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Abstract: Identifying sources of air pollutants is essential for informing actions to reduce emissions,
exposures, and adverse health impacts. This study updates and extends apportionments of particulate
matter (PM2.5) in Detroit, MI, USA, an area with extensive industrial, vehicular, and construction
activity interspersed among vulnerable communities. We demonstrate an approach that uses positive
matrix factorization models with combined spatially and temporally diverse datasets to assess
source contributions, trend seasonal levels, and examine pandemic-related effects. The approach
consolidates measurements from 2016 to 2021 collected at three sites. Most PM2.5 was due to mobile
sources, secondary sulfate, and secondary nitrate; 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. Results of the consolidated models were more
consistent with respect to trends and known sources, and the larger sample size should improve
representativeness and stability. Compared to earlier apportionments, contributions of secondary
sulfate and nitrate were lower, and mobile sources now represent the dominant PM2.5 contributor.
We show the growing contribution of mobile sources, the need to update apportionments performed
just 5–10 years ago, and that apportionments at a single site may not apply elsewhere in the same
urban area, especially for local sources.

Keywords: particulate matter; source apportionment; chemical speciation; mobile sources; receptor
modeling; Detroit, Michigan; pandemic

1. Introduction

Identifying the sources of ambient air pollutants is essential for undertaking actions to
reduce the emissions, exposures, and health effects associated with pollutant exposure [1–4].
Approaches used to derive the source apportionments that provide this understanding
include the use of receptor models [5–8] that apportion particulate matter (PM2.5) to source
categories that include, as examples: soil/dust and other geological/crustal materials [9,10];
secondary pollutants containing sulfate and nitrate; road wear [11]; traffic and woodsmoke
associated with organic and elemental carbon (OC, EC) [12]; ocean-derived aerosols associ-
ated with sodium chloride [13]; and incinerator and other industrial emissions associated
with refractory and heavy metals [14–18]. Contributions from such sources can vary over
both time and space, reflecting the locations, emission rates, and compositions of both local
and distant sources, as well as meteorological factors that affect transport, formation, and
fate of pollutants. Examples of notable changes that have reduced emissions include use
of low- and ultra-low-sulfur fuels (phased in from about 2006–2014), adoption of diesel
particulate filters (after 2017), retirement of aging coal and oil boilers (2000 to present,
often replaced by gas turbines after 2015), and gradual electrification of the vehicle fleet
(ongoing). These long-term trends are modified by economic and construction cycles
(e.g., increased activity and emissions during warmer seasons and economic upturns) and
seasonal patterns that govern agricultural and biogenic emissions as well as wildland
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fires. Both long-term and seasonal changes may limit the relevance of apportionments
performed just a decade ago. Further, due to spatial variability, appointments obtained
using receptor modeling and chemical speciation data collected at a single location may
not apply at other locations, even in the same urban area, unless the data are broadly
representative of the distribution and impact of emission sources. Unfortunately, sites that
measure and speciate PM are sparsely situated, and, often, only a single location in an
urban area is available. In consequence, most apportionments using receptor modeling
have been based on monitoring data collected at a single site, even in large urban areas,
and the understanding of intraurban spatial differences is limited.

This study’s goals are to assess and contrast annual and seasonal apportionments of
PM2.5 at multiple sites in an urban area, to examine recent trends, including those related
to the pandemic that affected both traffic and industry, and to contrast apportionments
obtained using several modeling approaches. The study area focuses on Detroit, MI, USA,
an area with long-standing environmental justice issues due to the density of industry,
the high fraction of African-American, Hispanic, and Arab-American populations, and
the generally poorer health of these communities, including elevated rates of asthma and
other pollutant-related diseases, relative to rates in nearby areas. The area has been in
nonattainment for the SO2 (since 2013) and the ozone (since 2018) National Ambient Air
Quality Standards. Local epidemiological studies have linked air pollution to allergic air-
way disease [19], cardiovascular and respiratory mortality [20], adverse birth outcomes [21],
asthma and lung function [22,23]. Health surveillance data show considerably elevated
rates of asthma and asthma-related deaths [24].

Prior studies in Detroit have identified traffic-related emissions, secondary sulfate,
and secondary nitrate as the top PM2.5 sources, but the estimated contributions have varied
greatly. For example, an analysis of 1999–2002 data collected at two schools (Mayberry in
Southwest Detroit and Keith in Eastside Detroit) showed that secondary sulfate comprised
66.3 and 60.1% of PM2.5 at the two sites, respectively, and that motor vehicles contributed
30.9 and 23.4% [25]. Secondary nitrate was not identified as a contributor. Four more
recent studies have reported fairly consistent results at Allen Park, a site ~7 km southwest
of Detroit: 27–33% of PM2.5 was secondary sulfate; 21–28% was secondary nitrate; and
19–38% was vehicle-related [16,26–28]. At Dearborn, a heavily industrialized area adjacent
to Detroit, 2002–2005 data were used to estimate secondary sulfate, secondary nitrate,
and mobile contributions of 23, 20, and 22%, respectively [27]; a subsequent short-term
(29 days) study in 2007 shifted these contributions to 34, 7, and 5%, respectively [17].
Notably, none of these studies used recent data, and none addressed spatial differences
within the airshed.

2. Materials and Methods
2.1. Study Area and Monitoring Sites

Detroit is a US Midwestern city with a population of 660,000 located in the 9-county
Detroit–Ann Arbor–Flint Combined Statistical Area (CSA) that has a population of
5,428,000 persons [29]. Detroit’s many residential neighborhoods are interspersed among
heavy and light industry, e.g., vehicle manufacturing, steel and coke production, petroleum
refining, cement and asphalt plants, water and wastewater treatment, power plants, re-
cycling and waste treatment/disposal, truck and train traffic, intermodal and logistics
facilities, commercial activities, and extensive construction/demolition activities, including
a major new international bridge crossing. The 2019 Michigan Air Emission Reporting
System (MAERS) lists 328 facilities reporting air emissions within 50 km of the study area
(for facilities emitting > 1 ton/year of conventional pollutants plus methane). Collectively,
these sources emit 2148, 16,137, and 18,150 tons/year of PM, SO2, and NOx, respectively;
considering sources within 5 km, 76 facilities emit 904, 7784, and 6765 tons/year, respec-
tively, based on 2019 data. Historically, emissions were much higher, even as recently
as 2000 or 2010. Figure 1 shows locations of major point sources, the largest of which
include two steel plants and a coke battery. Major sources that have been shuttered in
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recent years include the 358 MW(e) DTE River Rouge power plant that was phased out
from 2002 through 2016 by switching from coal to natural gas until retirement in 2021
(2010–2014 emissions averaged 25, 10,443, and 3416 tons/year for PM, SO2, and NOx,
respectively); the 550 MW(e) DTE Trenton Channel power plant, another coal-fired unit
that reduced emissions over the 2013–2016 period and which was scheduled to be retired
in 2022 (2010–2014 emissions averaged 646, 20,824, and 4409 tons/year for the three pollu-
tants, respectively); and the Greater Detroit Resource Recovery Authority waste incinerator
(4000 ton/day capacity) that closed in early 2019 (2010–2014 emissions averaged 22, 141,
and 1162 tons/year, respectively). Other major sources that shut down earlier include the
Mistersky Power Plant (2004, 154 MW(e), oil, gas); the Conners Creek Power Plant (1988,
240 MW(e), coal, gas); and the Wyandotte Municipal Power Plant (73 MW(e), 2017, coal,
gas, tire-derived fuel). Reduced emissions of SO2 and NOx from other sources in the region
and nationally have furthered lower levels of secondary sulfate and nitrate.

Southwest Detroit’s air quality monitoring network is mapped in Figure 1. Three
monitoring sites were selected due to their proximity, the PM2.5 components measured, the
completeness of the monitoring record, and the diversity of nearby sources. The Allen Park
(AP) monitor is ~8 km southwest and often upwind of Detroit’s main industrial area. The
site is located in a small city (18.1 km2; population of 28,237) [29]) that has some manufac-
turing activity [30]. The monitor (AQS ID: 26-163-0001; lat/long: 42.228611/−83.20833) is
designated as a “population-oriented” site and is 190 m southwest of interstate highway
I-75 that has moderately high vehicle volume (86,099 vehicles/day, annual average daily
traffic, AADT) and high truck volume (16,476 vehicles/day, commercial annual average
daily traffic, CAADT) [31]. The monitor is in a small field near some forested land, several
enclosed wastewater tanks, and light commercial and trucking facilities. Data from this site
have been used to assess mobile source contributions [32].

The Dearborn (DB) monitor, 9.9 km northeast of AP site, is designated a “maximum
concentration” site (AQS ID: 26-163-0033; lat/long: 42.306674/−83.148754). Adjacent
to Detroit, Dearborn is a densely populated city (62.8 km2; population of 108,420) [29]
with considerable industrial and commercial activity. The monitoring site lies between
highways I-94 (1.85 km to the north; AADT and CAADT of 92,030 and 12,215 vehicles/day,
respectively) and I-75 (2.3 km to the southeast; 86,099 and 16,476 vehicles/day) [31]. Major
industry within 1 km includes automobile assembly (Ford), steel and coke production
(Cleveland Cliffs and River Rouge Complex), coal- and gas-fired electric utilities, and
the Detroit wastewater treatment facility (which includes multiple sludge dryers and
incinerators); industry within 2.5 km includes a refinery, cement and asphalt plants, and
many logistics facilities. A salt mine ([33], Figure 1) is ~2 km from the site, along with
materials handling facilities, metal processors and recyclers, and other industries.

The third site, called Southwestern High School (SWHS; AQS ID: 26-163-0015; lat/long:
42.302786/−83.10653), is 3.6 km east of DB and also is a “maximum concentration” site.
The site is 245 m south of Fort Street (7436 and 1121 vehicles/day, AADT and CAADT,
respectively), 0.2 km south of M-85 (7436 and 1109 vehicles/day), and 0.3 km south of
I-75 [31]. Notably, the site is adjacent to a very large construction area that will become
the inspection and customs terminal for the new Gordie Howe International Bridge (con-
struction phase from 2018–2024). This site recorded the highest SO2 concentration in the
area, leading to the area’s designation as non-attainment for the SO2 National Ambient Air
Quality Standard.
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Figure 1. Map showing study area, monitoring sites (red diamonds), and major point sources (numbered black circles). Apportionments obtained at the three speciation sites. Figure 1. Map showing study area, monitoring sites (red diamonds), and major point sources (numbered black circles). Apportionments obtained at the three

speciation sites.
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2.2. Sample Collection and Data Cleaning

PM2.5 samples for chemical speciation were collected every third day at AP and
every sixth day at DB and SWHS. We focus on a 6-year period from 1 January 2016 to
31 December 2021. Following protocols in the Speciation Trends Network [34], Met One
SASS and URG samplers were used to collect filter samples, which were analyzed for
elements using X-ray fluorescence on Teflon filters, ions by ion chromatography on nylon
filters, and elemental (EC) and organic carbon (OC) by thermal optical transmittance (TOT)
on quartz filters. We also obtained PM2.5 measurements using two Federal Reference
Methods (FRM). Data were obtained from US EPA and the Michigan Department of the
Environment, Great Lakes and Energy (EGLE).

Several steps were used to clean and impute data. We checked for reasonable ranges
and possible outliers of each parameter by examining the highest values. As described
in the Supplemental Materials (SM), some missing Na+ data were imputed, and a small
number of observations were considered outliers or possibly erroneous and were removed.
The number of daily observations in the final dataset was 693, 353, and 347 at AP, DB, and
SWHS, respectively.

2.3. Descriptive Analyses

Descriptive statistics were calculated for each parameter for the full study period as
well as stratified by season (winter as December to February; spring as March to May;
summer as June to August; fall as September to November) and calendar year for selected
pollutants. Seasonal trends were displayed using 3-month running averages. Trends over
the study period, differences in concentrations between the three sites, and differences
between before and during the pandemic lockdown were examined by comparing full-year
periods (19 March 2019–19 March 2020; 20 March 2020 to 20 March 2021) to avoid seasonal
effects. The analyses used density plots and t- and Mann–Whitney U tests given the
nonnormality of the data (based on Shapiro–Wilk normality tests). Additional descriptive
statistics and analyses are in the Supplementary Materials (Table S2, Figures S2–S4).

2.4. Positive Matrix Factorization

PM2.5 at the three sites was apportioned using positive matrix factorization (PMF),
which identifies and quantifies contributions of sources based on the chemical composition
of sources and ambient monitoring data. US EPA PMF version 5.0 [35,36] was used
with parameters and procedures that followed recent literature [26,28,37–39]. The SI
describes both PMF and the procedures. Modeling used two approaches. The first and
“conventional” approach developed separate PMF models for the 6-year record at each
site. The second approach consolidated data across the three sites, developed a single
set of source profiles that applied to the three sites, and estimated all factor loadings
in a single analysis. Otherwise, parameters and data treatment were similar to the first
approach. To implement this approach, dates for the second and third sites were displaced
by 5 and 10 years, respectively (thus obtaining a unique date for each observation), the
three datasets (one per site) were concatenated (allowing the PMF program to run without
modification), PMF models were estimated, and then the correct dates were restored. This
approach, called approach 2, is motivated by three potential advantages: it incorporates
both temporal (across the 6 years) and spatial variation (across the 3 sites) in pollutant
levels; the derived profiles apply to all sites and thus should facilitate comparisons across
sites; and the larger sample size should increase robustness. The method has two potential
disadvantages. First, factor profiles might vary spatially and change over time; however,
nearby sites likely have similar conditions and the model should be able to handle some
variation. Second, a source factor that is unique to one location might erroneously obtain a non-
zero contribution at another location since source contributions are estimated for all factors at
all sites. These concerns were evaluated by contrasting results for the two approaches.

In both approaches, the number of factors selected was guided by the literature and
separation of source types. PMF models with 6 to 10 factors were tested, and the final
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selection was based on the clearest interpretation of sources. The 7-factor models were most
informative. Models with fewer factors were difficult to interpret as species were often
shared between factors, while models with more factors often split similar sources into
several profiles. The seven factors were classified as follows: secondary sulfate, including
SO4

2−, S, and NH4
+; secondary nitrate with NH4

+ and NO3
−; vehicles/mobile sources with

EC and OC, for which EC tends to denote diesel particulate matter from pyrolysis [32,40,41]
and OC reflects combustion products from gasoline vehicles and other fossil fuels, biofuels,
and open burning [32,42]; iron/ferrous metals (Fe, Zn); salt with Na+ and Cl−; soil/crustal
material (Al, Ca, Si); and non-ferrous metals industry with Cu and other metals. In some
8-factor models, a combination of elemental sulfur with crustal/dust elements suggested a
mixture of soil/dust and deposited sulfate that was subsequently suspended from unpaved
roads [14,43].

Apportionments comparing pre-pandemic and pandemic periods were estimated
using PMF models with three approaches: approach 1 used two PMF models at each site,
one for each period; approach 2A used a single model that combined the two periods and
the three sites; and approach 3 used an individual model at each site that combined the two
periods. These approaches have different strengths and weaknesses; e.g., approach 1 allows
the greatest flexibility but results may not be comparable if profiles change; approach
2A is similar to approach 2 described earlier that used a longer duration (6-year period);
and approach 3 facilitates comparisons between time periods but not sites. In each case,
predicted normalized daily factor contributions from the PMF model (mean contribution of
each factor is 1) were multiplied by the factor profiles to obtain daily predictions of PM2.5
and potential source contributions [39,44,45]. Seasonal apportionments were calculated as
the average of daily predictions in the season; this was also confirmed using PMF models
developed for that season. The seasonal variation was displayed using trend plots and
3-month running averages calculated using daily predictions of source contributions from
the PMF models.

3. Results
3.1. Summary, Seasonal, and Annual Trends

Summary statistics for key variables (PM2.5, NH4
+, NO3

−, SO4
2−, S, EC, and OC) at

the three sites are shown in Table 1; statistics for other species are in Table S2. Over the
study period, 24 h PM2.5 levels (± standard deviation) averaged 8.6 ± 4.8, 9.9 ± 5.4, and
10.8 ± 5.5 µg/m3 at the AP, DB, and SWHS sites, respectively (N = 693, 353, and 347). In
addition to having the highest PM2.5 level, the SWHS site had the highest levels of NH4

+,
NO3

−, SO4
2−, S, EC, and OC; DB had intermediate levels; and AP had the lowest levels.

Differences between the ‘low’ AP site and the two other sites were statistically signifi-
cant for most of these species except NO3

− in the AP–DB comparisons and NH4
+ in the

AP–SWHS comparisons (Table S3). Only small differences or gradients in concentrations in
the area are expected for secondary pollutants such as SO4

2− that arise from mostly distant
sources (e.g., the many power plants in the Ohio River Valley); local emissions may cause
the variation observed.

Over the 6-year study period, annual average levels of PM2.5 varied about 10%
(coefficient of variation), and the levels in 2020 fell by 0.9 and 1.4 µg/m3 from 2019 levels
at the AP and SWHS sites, respectively (Table 2), suggesting a pandemic-related effect
of the lockdown (examined in Section 3.4). Several pollutants showed strong seasonal
variation (Figure 2). PM2.5 levels at the three sites were bimodal, with winter and summer
peaks, especially at SWHS, which has had some of the highest PM2.5 levels in Michigan in
recent years, potentially reflecting industry, fugitive dust, and construction activity. NH4

+

and NO3
− peaked in winter, while Si, Al, and other crustal elements peaked in summer,

likely reflecting entrained soil and dust. OC trends were bimodal and similar to PM2.5.
Other species with systematic but less pronounced variation included EC (highest in fall);
SO4

2− and S (highest in summer) [15]; and SO4
2− (small winter peak). In addition, Cu



Atmosphere 2023, 14, 592 7 of 22

showed a summer peak at AP, although DB had considerably higher Cu levels without
much seasonality, suggesting the influence of different sources at these sites.

Table 1. Summary statistics for PM2.5 and selected species at the three monitoring sites for the
2016–2021 period using 24-hour average concentrations (µg/m3). SD is the standard deviation; Min
is the minimum; 25th and 75th denote percentiles; Max is the maximum.

Site Variable Mean SD Min 25th Median 75th Max

Allen Park
(N = 693)

PM2.5 8.63 4.75 1.20 5.16 7.64 11.01 32.10
EC 0.37 0.22 0.00 0.22 0.32 0.45 2.25
OC 1.91 1.11 0.27 1.09 1.70 2.48 10.54

NH4
+ 0.51 0.61 0.00 0.12 0.30 0.66 4.17

NO3
− 1.50 1.89 −0.03 0.35 0.77 1.86 12.36

SO4
2− 1.03 0.64 0.00 0.58 0.88 1.31 4.75

S 0.38 0.24 0.00 0.21 0.33 0.49 1.67

Dearborn
(N = 353)

PM2.5 9.88 5.37 1.15 5.85 9.25 13.00 34.65
EC 0.51 0.30 0.00 0.30 0.46 0.65 1.72
OC 2.27 1.13 0.35 1.41 2.09 2.85 6.03

NH4
+ 0.58 0.61 0.00 0.16 0.40 0.75 4.02

NO3
− 1.58 1.89 0.00 0.41 0.81 1.98 12.33

SO4
2− 1.24 0.71 0.01 0.66 1.10 1.70 3.63

S 0.45 0.27 0.00 0.23 0.39 0.66 1.39

Southwestern
High School

(N = 347)

PM2.5 10.83 5.48 1.30 6.55 10.00 13.95 33.86
EC 0.61 0.41 0.04 0.33 0.50 0.77 3.21
OC 2.42 1.23 0.36 1.49 2.19 3.10 8.41

NH4
+ 0.59 0.68 0.00 0.12 0.37 0.79 4.71

NO3
− 1.62 1.91 0.03 0.45 0.85 1.92 11.98

SO4
2− 1.31 0.83 0.00 0.69 1.11 1.81 4.06

S 0.46 0.29 0.00 0.23 0.41 0.64 1.45Atmosphere 2023, 14, x FOR PEER REVIEW 8 of 22 
 

 

 
Figure 2. Trends of monthly average concentrations for selected pollutants at the three sites. Plots 
use 3-month running averages. “All” is the three-site average. 

3.2. Comparison of Profiles and PMF Approaches 
Differences among the profiles for the PMF models are shown in Figure 3, which 

displays four sets of profiles for the seven source types: three sets are from the PMF mod-
els analyzing AP, DB, and SWHS sites separately (approach 1); and the fourth set is from 
the consolidated dataset (approach 2). In some cases, small differences in profiles can af-
fect apportionment results. The following discusses differences among the profiles and 
compares them to literature profiles (84 literature profiles are tabulated in Table S5). Lit-
erature- and PMF-derived profiles may not match due to local conditions, the reactivity 
of species, and gaps and issues of representativeness in the available profiles. This partic-
ularly applies to heavy-duty diesel vehicle exhaust and nonroad gasoline exhaust sources 
[46] that are highly relevant for Detroit. 

Secondary sulfate and nitrate had similar profiles across the three sites. The second-
ary sulfate profile was dominated by SO42−, S, and NH4+; some OC was included, as ob-
served in other PMF studies [27,38,46,47], likely reflecting organic matter in polluted ur-
ban air that condenses on sulfate particles [27] and possibly low-volatility organic matter 
formed in acidic particle environments [48]. Secondary nitrate had a simple profile, char-
acterized by NH4+ and NO3−. Nitrate precursors include ammonia (NH3) from animal 
feeding, fertilizer use [49] and some industrial processes [50], and nitrogen oxides (NOx) 
from mobile sources, power generation, industry, and other combustion sources [51]. Mo-
bile source profiles were dominated by EC, OC, and K+; the SWHS profile had more S, 
SO42−, Zn, Cr, and Ni than the other two sites. Literature profiles relevant to mobile source 
exhaust emissions contain considerable EC, OC, and other species but little K+, which is 
typically a marker for waste or wood combustion, some metals industries (e.g., sintering 
furnaces), cement, and road dust. This suggests that the mobile contribution at SWHS in-
cluded both exhaust emissions as well as some suspended road and cement dust, which 
is consistent with the highway and bridge construction activities described earlier. In ad-
dition, this site is near the Detroit River and the Port of Detroit and possibly affected by 
ship and train emissions. The salt profiles were similar and simple, consisting of Na+ and 
Cl-, with some Mg; the profiles differed in amount of Na+ and some trace metals. 

Figure 2. Trends of monthly average concentrations for selected pollutants at the three sites. Plots
use 3-month running averages. “All” is the three-site average.



Atmosphere 2023, 14, 592 8 of 22

Table 2. Annual average concentration of PM2.5, elemental, and organic carbon (EC, OC) from 2016
to 2021 at the three monitoring sites (µg/m3).

Year
PM2.5 EC OC

AP DB SWHS AP DB SWHS AP DB SWHS

2016 8.6 10.9 11.5 0.32 0.51 0.54 1.89 2.33 2.14
2017 8.5 10.7 10.5 0.31 0.45 0.48 1.97 2.56 2.34
2018 8.9 10.4 11.4 0.34 0.49 0.73 1.98 2.47 2.65
2019 8.3 9.0 11.4 0.44 0.52 0.70 1.74 1.94 2.85
2020 7.4 8.7 9.0 0.41 0.54 0.53 1.81 2.12 2.09
2021 10.0 9.7 11.2 0.41 0.56 0.67 2.09 2.24 2.43

3.2. Comparison of Profiles and PMF Approaches

Differences among the profiles for the PMF models are shown in Figure 3, which
displays four sets of profiles for the seven source types: three sets are from the PMF
models analyzing AP, DB, and SWHS sites separately (approach 1); and the fourth set is
from the consolidated dataset (approach 2). In some cases, small differences in profiles
can affect apportionment results. The following discusses differences among the profiles
and compares them to literature profiles (84 literature profiles are tabulated in Table S5).
Literature- and PMF-derived profiles may not match due to local conditions, the reactivity of
species, and gaps and issues of representativeness in the available profiles. This particularly
applies to heavy-duty diesel vehicle exhaust and nonroad gasoline exhaust sources [46]
that are highly relevant for Detroit.

Secondary sulfate and nitrate had similar profiles across the three sites. The secondary
sulfate profile was dominated by SO4

2−, S, and NH4
+; some OC was included, as observed

in other PMF studies [27,38,46,47], likely reflecting organic matter in polluted urban air
that condenses on sulfate particles [27] and possibly low-volatility organic matter formed
in acidic particle environments [48]. Secondary nitrate had a simple profile, characterized
by NH4

+ and NO3
−. Nitrate precursors include ammonia (NH3) from animal feeding,

fertilizer use [49] and some industrial processes [50], and nitrogen oxides (NOx) from
mobile sources, power generation, industry, and other combustion sources [51]. Mobile
source profiles were dominated by EC, OC, and K+; the SWHS profile had more S, SO4

2−,
Zn, Cr, and Ni than the other two sites. Literature profiles relevant to mobile source exhaust
emissions contain considerable EC, OC, and other species but little K+, which is typically a
marker for waste or wood combustion, some metals industries (e.g., sintering furnaces),
cement, and road dust. This suggests that the mobile contribution at SWHS included both
exhaust emissions as well as some suspended road and cement dust, which is consistent
with the highway and bridge construction activities described earlier. In addition, this site
is near the Detroit River and the Port of Detroit and possibly affected by ship and train
emissions. The salt profiles were similar and simple, consisting of Na+ and Cl−, with some
Mg; the profiles differed in amount of Na+ and some trace metals.

The ferrous and non-ferrous metals profiles showed the greatest differences among
sites and approaches. Ferrous profiles were dominated by Fe and Zn, with smaller levels of
Mn and other metals. Other species in the profile varied by site: AP included high levels
of Cr, Ni, and Zi; DB and SWHS sites (and approach 2) were generally similar. Fe arises
from iron smelting and steel manufacturing. Zn has many of the same as well as additional
sources, e.g., municipal incinerators [51–53]. Given the distance between AP and local
metal industries, the AP profile likely represents a mixture of ferrous industries and some
entrained soil and dust. Literature profiles for the ferrous industries are diverse: profiles
for furnaces, steel desulfurization, shredding, and heat-treating show Fe; many show K, Cl,
Mg, S, SO4

2−, OC, and EC; and some show crustal elements Ca and Ca (but little Si) [52].
Profiles for non-ferrous metals were dominated by Cu, with smaller contributions from
other metals (e.g., Cr, Ni, Pb). The SWHS profile included higher levels of Pb compared
to the other sites, possibly reflecting soil entrainment and demolition activities. Profiles
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developed in approach 2 maintained these metals but had smaller contributions. Similarly,
nonferrous profiles in the literature are diverse and include processing and production of
different metals. The Detroit profiles appear consistent with profiles for Cu and perhaps Pb
processing. Most of the literature profiles for nonferrous metals also include Cl, S, SO4

2−,
Si, and Zn, and some included Na.
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3.3. Long-Term and Seasonal Apportionments

The estimated long-term apportionments from the two PMF approaches are listed in
Table 3. Orange shading in the table highlights an apportionment at a site that exceeds
25% of the average apportionment across the three sites; blue shading represents a 25%
decrease from the average. Such changes were observed for several of the local sources
categories, e.g., mobile, ferrous metals, and non-ferrous metals. The other source categories,
i.e., secondary nitrate and sulfate, soil/dust, and salt, showed only small differences from
the three-site mean. This suggests the importance of spatial variability for local industrial
and mobile sources, i.e., monitor placement can significantly affect apportionments.

Table 3. PM2.5 mass contributions based on PMF results at the three sites. Shading shows results
that are higher (red) or lower (blue) by at least 25% from the 3-site average (shown in the two
right-hand columns).

PMF
Approach Source Category

Allen Park Dearborn SWHS Average

µg/m3 % µg/m3 % µg/m3 % µg/m3 %

Approach 1
Separate
Profiles

Mobile 2.76 33.7 3.78 39.9 4.31 42.1 3.62 38.6
Secondary nitrate 1.77 21.6 1.90 20.1 1.70 16.7 1.79 19.5
Secondary sulfate 2.38 29.0 2.27 23.9 2.67 26.1 2.44 26.3

Ferrous metals 0.77 9.4 0.72 7.6 0.22 2.1 0.57 6.4
Non-ferrous metals 0.18 2.2 0.31 3.2 0.75 7.3 0.41 4.2

Soil/Dust 0.17 2.1 0.40 4.2 0.55 5.4 0.37 3.9
Salt 0.16 1.9 0.11 1.1 0.04 0.4 0.10 1.1

Total 8.19 100.0 9.48 100.0 10.23 100.0 9.30 100.0

Approach 2
Combined

Profiles

Mobile 3.36 41.7 3.52 36.6 4.60 43.7 3.83 40.6
Secondary nitrate 1.68 20.8 1.75 18.2 1.78 16.8 1.73 18.6
Secondary sulfate 2.37 29.4 2.51 26.1 2.74 26.0 2.54 27.1

Ferrous metals 0.17 2.1 0.88 9.1 0.41 3.9 0.49 5.0
Non-ferrous metals 0.15 1.8 0.34 3.6 0.18 1.7 0.22 2.3

Soil/Dust 0.20 2.4 0.29 3.0 0.40 3.8 0.30 3.1
Salt 0.15 1.9 0.34 3.5 0.43 4.1 0.31 3.2

Total 8.08 100.0 9.63 100.0 10.55 100.0 9.42 100.0

Figure 4 shows seasonal trends of the apportionments, which generally follow pat-
terns of the pollutant levels observed earlier (Figure 2), e.g., winter peaks for secondary
nitrate and salt and summer peaks for secondary sulfate, soil/dust, and mobile sources.
These patterns, some of which have been described previously [15,27,54], reflect climatic
influences on pollutant formation, use of salt for deicing roads in winter, and seasonal
shifts in meteorology and prevailing winds, e.g., the prevailing winds arise from the SW
except in spring, when winds from most sectors have similar likelihood. (Figures S12–S13
show annual and seasonal wind roses.) The non-ferrous metals factor shows yet another
pattern, peaking in the summer or fall, potentially representing entrained dust from metal
processing facilities. The other source factors had less seasonal variation.

Mobile sources were the largest single contributor to PM2.5 levels at each site,
accounting for 2.8–4.3 µg/m3 (34–42%) of PM2.5 depending on site and PMF approach.
The estimated contribution was highest at SWHS, which is relatively close to an arterial
road and a major (I-75) highway. However, the large GHIB construction site and associ-
ated non-road sources may dominate mobile source contributions at this site, which is
supported by seasonal trends that show the highest contributions during the summer/fall
construction season (Figure 4). Starting in 2018 (Michigan side only), this 6-year $5.7 bil-
lion project entailed widening and reconstruction of 3 km of I-75 with nine new bridges,
ramps, and service lanes, and, at the bridge/terminal site itself, demolition, grubbing,
clearing, backfill, installation of 105,000 wick drains (20 m depth), fill placement (over
1 million cubic yards), installation of foundation shafts, and extensive aboveground work,
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including construction of 2.5 km of main roads, the 68 hectare port of entry facility (with a
30,318 m2 terminal/customs building), 36 primary inspection lanes, and the cable-stayed
bridge spanning 853 m (https://www.gordiehoweinternationalbridge.com/en/project-
overview, accessed on 16 December 2022). Similar activities commenced in 2015 on the
Canadian side of the Detroit River, 2 km SE of the SWHS site. These activities are per-
formed using diesel-powered vehicles and equipment and entail considerable earth moving,
concrete cutting, and other sources of fugitive emissions.
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Levels of secondary nitrate and sulfate were similar at the three sites, jointly con-
tributing 4.2–4.4 µg/m3 (43–51%) of PM2.5. The two PMF approaches yielded similar
results for these pollutants. As noted, distant sources likely contributed most of the sulfate,
with nearby SO2 sources causing local variation; the small SO4

2− gradient observed (e.g.,
average of 0.3 µg/m3 higher at SWHS compared to AP) follows the SO2 concentration
trend. Notably, nearly all the local coal-fired facilities operated without scrubbers. While
these facilities are being scaled back, retired, or replaced with gas turbines, when operating,
plumes from these sources would likely reach the nearby monitors too quickly for much
conversion of SO2 to SO4

2−. There are many other coal facilities in Michigan, the Ohio
River Valley [25], and further afield in Indiana and Pennsylvania that have sizable SO2
emissions and likely cause most of the sulfate in the region [55], although their emissions
also have been declining in recent years.

https://www.gordiehoweinternationalbridge.com/en/project-overview
https://www.gordiehoweinternationalbridge.com/en/project-overview
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Apportionments for the other source categories showed several differences between
the two PMF approaches (Table 3). Based on the separate models (approach 1), ferrous met-
als contributed 0.72–0.77 µg/m3 at AP and DB but only 0.22 µg/m3 at SWHS; approach 2
provided the highest contribution at DB (0.88 µg/m3) and the lowest at AP (0.17 µg/m3).
The results from approach 2 are consistent with known sources, e.g., the DB site is 0.5
km ENE and typically downwind of the large Cleveland Cliffs steel complex (source 1
in Figure 1). The area has many other steel and ferrous metal processing industries. The
SWHS site is 1.55 km NNE of the Zug Island complex, the area’s second largest steel mill
(US Steel/National Steel, source 2 on Figure 1); however, its activity and emissions have
been considerably curtailed since 2010. (Tables S6–S8 show emission rates at major sources
in the region). The AP site, which had the lowest ferrous metals contribution, is 8.1–9.5 km
SE and generally upwind of these sources. While now shuttered, ferrous industries had
operated further south and closer to AP, a possible reason why the composition of entrained
soil and dust may resemble the ferrous metals profile, although entrained materials tend to
be particles larger than PM2.5.

For non-ferrous metals sources, approach 1 provided a relatively large contribu-
tion at SWHS (0.75 µg/m3) that peaked in summer and fall, but low levels elsewhere
(<0.17 µg/m3); approach 2 provided DB the highest contribution (0.34 µg/m3) and small
contributions elsewhere (<0.18 µg/m3), with some increases in summer and fall. Again,
approach 2 was consistent with locations of known industries. There are many potential
sources of Cu, e.g., smelting and roasting of copper, lead and other metals (not in Detroit
in recent years), nonferrous and secondary metals processing and recycling, oil refining,
sintering furnaces, vehicle tire and brake wear, sewage sludge incineration, and iron cast-
ing [51,56]. Another possible source is brush wear on electric motors, including those used
in air sampling [57]. More sensitive measurements that include additional elements might
help separate these sources; e.g., Sb typically accompanies Cu when associated with tire
and brake wear.

For salt, apportionments also depended on the approach, although the predicted
contributions were small. Approach 1 had the highest contribution (0.16 µg/m3) at AP;
approach 2 increased predictions at DB and SWHS to 0.34 and 0.43 µg/m3, respectively.
All three sites showed strong and similar seasonal patterns consistent with aerosolized salt
from road deicing, i.e., peaks in mid- and late winter [27], which would not be expected
from ocean-derived aerosols at this inland location.

The highest soil/dust contributions were found at SWHS, adjacent to the large con-
struction area for the international bridge; even so, the levels were modest (<0.75 µg/m3).
This factor was dominated by crustal elements Ca, Si, and Al, with smaller amounts of
Fe, Mg, Mn, and Ti, which can represent several sources, primarily soil (mostly local but
occasionally regional or intercontinental) and dust, and possibly vehicle-related emissions,
e.g., exhaust and brake and tire wear [27,46]. The area contains many materials handling
facilities that store, process, and transport scrap metal, aggregates, cement, salt, and other
commodities. Siltation and wind- and truck-entrained dust are frequently observed near
these facilities, but these are mostly larger particles not expected to contribute to PM2.5.

In summary, the two PMF approaches provided similar seasonal trends and com-
parable apportionments when averaged across the three sites (Table 3). However, on a
site-to-site basis, the results differed for several factors, most notably for ferrous and non-
ferrous metals, soil/dust, and salt. Apportionments obtained using approach 2 were more
consistent with the proximity of the monitoring sites to known local sources. Overall, the
comparison suggests that the results obtained for the consolidated datasets in approach 2
are easier to evaluate and more consistent than the results of separate models for each site.

3.4. Changes during the Pandemic

Only a few of the pollutants across the three sites showed statistically significant
changes in mean or median levels between 1-year periods before and during the pandemic
(Table S4). Changes in PM2.5 levels were small and none approached statistical significance.
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One change common across the three sites was a decrease in median EC levels during the
pandemic (Mann–Whitney tests, p ≤ 0.05); however, changes in means were modest and
generally not statistically significant, and black carbon, a closely related pollutant, did not
change (except at AP). A richer although qualitative interpretation of changes is shown
by the monthly trends and density plots for the two periods (Figures S2–S7, respectively),
as well as the PMF apportionments for the two periods, which are summarized in Table 4
and discussed below. The SI discusses additional changes in the pollutant levels and PMF
results and presents the PMF profiles for each approach (Figures S8–S11).

During the pandemic, mobile source contributions decreased slightly at AP and DB
and more substantially at SWHS (based on approaches 2A and 3), possibly reflecting
the slowdown from on-road and non-road mobile sources (e.g., train, ship, construction
equipment) associated with local commercial, industrial, and transport sectors, including
intermodal, port, and logistics centers. However, mobile contributions during the 2-year
period (approaches 2A and 3) remained similar to those estimated for the 6-year period
(approach 2, Table 3). The drop in mobile source contributions at SWHS may reflect a
slowdown in construction activity at the bridge site. Secondary nitrate showed little change
over the 2 years, although levels increased by 9–20% compared to the 6-year analysis
(comparing methods 2 and 2A). Secondary sulfate increased at DB (approaches 2A and 3),
although levels at the three sites were 34–37% lower than the 6-year results, reflecting the
continuing long-term decline in SO2 emissions. The mostly small changes in secondary
pollutants over the 2-year period suggest that emissions from many local and regional
sources (e.g., power plants) remained unchanged, at least during the earlier phase of the
pandemic, or that changes were indistinguishable given meteorological variability. In
contrast, the smaller and local sources showed relatively large changes. Contributions
from ferrous metals decreased at all sites and for all approaches, and contributions were
23–49% lower than in the 6-year analysis. This pattern suggests a short-term slowdown
in industrial and manufacturing activity in addition to the long-term downward trend.
Nonferrous metals decreased at AP and DB but increased at SWHS. Similarly, soil/dust
decreased at AP and DB (except for approach 1) but increased at SWHS. The soil/dust
increase at SWHS likely reflects extensive construction activity along I-75 in 2020.

The apportionments showed some differences by site and PMF approach, as ex-
pected. Approach 1 yielded apportionments for the smaller sources (e.g., ferrous metals)
that fluctuated widely between pre-pandemic and pandemic periods, and differences
from 6-year results (Table 3) were sometimes large. This approach used a single year
of data in each model and the composition of some profiles shifted, although the main
species for each factor remained constant. Generally, smaller changes occurred at AP,
which had twice the number of samples (due to AP’s 1-in-3 day sampling schedule
compared to 1-in-6 elsewhere). Together, these observations suggest that larger sam-
ple sizes are needed to reduce statistical variability. The results show several other patterns.
Approaches 2A and 3 provided similar results and yielded apportionments for pre-pandemic
and pandemic years that had small to moderate differences; this consistency may reflect the
design of these approaches, which was intended to examine temporal changes. Most of the
apportionments show that contributions from mobile sources at SWHS and from ferrous
metal and nonferrous metals sources at all three sites diminished during the pandemic;
these changes appear to reflect actual pandemic-induced effects, although fluctuations
due to meteorological variability cannot entirely be ruled out. While effects might be
sensitive to the data subset and other factors, most changes were small and PM2.5 levels
remained unchanged.

Many studies have considered changes in pollutant levels associated with the pan-
demic lockdown, and a review of 114 studies broadly suggested that PM2.5 and NO2 levels
tended to decrease during the lockdown period, especially in polluted areas in Asia, while
O3 levels tended to increase; changes in SO4

2− and CO were more variable [58]. Our
analysis in southwest Detroit shows several changes in source contributions to PM2.5 but no
significant change in the average (or median) PM2.5 concentration. We also show that such
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assessments should account for both short- and long-term changes (including seasonal
variation), use robust methods, and recognize that trends might differ locally within a
region or for portions of the pandemic period.

Table 4. PMF results at the three monitoring sites (µg/m3) for one-year periods before and during the
pandemic lockdown. Blue shading shows decreases at a site exceeding 25%; orange shows increase
exceeding 25%.

Site Source Category
Approach 1 Approach 2A Approach 3

Before Pan Pandemic Before Pan Pandemic Before Pan Pandemic

Allen Park Mobile 3.03 2.35 3.46 3.46 2.68 2.90
Secondary nitrate 1.98 2.38 1.93 2.09 2.08 2.29
Secondary sulfate 1.56 1.58 1.29 1.69 1.21 1.60

Ferrous metals 0.57 0.00 0.15 0.11 0.41 0.28
Non-ferrous metals 0.47 0.40 0.25 0.17 0.48 0.33

Soil/Dust 0.12 0.26 0.23 0.15 0.26 0.17
Salt 0.01 0.92 0.21 0.18 0.40 0.37

Total 7.74 7.88 7.51 7.86 7.52 7.94

Dearborn Mobile 3.19 2.79 2.89 3.39 2.92 2.75
Secondary nitrate 1.20 2.14 1.83 2.00 1.98 2.30
Secondary sulfate 1.63 1.61 1.40 1.85 1.95 2.70

Ferrous metals 0.67 0.48 0.71 0.34 0.48 0.22
Non-ferrous metals 0.60 0.61 0.94 0.48 0.62 0.29

Soil/Dust 0.79 1.07 0.29 0.19 0.32 0.20
Salt 0.39 0.20 0.43 0.39 0.21 0.21

Total 8.46 8.90 8.49 8.63 8.48 8.67
SWHS Mobile 3.04 3.17 5.15 3.83 4.19 2.87

Secondary nitrate 1.78 2.04 1.95 1.94 1.99 2.05
Secondary sulfate 2.33 2.03 1.64 1.97 1.77 1.94

Ferrous metals 1.35 0.31 0.27 0.14 1.01 0.54
Non-ferrous metals 0.43 1.09 0.26 0.44 0.45 0.77

Soil/Dust 0.81 0.72 0.23 0.43 0.37 0.82
Salt 0.30 0.22 0.57 0.38 0.27 0.16

Total 10.03 9.57 10.07 9.13 10.06 9.16

4. Discussion
4.1. Comparison to the Literature

PM2.5 apportionments in the Detroit area over the past 20+ years are summarized
in Table 5. (The table omits studies with very short duration, e.g., [59].) Because PM2.5
levels have been declining, contributions from different sources are discussed in terms of
concentrations (not relative fractions or percentages) to avoid a shifting baseline. Where
possible, concentrations were derived from the cited studies.

We found that mobile sources, which contributed an estimated 2.76–4.31 µg/m3 (34
to 42% of PM2.5), represent the largest single contributor at the three sites. The mobile
source profiles emphasized EC and OC, although some K+ was included, which has been
associated with biomass combustion ([25]; Table S5). The seasonal variation in EC and
OC levels was modest (Figure 2), as noted earlier [27,54], and somewhat moderated in the
mobile source plot (Figure 4). Several earlier studies in Detroit have obtained comparable
results, identifying specific mobile sources, e.g., highways [16], truck, rail, and ship traffic at
the Port of Detroit, and traffic on the Ambassador Bridge near the DB and SWHS sites [27].
Extensive on-road vehicular and train traffic has been observed near the DB site, including
throughout the night [17], and heavy-duty diesel traffic at the bridge and nearby arterials
and residential streets is common, in part due to road closures associated with construction
activity. The most recent prior apportionment in Detroit used 2001–2014 data from the
AP monitor and a nine-factor PMF model to estimate vehicle contributions of 2.02 µg/m3

(21% of PM2.5) [28]. The lowest estimate of vehicle contributions, 1.27 µg/m3, used 2007
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DB data and a 10-factor PMF model [17]; the large number of factors may have decreased
the contribution. The highest estimate, 6.40 µg/m3, used 1999–2002 data at a residential
neighborhood 0.38 km NNE of I-75 near an arterial with regular truck traffic (lat/long:
42.31656/−83.09365) and a seven-factor model [25]. Because this analysis did not include
nitrate, secondary nitrate may have been assigned to vehicles; further, the soil/dust/crustal
estimate was small and again possibly transferred to vehicles. The mobile source profiles
in the earlier studies differed by inclusion of K+, Al, Cu, Fe, and Pb, which can increase
the estimated contribution due to dust and soil entrainment. While our profile included
some K+ (except at SWHS in the separate models), we maintained a separate soil/dust
profile. Notably, the four studies that separated diesel and gasoline vehicles showed large
PM2.5 contributions from gasoline vehicles; e.g., diesel and gasoline vehicles contributed
2.16 and 4.24 µg/m3, respectively, in a seven-factor model using 1999–2002 data from SW
Detroit [25], the highest estimate for gasoline vehicles among studies that separated vehicle
types. Lower estimates were obtained at AP, 0.67 and 2.53 µg/m3 for diesel and gasoline
vehicles, respectively, using an eight-factor PMF model and 2000–2005 data [27].

We found that secondary sulfate was the second most important source of PM2.5,
contributing 2.27–2.67 µg/m3. Literature estimates for this pollutant vary widely, from
3.17 to 11.00 µg/m3. Notably, all of these estimates exceed those in the present study. The
lowest contribution was estimated at AP using a nine-factor PMF model and 2001 to 2014
data [28]; the highest was at Eastside Detroit using a five-factor PMF model and 1999 to
2002 data [25]; this analysis that did not include species that contribute to secondary nitrate,
e.g., NH4

+ and NO3
−, which likely inflated the sulfate estimate.

Prior estimates of secondary nitrate contributions also have ranged widely, from 1.61
to 4.49 µg/m3. The lowest was at DB using a 10-factor PMF model and 2007 data [17]. Using
AP data, Milando et al. [28] obtained results similar to the present study. Three studies
using older data (2000–2006) reported high contributions (3.89–4.49 µg/m3). Our results
reflect a nearly 50% decrease in measured nitrate levels over the past two decades; e.g.,
nitrate at AP averaged 2.67 and 3.21 µg/m3 in 2002 and 2004 but only 1.61 and 1.43 µg/m3

in 2019 and 2020.
The ferrous metals contribution at DB was 0.88 µg/m3, considerably higher than at

SWHS and AP (approach 2). Notably, all prior studies in Detroit identified a ferrous (or
“metals”) source, with a large range of contributions (0.02–3.63 µg/m3). Non-ferrous metals
contributions ranged from 0.15 to 0.34 µg/m3 (approach 2), spanning the 0.29 µg/m3

estimated at AP using a nine-factor model and 2001–2014 data [28]. No other prior study
in Detroit separated non-ferrous metals; rather, they were combined with Fe in a broader
“metals” category.

We estimated only small contributions from salt, <0.28 µg/m3 (approach 2). Levels in
earlier studies span our results, ranging from 0.19 µg/m3 from a 10-factor PMF model using
2007 data [17] to 0.72 µg/m3 from an eight-factor PMF model using 2000–2005 data [27].
Earlier studies also reported a wide range of soil/dust contributions, ranging from a low of
0.02 µg/m3 estimated using a seven-factor PMF model, 1999–2002 data, and La, Ce, and
P as tracers (Si and Ca were not included in this analysis) [25] to a high of 2.14 µg/m3

using an eight-factor model and 2000–2005 data [27]. The profile for the latter estimate was
likely inflated as it included significant levels of Fe, EC, and S, which we attributed to other
sources (mainly ferrous metals and mobile sources).
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Table 5. Summary of apportionments in the Detroit area showing estimated concentrations in µg/m3. Vehicles (total) combines diesel and gasoline vehicles if
broken out separately in citation.
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Hammond et al., 2007 [25] Eastside Detroit 1999–2002 5 16.3 16.2 5.13 5.13 11.00 0.02 0.06 0.03
Hammond et al., 2007 [25] Mayberry, SW Detroit 1999–2002 7 18.1 18.0 6.40 2.16 4.24 10.80 0.75 0.02 0.06
Morishita et al., 2006 [19] (1) SW Detroit 2000–2003 6 18.0 16.1 2.68 2.68 9.60 3.63 3.33 0.23
Buzcu-Guven et al., 2007 [26] Allen Park 2002–2005 8 15.8 16.9 5.90 2.37 3.53 4.51 4.16 0.56 0.30 0.63 0.80
Gildemeister et al., 2007 [27] Allen Park 2000–2005 8 16.1 15.6 3.20 0.67 2.53 4.99 4.49 0.51 0.51 1.29 0.57
Gildemeister et al., 2007 [27] Dearborn 2002–2005 8 19.4 19.1 4.92 1.17 3.75 4.84 3.89 1.24 2.14 0.72 1.30
Duvall et al., 2012 [16] (2) Allen Park 2004–2006 7 17.4 17.5 3.83 3.83 5.74 4.00 1.32 0.35 1.46 0.75
Pancras et al., 2013 [17] Dearborn 2007 10 15.7 13.7 1.27 1.27 6.89 1.61 0.36 0.74 1.99 0.24 0.00 0.56 0.06
Milando et al., 2016 [28] (2) Allen Park 2001–2014 9 9.6 9.5 2.02 3.17 2.02 0.48 0.67 0.38 0.19 0.29 0.29
This study (3) 3 Sites—Approach 2 2016–2021 7 9.4 9.4 3.83 2.54 1.73 0.49 0.30 0.31 0.22
Average 7.6 15.6 15.8 3.93 2.21 3.58 6.84 3.36 0.52 0.49 1.12 0.51 1.13 0.49 0.29 0.54 1.02 1.79 0.09 0.56 0.06 0.03

Notes: 1. Average of range shown; diesel vehicles includes dust. 2. Contributions derived by multiplying fractional apportionments by average PM2.5 concentration. 3. Soil/dust/crustal
includes S/dust contribution. 4. Vehicles (total)/Mobile is the sum of diesel and gasoline concentrations in the literature studies. 5. Combines municipal and sludge incinerators
provided by Morishita et al., 2006.
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4.2. Emissions Inventories

State and national emission inventories have reported substantial reductions in many
pollutants in recent decades, as shown in Table 6 for Wayne County, which encompasses
Detroit. (Tables S6–S8 list emissions for the 50 largest facilities in the county.) As noted
earlier, different inventories may not be fully comparable, and comparisons between years
can reflect changes in methodology. Over the past 20 years, SO2 and NOx emissions
from mobile and stationary sources have been cut dramatically; longer-term trends show
yet larger reductions (Figure S14). PM2.5 and PM10 trends are complex and have more
uncertainty. For mobile sources, the NEI shows large reductions in PM2.5 and PM10 from
2000 to 2017. This applies to both on-road and non-road emissions, which have roughly
comparable emission rates in Detroit. Stationary sources in MAERS show seven- and three-
fold reductions from 2000 to 2010 in PM2.5 and PM10 emissions, respectively, followed
by modest increases in PM2.5 emissions; PM10 emissions stay largely unchanged. The
PM2.5 increase in MAERS reflects greater emissions at coke and steel facilities. (The other
NEI source categories do not show these changes.) The largest PM2.5 emission sources in
the 2017 NEI include natural gas (1007 tons/year in Wayne County), miscellaneous non-
industrial (741 tons/year), commercial cooking (645 tons/year), mining (467 tons/year),
wood (471 tons/year), ferrous metals (392 tons/year), paved road dust (335 tons/year),
construction dust (212 tons/year), petroleum refinery (84 tons/year), and waste disposal
(84 tons/year).

Table 6. Summary of emission data for Wayne County from US EPA National Emissions Inventory
(NEI) and Michigan Air Emission Reporting System (MAERS) in tons/year. MAERS includes 318
sources in Wayne County. Year is year of emission inventory.

Mobile Sources Stationary Sources Total

2000 2011 2017 2000 2011 2017 2000 2011 2017

NEI PM2.5 7098 1716 852 3216 3465 4492 10,314 5180 5344
PM10 13,377 2692 1534 3846 7452 8410 17,223 10,143 9944
SO2 8480 583 328 50,397 42,689 15,612 58,877 43,272 15,940
NOx 80,187 40,313 19,230 31,262 22,110 15,266 111,450 62,423 34,496

Industrial Sources by Year

2000 2005 2010 2015 2017 2020

MAERS PM2.5 3506 815 494 432 766 686
PM10 3824 2931 1910 1294 1370 1156
SO2 49,680 47,425 46,395 28,355 15,501 5970
NOx 31,651 21,136 21,136 18,380 10,244 5591

The emission inventory information suggests potentially important source categories
for apportionments. The PMF models reflected the significance of emissions from mobile
sources, ferrous (steel and coke) metals, soils/dust (construction, paved road, unpaved
road), and other sources; however, we could not distinguish incinerator, refinery, cooking,
wood, and several other categories. At the same time, limitations of inventories should be
recognized: they do not account for pollutant dispersion and fate, formation of secondary
pollutants, and regional pollutant sources. Further, mobile and nonpoint emissions are
determined at a county level, and uncertainties can be large, especially for PM. Inventories
are updated only periodically. For these reasons, we saw little correlation between annual
changes in inventories and monitoring data.

The PMF results highlight the importance of secondary sulfate and nitrate, pollutants
that form from both local and regional emissions of SO2 and NO2 precursors at rates
that depend on levels of oxidants, insolation, ammonia, temperature, humidity, and other
factors. Secondary particulate carbon can also form from reactive organic gases emitted
by mobile and stationary sources, forest fires, and biogenic sources. Levels of secondary
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pollutants resulting from local precursor emissions can be estimated using chemical trans-
port modeling as well as older and simpler methods, e.g., Modeled Emission Rates for
Precursors (MERPs, essentially a ratio of local to regional emissions of precursors [60]) and
offset ratios representing a fraction of precursor emissions for use in dispersion models to
estimate PM2.5 (e.g., 1 and 10% of the NOx and SO2 emission rates) [61]. These methods
have application-specific parameters, conditions that preclude their use (e.g., complex
terrain, proximity to large pollutant sources that impact atmospheric chemistry, complex
meteorology) and sometimes large uncertainties. The variation in secondary nitrate and
especially sulfate across the three sites (Tables 1 and 3) suggests an impact from local
sources. As suggested above, this impact could be obtained by conversion of only a small
fraction of local SO2 and NOx emissions, which have been abundant in the study area.

4.3. Study Limitations

This study has several limitations. First, the three monitoring sites yielded some
differences in trends and apportionments, particularly for smaller contributors (e.g., fer-
rous and non-ferrous metal industries), suggesting that additional sites may be needed to
obtain results that are representative. Second, identification of sources and estimates of
their contributions may be incomplete and uncertain for many reasons, e.g., not having
unique or sufficient tracers for each source type, not identifying some sources, and possibly
merging several types of sources in a factor. Incorporating more sensitive measurements,
additional species and possibly size-specific information can help resolve sources [43].
PMF results can be sensitive to the number of factors, selected species, and data and time
periods used. Some results were sensitive to the PMF approach and profiles, providing
strong motivation for pooling data across sites and time periods. The daily data used
may not capture short-term changes, especially from industrial sources [16]; this may also
limit the ability to incorporate meteorological information that might help resolve some
sources. Future work might utilize hybrid approaches, e.g., potential source contribution
function (PSCF) and concentration weighted trajectory (CWT) models, to provide addi-
tional information regarding the location of potential sources that contribute to high air
pollutant concentrations [62].

5. Conclusions

PM2.5 concentrations at three nearby sites in an urban and industrial area were ap-
portioned to seven source classes using PMF models over a recent 6-year period and over
1-year periods to examine potential pandemic-related effects. The largest contributor to
PM2.5 was mobile sources, which included both on-road vehicles and non-road sources,
such as construction equipment. The next largest sources were secondary sulfate and
nitrate, which have been declining over recent decades. Strong seasonal trends were ob-
served for secondary nitrate, soil/dust, and road salt. While several pandemic-related
impacts were suggested, e.g., reduced contributions from mobile sources at one site (SWHS)
and reduced contribution from metal sources throughout the region, changes were small,
possibly obscured by meteorological variability, and PM2.5 levels did not change signif-
icantly. PM2.5 contributions estimated for local sources depended on the location of the
monitoring site, which indicates the importance of placing sites downwind of major sources
as well as the need for multiple sites in Detroit and other large and complex airsheds in
order to derive apportionments that reflect exposures in different areas. We found that
apportionments derived using a PMF modeling approach that combined data across sites
and time periods yielded results that were both more consistent and comparable, a result
of incorporating both spatial and temporal variation, a larger sample size, and common
profiles. No downsides to this approach were identified.

The long-term decline in levels of secondary sulfate and nitrate affects large swaths
of the USA and potentially other countries, and suggests that apportionments of PM2.5
will increasingly reflect contributions from local sources, especially mobile sources, which
have become the dominant source of PM2.5 in Detroit and likely in many other urban and
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industrial areas. This trend may increase site-to-site variability within an airshed, even as
PM2.5 concentrations fall. In addition to the need to update apportionments, our analysis
demonstrates that PMF models using pooled datasets can facilitate assessment of air quality
trends and pollution sources.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/atmos14030592/s1: 1. PMF background; 2. Discussion of pandemic-related
changes in pollutant levels, trends, and apportionments; 3. Supplemental figures and tables, including
summary statistics, correlations, facility emissions, density plots, wind roses, PMF profiles, source profiles,
and emission trends. References [8,26,27,37–39,62–70] are cited in Supplementary Materials.
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