scenario. Overall, the PMF model outcomes and performance were sensitive
to the fraction of concentration measurements below MDLs and element concentrations
with large variability due to high concentrations observed in episodes. The findings are
useful for dealing with data below MDLs and episodic events in conducting future PMF
source apportionment.

More accurate initialization of meteorological models may improve regional air quality
model predictions of ozone, especially at levels exceeding the CAAQS.

Mashayekhi et al. [46] investigated the influence of meteorology initialization on
prediction of surface O3 in summer 2021 in the Great Lakes region by using ECCC’s
operational GEM-MACH model at a horizontal resolution of 2.5 km. In comparison
to the conventional initialization (i.e., single-time full-field digital filter), the advanced
meteorology initialization technique of the four-dimensional incremental analysis updating
(IAU) method improved the model performance of surface O3 for both exceedances and
non-exceedances of the 2025 CAAQS of 60 ppb. The study highlights the importance
of meteorological parameters in predicting surface O3 levels. It was also found that
the simulation initialized at 18Z demonstrated superior performance of the surface O3
prediction, especially during days when O3 levels exceeded the threshold of 60 ppb. In-
depth analysis further indicated that better prediction of surface O3 in the Great Lakes
regions is linked to a more accurate representation of wind speed in the afternoon when O3
levels are high.

4. Discussion and Conclusions

The results to date of the MOOSE field campaign have yielded important policy-
relevant conclusions that can lead to improved air quality strategies in the US–Canada
Border region. In SEMI, the results point to VOC controls as the necessary primary focus of
local ozone mitigation efforts, especially the identification, quantification, and reduction
of emissions of formaldehyde and, secondarily, industrial solvents. The control of NOx
emissions, however, may still be important in reducing regional ozone pollution. The
State of Michigan’s efforts at greenhouse gas reduction should also consider the local and
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regional ozone co-benefits of identifying, quantifying, and reducing emissions of methane
from landfills and natural gas pipelines.

In southern Ontario, local air quality will benefit from O3 and PM2.5 precursor re-
ductions in Michigan due to the importance of transboundary pollution from the US. The
extensive presence of the Canadian petrochemical industry in southwestern Ontario may
require authorities to re-examine the accuracy and completeness of local emissions inven-
tories related to products of incomplete combustion, including formaldehyde, as well as
inventories of solvents and other VOCs. This is because GEM-MACH simulations suggest
that VOC reductions in the Border region may yield comparable ozone mitigation benefits
to mobile source NOx reductions during ozone episodes.

Among the control strategies that could be evaluated by regulators on both sides of the
US–Canada Border are: (1) flare elimination, minimization, and/or efficiency improvement;
and (2) oxidation catalysts, which can decrease HCHO emissions from stationary engines
by 96% according to State of New Jersey data [47]. The first strategy has been successfully
implemented by the US petrochemical industry and may be imitated by the steel and
coking industries in Michigan. Oxidation catalysts, on the other hand, could be considered
as possible controls for large stationary engines at natural gas pipeline stations, gas-fired
units at power plants, and landfill gas-to-energy conversion facilities.

In the case of fugitive emissions of organic solvents and methane, a major prior-
ity should be the development and implementation of contemporary methods for leak
detection and repair (LDAR). The use of fast chemical instrumentation and inverse model-
ing methods applied during the MOOSE campaign, unlike more commonly used LDAR
techniques, is scalable to large facilities and could be considered for wider adoption.

Lastly, the results of MOOSE emphasize the importance of improving modeling
practice to better assess the impacts of control strategies in the Border region, including
the use of finer-resolution air quality models and updating of initialization techniques in
meteorological models. The USEPA should work with the states to promote the continued
update of national formaldehyde and industrial solvent emissions inventories, and to
re-examine the treatment of reactive nitrogen reservoirs in regional air quality models.
Both these efforts will enhance the ability of regulatory air quality models used in ozone
attainment demonstrations to accurately evaluate ozone control strategies. The updating
of reactive nitrogen cycling in models will also help improve assessments of long-range
transport of ozone and its precursors.
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