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Abstract

:

This study investigated the sensitivity of the positive matrix factorization (PMF) model using concentrations of PM2.5-bound elements in Windsor, Ontario, Canada. Five scenarios were devised to assess impacts of input data on source identification, source contributions, and model performance. The study found that the model outcomes and performance were not sensitive to data below method detection limits (MDLs) being replaced with ½ MDLs, nor whether brown carbons (BrCs) data were excluded. By analyzing two episodic events individually, unique factors of fireworks and mineral dust were identified for each of the two episodes. 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. Excluding the two episodes from the entire dataset had little impact on factor identification and source contributions but improved the model performance for three out of twelve elements unique to the two episodes. Overall, the PMF model outcomes and performance were sensitive to percentages of concentrations below MDLs and element concentrations with large variability due to high concentrations observed in episodes. Our findings are useful for dealing with data below MDLs and episodic events in conducting future PMF source apportionment of PM2.5-bound elements.
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1. Introduction


Fine particulate matter (PM2.5) consists of particles that are 2.5 μm or less in diameter. PM2.5 is emitted directly and formed by reactions of gaseous precursors in the air. PM2.5 is a complex mixture of solid particles and liquid droplets [1,2]. Major components of PM2.5 include organic compounds, dust, soot, and metals. Trace elements of PM2.5 are found in natural environments (e.g., mineral dust) and are emitted from anthropogenic activities such as metal processing, coal burning, mining, and road traffic [3]. Exposure to ambient PM2.5 is associated with a wide range of health outcomes, including premature mortality and respiratory and cardiovascular diseases [4]. PM2.5 is one of the criteria air pollutants identified by Environment and Climate Change Canada (ECCC) [5] and by the United States Environmental Protection Agency (USEPA) [6]. Canadian Ambient Air Quality Standards (CAAQS) were developed for PM2.5 based on the scientific evidence of health and environmental effects and are used as air quality objectives under the Canadian Environmental Protection Act to drive continuous improvement of air quality across Canada [7,8]. To communicate health risks associated with air pollution, PM2.5 was also one of the three air pollutants that were included in Ontario’s Air Quality Health Index (AQHI) when it was implemented in 2015 [9]. The 2020 annual mean value of PM2.5 in Ontario was 6.2 µg/m3, a 17% decrease compared to that in 2011, owing to effective emission controls which led to an 18% reduction in PM2.5 emissions [10]. This annual concentration is below the Ontario annual AAQC of 8.8 µg/m3 but higher than annual average concentrations of 5 µg/m3 recommended by the World Health Organization (WHO) [11]. The significant reductions in PM2.5 emissions and concentrations in Ontario likely resulted from changes in relative contributions by different emission sectors. Thus, improved understanding of the major sources of PM2.5 and their contributions is vital to develop control measures and regulations to further mitigate PM2.5 pollution and its human health effects.



Windsor is the southernmost major city in Ontario, Canada and often experiences poor air quality owing to industrial and traffic emissions and transboundary transport of air pollution from the neighboring states in the US [12]. The city reported one of the highest PM2.5 CAAQS metric 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 stations [12]. Furthermore, Ontario’s 24 h Ambient Air Quality Criteria (AAQC) 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 [10]. PM2.5, a main smog component, remains a pollutant of concern in Windsor. As such, Windsor was selected to study potential sources of PM2.5-bound trace elements in this border area, particularly those from local emissions and transboundary transport input. Levels of PM2.5 and associated elements vary temporally due to changes in local meteorological conditions and emissions as well as transboundary sources [13]. Hourly measurements of trace elements collected at Windsor West station from April to October 2021 during the Michigan–Ontario Ozone Source Experiment (MOOSE) study provided finer time resolutions to improve understanding of their diurnal variability and potential sources [14].



Identifying major sources, composition, and spatial and temporal variations is important to develop effective control initiatives and air quality management strategies for PM2.5. The source-receptor model Positive Matrix Factorization (PMF) is widely used to determine the major source categories and their contributions to ambient concentrations of PM2.5 and its major species. The PMF can provide contributions of each source without prior information on the source profiles. By using the USEPA PMF model [15], our previous study [14] identified five source factors for the PM2.5-bound elements in Windsor, including three traffic-related sources (vehicular exhaust, crustal dust, and vehicle tire and brake wear factors) and two industrial sources (coal/heavy oil burning and metal processing factors). The study further estimated that local traffic-related sources contributed to 47% of the total concentrations of the PM2.5-bound elements while regional/transboundary sources contributed to the remaining 53% [14].



In our previous study [14], the input data file for the PMF model considered the following. Firstly, data below the method detection limits (MDLs) were used as-is, whereas other researchers censored input data and substituted values below MDLs with a constant value such as ½ MDLs [16,17,18,19]. Further research is warranted to assess if censored input data impacts identification of PMF factors and their relative contributions. Secondly, the input data file included concurrent hourly measurements of PM2.5 and black carbon (BC), as well as calculated brown carbons (BrCs). Studies have reported that the source apportionment was sensitive to input data of PM2.5 species concentrations, which are unique source markers [20,21]. The inclusion of organic speciation data was found to improve PMF source identification and contribution estimation of PM2.5 in Seoul [19]. It remains to be determined if the additional BrCs data in this study enhance the source apportionment in identifying source factors of the trace elements in Windsor. Thirdly, two episodic events in 2021 were identified by examining the time series of the element concentrations. The data collected during the entire study period were included in the input data file for the PMF model to assess overall source apportionment of the trace elements in Windsor [14]. The PMF model weighed the squares of residuals with the reciprocals of the squares of the standard deviations of the data [15,22], suggesting that weight of the high concentrations was adjusted for the high concentrations. Therefore, both episodes were not well predicted by the PMF model [14]. Based on a review of the current literature, no previous study separated episodic PM2.5 events from the entire database to assess their unique source factors with the PMF model.



In this follow-up study, additional PMF scenarios were developed to assess if the source apportionment was sensitive to the input data: data below MDLs were replaced with ½ MDLs; BrCs data were excluded from the input data file; the episodic events were identified and run with the PMF model separately to investigate PM2.5 sources and contributions; and the episodic events were further excluded from the input data file. This was intended to provide insights into how PMF model outcomes and performance were impacted by the treatment of concentrations below MDLs, exclusion of BrCs data, and exclusion of episodic events. The study further assessed unique source factors associated with the episodic events when the select data were analyzed separately.




2. Methodology


2.1. Data Collection, Screening, and Processing


During April–October 2021, hourly concentrations of PM2.5-bound elements, PM2.5, and BC were collected at Windsor West air monitoring station, which is located in a residential area without significant point emissions within a 2 km radius (Figure 1). Detailed information on the station and its surrounding environment can be found in our previous study [14].



Hourly concentrations of 24 PM2.5-bound elements (i.e., Ag, As, Ba, Br, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mn, Ni, Pb, Rb, S, Se, Si, Sn, Sr, Ti, V, and Zn) were continuously measured by an Xact 625 particulate metal analyzer (Pall Corporation, Port Washington, NY, USA). Concentrations of hourly PM2.5 mass were monitored by a synchronized hybrid ambient real-time particulate 5030 monitor (Thermo Fisher Scientific Corporation, Franklin, MA, USA). In addition, hourly BC concentrations were measured by an API 633 Magee Aethalometer (Teledyne Advanced Pollution Instrumentation, Inc., San Diego, CA, USA). Brown carbon 1 (BrC1) was estimated by subtracting BC concentrations measured at the wavelength of 370 nm from those at 520 nm. Brown carbon 2 (BrC2) was estimated by subtracting BC concentrations measured at the wavelength of 520 nm from those at 660 nm, as reported by Sofowote et al. [23].



Detailed information of the data screening can be found in our previous paper [14]. Briefly, 8 out of the 27 species had ≥50% of their data points below MDLs (Table S1). In that study [14], data points below MDL were kept as they were; invalid or missing hourly concentrations of PM2.5-bound elements were replaced with the median concentration of the corresponding species during the study period. In this study, additional steps were taken to process the hourly concentrations of PM2.5-bound elements. Specifically, data points below MDLs were replaced with ½ MDLs for each species, as suggested by other researchers (e.g., Wang et al. [18]), and missing hourly concentrations of elements at 0:00–1:00 AM (due to instrument auto-calibration) were filled in with average concentrations of one hour before and one hour after for each element.




2.2. Design of PMF Model Scenarios


The EPA PMF5.0 model [15] was utilized to identify sources and quantify source contributions of ambient PM2.5-bound elements. Details of PMF model settings, input data preparations, and outputs can be found in our previous study [14]. In that study, an initial PMF run was conducted using data of all 27 species collected during the entire study period, with data points below MDLs included as they were. In this follow-up study, the same PMF model settings were adopted as the initial case. Furthermore, five additional scenarios (Table 1) were developed in this study to assess whether the source apportionment by the PMF model was sensitive to the input concentration datasets. For each scenario, additional analysis was conducted, including bootstrap, displacement (DISP), and Fpeak rotation. Bootstrap was used to determine the stability of PMF solutions and the optimal number of factors, while DISP and Fpeak rotation were used to evaluate rotational ambiguity of the PMF solutions.



Scenario 1 used the dataset containing the 27 species in all samples collected during the study period; it was considered as the base case in this study. However, 8 out of 27 elements (i.e., Ag, As, Cd, Co, Cr, Rb, Sn, and V) had more than 50% of data points below MDLs (Table S1). These elements were retained in the input data because some elements are markers used for source identification, e.g., V is the marker for the factor of heavy oil burning. PMF results and performance were compared with those from our previous study [14], referred to as the initial case hereinafter, to shed light on how the treatment of data below MDLs and missing data affects the PMF model performance. BC concentrations were monitored in seven different channels during the MOOSE study. The measurements at 880 nm were reported as BC concentrations, while BrCs were calculated from those obtained at 370 nm, 520 nm, and 660 nm. Our previous study showed that BrC1 and BrC2 were correlated with BC (with correlation coefficients of 0.53 and 0.83, respectively), and these three species were classified into the same PMF factor of vehicular exhaust with high loadings (72–93%). The input dataset for Scenario 2 excluded BrC1 and BrC2 from the input dataset of Scenario 1, to investigate whether there were benefits to including the two BrCs in the source apportionment of the PM2.5-bound elements. If BC measurements at 880 nm wavelength were sufficient for the source apportionment, there would be little benefit to calculating BrCs from BC measurements at those additional wavelengths. By examining time series of individual elements, episodic events were identified if two criteria were met: (1) hourly concentrations were at least 12 times higher than the average concentrations during the study period for at least 2 consecutive hours in a day, and (2) multiple elements showed concurrent high hourly concentrations and exhibited similar temporal trends. A minimum of 24 consecutive samples were selected per episode to ensure sufficient sample size for PMF modeling. Two episodes were identified by using the above criteria. Concentrations of Ba, Cu, K, Rb, Sn, and Sr were high in the first episode on 3–5 July 2021 and were considered as event markers. Similarly, BrC1, Co, Cr, Cu, Fe, Mn, and Ni were event markers for the second episode on 20 July 2021. Scenario 3 and Scenario 4 each simulated one episodic event separately. Scenario 5 excluded the two episodic events from the input dataset of Scenario 1. The results of Scenario 5 are informative as to whether excluding episodic events from the input dataset affects identification of source factors, source contributions, and model performance during the study period. Statistics of hourly concentrations for individual species are listed in Table S1 for those scenarios.



Coefficient of determination (R2) and normalized root mean square error (NRMSE) between observed and predicted concentrations were utilized as indicators for the PMF model performance. NRMSE was calculated from a root mean square error (RMSE) divided by an observed mean concentration. The NRMSE (instead of RMSE) was chosen in this study with the following considerations: (1) observed concentrations of selected elements were much higher in the two episodic events, while their sample sizes were much smaller in comparison to the entire study period; and (2) normalizing RMSEs by observational means facilitates a fair comparison between different scenarios with various ranges of observed concentrations (Table S1).





3. Results and Discussion


3.1. PMF Scenario 1


Scenario 1 resolved an optimal five-factor solution by balancing good model performance with physical interpretability of source types. The description of factor number determination can be found in the Supplementary Materials and in Figures S1–S4. The results of Fpeak rotation and DISP suggest that there was little rotational ambiguity in the PMF solutions (Figures S5–S8). Factor names were assigned to represent their interpreted sources, including (1) coal/heavy oil burning, (2) vehicular exhaust, (3) metal processing, (4) crustal dust, and (5) vehicle tire and brake wear. The factor profiles derived by the PMF are shown in Figure 2 and Table S2 for individual elements. Details on the factor interpretation can be found in the Supplementary Materials. Table 2 shows source factors and their contributions to the PM2.5-bound elements.



Overall, the five PMF factors resolved in the base case (i.e., Scenario 1) were consistent with those identified in the initial case from our previous study [14]. The differences in contributions of individual factors (Table 2) between the base case and the initial case were 2% or less, well within the PMF uncertainty of 10% [19]. The diurnal variations of source contributions in Scenario 1 (Figure S9) were also comparable to those in the initial case [14].



The predicted total PM2.5-bound element concentrations were in good agreement with the observed values, with an R2 value of 0.83 (Figure S10) similar to that in the initial case (0.82). NRMSE was small (29%) and the same as in the initial case. Overall, the model performance for the base case was comparable to that in the initial case. Similar to the initial case, the PMF model was unable to accurately predict the concentrations of 14 PM2.5-bound elements (i.e., Ag, As, Ba, Cd, Co, Cr, Cu, K, Ni, Pb, Rb, Sn, Sr, and V) (R2 ≤ 0.2). These elements belonged to two categories: (1) eight elements (Ag, As, Cd, Co, Cr, Rb, Sn, and V) with ≥50% of their data points below MDLs, and (2) nine elements (As, Ba, Cr, Cu, K, Ni, Pb, Sr, and V) with large variability in concentrations (coefficient of variation or CV >200%, Table S1). In all, 9 out of 14 elements (Ba, Co, Cr, Cu, K, Ni, Rb, Sn, and Sr) were classified as event markers. The low R2 values for these nine elements were due to PMF analysis that significantly underpredicted the extremely high concentrations during the two episodic events on 3–5 July or 20 July 2021 (Figure S10). Four event markers (Co, Cr, Rb, and Sn) also had ≥50% of concentrations below MDLs. Pb was neither an event marker nor showed ≥50% of its data points below MDLs. In other words, a higher portion of concentrations below MDLs and large variability in concentrations were the two major causes of poor model performance. In this study, the percentages of concentrations below MDLs ranged from 0% to 84% for individual, species with an average of 26%. Among the 27 species, eight (i.e., Ag, As, Cd, Co, Cr, Rb, Sn, and V) had ≥50% of their data points below MDLs. Our results suggest that replacing concentrations below MDLs with ½ MDLs had little effect on identifying the source factors, estimating their contributions, or PMF model performance. This finding may not be applicable to a dataset containing higher percentages of concentrations below MDLs than those in this study. In other words, replacing a higher percentage of data below MDL concentrations with ½ MDL could affect the PMF outcomes and performance.




3.2. PMF Scenario 2


By excluding the two BrCs from the input dataset of Scenario 1, factor profiles in Scenario 2 were largely consistent with those from the base case. The same five factors as in the base case were identified in Scenario 2, i.e., coal/heavy oil burning, vehicular exhaust, metal processing, crustal dust, and vehicular tire and brake wear (Table 2). In addition, contributions of these factors were comparable to those in the base case.



The model performance of Scenario 2 was similar to the base case. The R2 value (0.80 vs. 0.83 in the base case) and NRMSE (30% vs. 29%) between the total predicted and total measured concentrations changed little. R2 and NRMSE of all 25 species changed little between the two scenarios (Table 3 and Table 4). Overall, excluding BrCs from the input dataset had little influence on PMF factor interpretation and model performance. In other words, BC monitoring at 880 nm wavelength is sufficient for source apportionment of trace elements in Windsor, and the BC measurements at the other wavelengths added little value.




3.3. PMF Scenario 3


Scenario 3 represents the first episodic event, which occurred on 3–5 July 2021. The high concentrations of Ba, Cu, K, Rb, Sn, and Sr (Figure 3) were likely due to firework events in the surrounding US cities celebrating Independence Day. As shown in Figure 3, concentrations of all six event markers had a sharp increase from 10 PM to 11 PM on 3 July, quickly decreased at 1 AM on 4 July, and remained low during the daytime on 4 July. Afterward, elevated concentration occurred again at 11 PM on 4 July, reached peak concentration at 1 AM on 5 July, and slowly decreased until 1 PM on 5 July. Concentrations of PM2.5 increased substantially as well, leading to a 3-day mean of 19 µg/m3 (Table S1), which was double the average of 9 µg/m3 observed during the study period. The firework events degraded air quality significantly due to elevated PM2.5.



In Scenario 3, the four-factor solution was deemed the best solution, based on four considerations: (1) small and stable scaled residuals (Figure S11), (2) a better goodness-of-fit by the PMF model (Figure S12), (3) one of the highest bootstrap matching rates of 98%, indicating maximum stability of the solution (Figure S13), and (4) a good interpretability of factor profiles for the four-factor solution. Further, the four-factor solution had little rotational ambiguity due to two key reasons: (1) the number of DISP swaps was zero and the decrease in Q was less than 0.1% at any dQmax levels tested (4, 8, 15, and 25), and (2) an increase in Q-value due to the Fpeak rotation being less than 5% from the base run Q(robust). The factor profiles of Scenario 3 are shown in Table S3. In the base case, the PMF model was unable to accurately predict the peak concentrations of these elements (Figure 3). The PMF modeling for this episodic event resulted in four source factors: (1) fireworks, (2) vehicular exhaust, (3) coal/heavy oil burning and metal processing, and (4) crustal dust and brake and tire wear. The contributions of these source factors are shown in Table 2.



The factor of fireworks was the largest contributor (38%) to the total predicted concentrations of PM2.5-bound elements. This factor was characterized by high loadings of Sn (94%), Cr (80%), Sr (75%), Ba (74%), Cu (69%), K (69%), Rb (66%), S (56%), and Ti (52%) and moderate loadings of V (30%), Se (29%), Pb (28%), and Mn (26%) (Table S3). Similar profiles of fireworks have been reported by Manchanda et al. [24], where the loadings of Ba, Sr, K, V, and S were reported as 91%, 86%, 54%, 46%, and 35%, respectively. In addition, Cu and Ti are used as color agents in fireworks to produce blue and silvery white, respectively [25]. The diurnal variability in the fireworks factor showed peak contributions at 23:00 on 3 July and 1:00–2:00 on 5 July (Figure S14). This was likely related to multiple firework events scheduled late at night in Michigan, US to celebrate Independence Day (Table S4, [26,27]). The fireworks factor likely contribute significantly (e.g., 38% in 2021) to total concentrations of PM2.5-bound elements in early July every year due to recurring firework events in the border region.



The second-highest contributing factor was vehicular exhaust, contributing to 27% of the total concentration of PM2.5-bound elements. The profile of this factor was similar to that of vehicular exhaust in the base case. The third-highest contributing factor was coal/heavy oil burning and metal processing, contributing to 24% of the total concentrations of PM2.5-bound elements. This factor was characterized by high loadings of Hg (69%), Co (65%), Ag (63%), Si (59%), Ni (51%), Cd (50%), V (45%), and Se (43%) and moderate loadings of BC (38%), Ca (36%), S (35%), and Pb (28%) (Table S3). S and V are markers for coal and heavy oil burning [28,29]. Similar profiles of metal processing have been reported by Wang et al. [30], wherein loadings of Ag, Pb, Cd, Ni were 75%, 50%, 50%, and 35%, respectively. This factor was comparable to combined factors of coal/heavy oil burning and metal processing found in the base case. The factor of coal/heavy oil burning and metal processing showed a clear diurnal pattern, i.e., peaks in the nighttime and valleys in the daytime (Figure S14).



The lowest contributing factors were crustal dust and brake and tire wear, contributing to 11% of the total concentration of PM2.5-bound elements. These factors were characterized by high loadings of Fe (65%), Mn (60%), Ca (51%), and Zn (48%) (Table S3). Ca and Fe are abundant in the earth’s crust [31]. Zn and Mn are considered as major tracers of tire wear and brake wear, respectively [32,33]. These factors were comparable to the combined factors of crustal dust and brake and tire wear identified in the base case. The diurnal variability in the crustal dust and brake and tire wear factors were similar to that of vehicular exhaust (Figure S14), suggesting local emissions.



When compared with the base case, a new factor (i.e., fireworks) was identified in Scenario 3. This unique factor was the largest contributor (38%) to the total concentrations of elements during the first episodic event. This factor was not identified when the PMF model was conducted for the entire dataset. The factor of vehicular exhaust was identified in both Scenario 3 and the base case with comparable contributions (27% vs. 30%). The remaining two factors in Scenario 3 were (1) coal/heavy oil burning and metal processing, which were the combination of (a) coal/heavy oil burning and (b) metal processing factors in the base case; and (2) crustal dust and brake and tire wear, which were the grouping of (a) crustal dust and (b) brake and tire wear factors in the base case. Because the number of factors was reduced to four in Scenario 3 and a new factor of fireworks was identified, the factors of coal/heavy oil burning and metal processing factors in Scenario 1 merged into a single factor in Scenario 3, and factors of brake and tire wear and crustal dust also became a single factor.



By extracting the data in the first episodic event on 3–5 July 2021, the PMF modeling yielded a much better performance. This was reflected by a much higher R2 value (0.99 vs. 0.83, Table 3) and a much lower NRMSE (10% vs. 29%, Table 4) between the total predicted and observed concentrations when compared to those in the base case. For individual elements, R2 and NRMSE values were improved for all six event markers (i.e., Ba, Cu, K, Rb, Sn, and Sr). As shown in Figure 3, the model–measurement agreement was excellent for both high and low concentrations in Scenario 3, compared with significantly underestimated concentrations in Scenario 1 (also see ratio plots in Figure S15). The improvement in model performance for the six event markers was attributed to the identification of the unique source factor of fireworks that was not identified in the base case when all data were included (Figure 3 and Table S3). The loadings of the six event markers were relatively high, ranging from 66–94% (Table S3). It should be noted that 58% of Sn concentrations were below MDLs, but these acted as an event marker. Improved R2 and NRMSE values were also observed for eight additional elements. Six of them had significantly lower variability in observed concentrations in Scenario 3 than those in Scenario 1, i.e., As (165% vs. 396% in the base case), BrC1 (89% vs. 154%), Cr (179% vs. 757%), Fe (131% vs. 209%), Pb (80% vs. 207%), and Se (93% vs. 167%). For the other two elements, variabilities in observed concentrations in Scenario 3 were slightly lower than those in Scenario 1, i.e., Br (58% vs. 79%) and Ti (101% vs. 108%). Zn was the only element showing reduced R2 (0.47 vs. 0.86) and increased NRMSE (132% vs. 89%). This was partially due to greater underestimation of the observed concentration of 320 ng/m3 at 7 AM on 5 July in Scenario 3 (63 ng/m3) than that in Scenario 1 (225 ng/m3), as shown in Figure S16. There was little change in R2 and NRMSE for the remaining 12 elements (BC, BrC2, Ag, Ca, Cd, Co, Hg, Mn, Ni, S, Si, and V).



Overall, the model performance in Scenario 3 was greatly improved, as indicated by higher R2 values and lower NRMSE for the total concentrations and for 14 out of the 27 individual elements. Therefore, running the PMF model for an episodic event not only identifies unique sources, but also greatly improves the PMF model performance. This would lead to better source identification and improved quantification of source contributions. In the future, PMF source apportionment studies challenged with poor model performance due to elevated concentrations in a short time period may consider analyzing episodic events separately to identify unique sources associated with the episodes and to improve model performance.




3.4. PMF Scenario 4


Scenario 4 is the second episodic event, which occurred on 20 July 2021, with elevated concentrations of BrC1, Co, Cr, Cu, Fe, Mn, and Ni (Figure 4). Concentrations of all seven event markers, except for Mn, started to increase around 2–3 AM on 20 July, reached peak values at 4–6 AM, and then decreased at 7–8 AM, remaining low for the rest of the day (Figure 4). Concentrations of Mn were high at 1 AM on 20 July and slowly decreased afterwards. The PM2.5 concentrations were also elevated, with a daily mean of 23 µg/m3 (Table S1), more than double the average concentration of 9 µg/m3 during the study period.



In Scenario 4, two-, three-, and four-factor solutions had higher bootstrap mapping rates of 80–87% than in other solutions (Figure S17). In addition, the DISP results showed that the number of swaps was zero at any dQmax level (4, 8, 15, and 25) and the decrease in Q was less than 0.1% for two-, three-, four-, and five-factor solutions. However, the five-factor solution had smaller and more stable scaled residuals of elements as reflected, respectively, in IM and IS (Figure S18); a better goodness-of-fit by the model, i.e., smaller Q(robust) and Q(true) (Figure S19); and a good interpretability of factor profiles. As for the Fpeak rotation, increases in Q-value due to the Fpeak rotation were more than 5% from the base run Q(robust) for two-, three-, four-, and five-factor solutions, i.e., a sign of rotational ambiguity in the PMF solutions. This was likely because of the small sample size (24) in Scenario 4 when compared with the number of variables (27), as pointed out by other studies [34]. As such, the five-factor solution was selected in Scenario 4.



The factor profiles of Scenario 4 are shown in Table S5. The PMF modeling resulted in five source factors: (1) mineral dust, (2) coal burning and metal processing, (3) vehicular exhaust and tire wear, (4) heavy oil burning and metal processing, and (5) crustal dust. The contributions of these source factors are shown in Table 2.



The factor of mineral dust was the largest contributor (23%) to the total predicted concentration of PM2.5-bound elements during the second episodic event. This factor was characterized by high loadings of Ba (71%), Mn (62%), Sr (59%), and K (46%) and moderate loadings of BC (33%) and Ti (31%) (Table S5). Similar profiles of mineral dust have been reported by Liu et al. [35], with loadings of Ba, Mn, K, and Ti reported as 55%, 40%, 40%, and 25%, respectively. There are 37 active mines in Ontario [36], two iron mines in Michigan [37], and 75 active coal-mining operations in Ohio [38]. During this episode on 20 July 2021, the average wind speed was 6.6 km/h at Windsor West station. In 17 out of 24 h, the winds blew from the west (220°–290°), where Zug Island in Michigan is located (Figure 1). Zug Island is a heavily industrialized area that produces coke and processes metals [39]. Air masses in the remaining seven hours were from the south and north. The hourly contributions of the mineral dust source factor varied greatly from 2500 ng/m3 at 5:00 AM to 270 ng/m3 at 23:00 (Figure S20). The high values above the daily average of 1100 ng/m3 were associated with air masses from the south and west (190–300°, Figure S21), suggesting that the mineral dust factor was strongly influenced by transboundary sources.



The second-highest contributing factor was coal burning and metal processing, which accounted for 22% of the total predicted concentration of PM2.5-bound elements. This factor was characterized by high loadings of Ag (67%), Cd (63%), Sn (58%), S (54%), Rb (51%), and Si (44%), moderate loadings of K (32%), Br (32%), and Se (31%), and low loadings of Co (17%) and V (16%) (Table S5). Similar factor profiles of metal processing have been reported by Wang et al. [30], i.e., Ag (75%), Cd (50%), Rb (30%), K (20%), and V (20%). S is the marker for coal combustion [28]. In addition, the factor profiles are similar to those profiles of coal combustion reported by Sugiyama et al. [40], i.e., Cd (65%), Sn (50%), Co (20%), and V (16%).



The next two contributing factors were vehicular exhaust and crustal dust, each of which contributed 21% and 17%, respectively, of the total concentrations of PM2.5-bound elements. The profiles of the two factors were similar to the profile of vehicular exhaust and crustal dust in the base case. The least-contributing factor was heavy oil burning and metal processing (17%), which was characterized by high loadings of Ni (82%), Hg (69%), Fe (61%), Cr (54%), and V (45%) and moderate loadings of As (37%) and Pb (25%) (Table S5). The profile is similar to that of metal manufacturing reported by Liu et al. [41], i.e., Ni (50%), Fe (40%), Cr (40%), and As (35%); and by Wang et al. [30], i.e., Pb (50%), As (45%), Ni (30%), Cr (30%), and V (20%). V is also considered as a marker for heavy oil burning [29].



When compared with the base case, a new factor (i.e., mineral dust) was identified in Scenario 4. This factor was the largest contributor (23%) to the total concentration of PM2.5-bound elements during the episode. This factor did not emerge when the PMF modeling was run with the full dataset. The factors of vehicular exhaust and crustal dust were identified in both Scenario 4 and the base case, and the contributions were comparable (Table 2). The remaining two factors for Scenario 4 were (1) coal burning and metal processing and (2) heavy oil burning and metal processing, respectively, with a narrower range of source contributions (17–22%) when compared with that of 19–33% (coal/heavy oil burning and metal processing) in the base case.



By selecting data in the second episodic event on 20 July 2021, the PMF modeling yielded a much better performance relative to the base case, with a higher R2 value (0.94 vs. 0.83) and a lower NRMSE (20% vs. 29%). As seen in Figure 4, the predicted concentrations tracked observed concentrations well in Scenario 4 for all seven event markers (BrC1, Co, Cr, Cu, Fe, Mn, and Ni), whereas the predicted concentrations were highly underestimated in Scenario 1 (also see ratio plots in Figure S22). Consequently, R2 and NRMSE values were improved. It should be noted that Co and Cr each had ≥50% of their data points below MDLs, but acted as event markers. The improvement in R2 and NRMSE was also observed for six more elements with significantly lower variability in concentrations, i.e., As (175% vs. 396%), Ba (141% vs. 470%), K (78% vs. 229%), Se (82% vs. 167%), Sr (117% vs. 429%), and Ti (47% vs. 108%). Significant improvement in R2 was also found for Hg (0.72 vs. 0.23) and V (0.82 vs. 0.05). This is likely because peak concentrations (i.e., at 3–6 AM on 20 July) of those elements were better predicted in Scenario 4 than in Scenario 1 (Figure S23). However, S experienced a worse R2 (0.44 vs. 0.72) but a better NRMSE (19% vs. 50%). Predicted S concentrations were underestimated, further deviating from the observed values in Scenario 4 than those in Scenario 1.



Overall, the model performance in Scenario 4 was greatly improved for total elemental concentrations and 15 out of the 27 elements, with higher R2 values and lower NRMSE than those in the base case, suggesting better identified source factors and improved quantification of source contributions. The findings once again suggest that analyzing the episodic event separately is beneficial to identify unique sources related to the episode, e.g., transboundary sources of mineral dust from the south and west directions.




3.5. PMF Scenario 5


By removing the two episodes which occurred on 3–5 July and 20 July from the dataset, Scenario 5 resulted in the same five factors as in the base case (Table 2). The factor profiles and contributions in Scenario 5 were almost identical to those obtained from the base case (Table 2, Tables S2, S6 and S7).



The PMF model performance of Scenario 5 was slightly improved when compared with the base case. This was reflected by an increased R2 value from 0.83 to 0.87 (Table 3) and a decreased NRMSE (23% vs. 29%, Table 4). Specifically, R2 and NRMSE were improved for the event markers of Cu and K in the first episode and Fe in the second episode. This was largely attributed to the reduced variability in concentrations for Cu (81% vs. 209%), K (55% vs. 225%), and Fe (143% vs. 209%), when the elevated concentrations of these event markers (Table S1) were excluded in Scenario 5. The model performance for the remaining 24 elements changed little.



Overall, excluding the two episodic events had little impact on identifying source factors and estimating their contributions (Table 2). This could be due to the small sample size of the two episodic events (n = 72 in Scenario 3 and n = 24 in Scenario 4) relative to the entire dataset (n = 4362). However, the PMF model performance in Scenario 5 was slightly improved for 3 out of 12 event markers (Table 3 and Table 4) in comparison to the base case, with the much better fit of the predicted concentrations to the observed concentrations attributed to decreased variability in concentrations. This suggests that the PMF model has difficulty in predicting a few exceptionally high values when the variability in concentrations is large due to episodic events.





4. Conclusions


Our previous source apportionment study with the PMF model resulted in five source factors: (1) coal/heavy oil burning, (2) vehicular exhaust, (3) metal processing, (4) crustal dust, and (5) vehicle tire and brake wear [14]. Model performance was good for total concentrations but less satisfactory for elements with elevated concentrations in the two episodic events and for elements with ≥50% of their data below MDLs. In this study, five scenarios were devised to investigate whether there were benefits to the PMF model outcome and performance by (1) replacing concentrations below MDLs with ½ MDLs (Scenario 1), (2) excluding BrCs data from the input data (Scenario 2), (3) analyzing episodic events separately (Scenarios 3 and 4), and (4) excluding the two episodic events (Scenario 5). PMF source factors, source contributions, and model performance (indicated by R2 and NRMSE) were compared between the initial case and Scenario 1; and between Scenario 1 and each of Scenarios 2, 3, 4, and 5.



By replacing data below MDL with ½ MDL, the same five PMF factors were resolved in Scenario 1. Factor profiles and source contributions in Scenario 1 were largely consistent with those in the initial case [14]. Our results indicate that the replacement of data below MDLs with ½ MDLs in PMF source apportionment had little effect on source identification, estimating source contributions, or model performance. If a dataset contains higher percentages of data below MDLs than this study (range: 0–84%, average: 26%, 8 out of 27 elements had ≥50% of their data points below MDLs), dealing with data below MDLs may affect the PMF outcomes and performance.



By excluding BrCs concentrations from the input dataset in Scenario 1, the same five PMF factors were identified, and source contributions and model performance were largely comparable with those in Scenario 1. As such, BC measurements are sufficient and BrCs had little added value to source apportionment of PM2.5-bound elements.



By extracting data from episodic events and conducting PMF source apportionment for each event, one unique factor of fireworks for the first episode (Scenario 3) and another unique factor of mineral dust from the second episode (Scenario 4) were identified. Neither of these source factors were observed in Scenario 1. Furthermore, model performance was greatly improved in Scenarios 3 and 4 for event markers and additional elements, with less variability in concentrations. This indicates that analyzing episodic events separately is beneficial to identifying new source factors, thus improving source contribution estimates and model performance. Further, the widespread wildfire smoke in Spring 2023 in North America [42] highlights the need to investigate PM2.5 sources and contributions during episodic events. The inherited rotational ambiguity due to a small sample size during episodic events could be resolved by increasing the sample size.



Compared with Scenario 1, exclusion of the two episodic events from the dataset (Scenario 5) resulted in the same five source factors, similar source contributions, and slightly improved model performance, especially for 3 out of 12 event markers. However, the benefit was limited, due to the small sample size of the episodic events (n = 96 total) when compared with the entire dataset (n = 4362).



In summary, replacing data points below MDLs with ½ MDL or excluding BrCs in input data has little impact on source identification, source contribution, and model performance for apportionment of PM2.5-bound elements. However, the model outcomes and performance are highly sensitive to episodic events. Modeling the episodic events separately not only identified unique sources associated with the events, but also significantly improved model performance, although the occurrence of these events was less frequent. On the other hand, excluding the two episodic events from the dataset did not change the model outcomes much and the improvement in model performance was limited to a few event markers. The analysis of elements with poor or significantly improved model performance suggests that the PMF model outcomes and performance are sensitive to percentages of data below MDLs and concentrations with large variability, such as infrequent occurrence of extremely high values. The latter could be resolved by analyzing episodic events separately. As for the large percentage of concentrations below MDLs, including those elements in PMF analysis will likely degrade the model performance and may introduce large uncertainty to source factors and their contributions. On the other hand, some of those elements could act as event markers in episodes with high concentrations, leading to identification of unique source factors. Researchers should consider the benefits of including more elements and the drawbacks of a large percentage of concentrations below MDLs.



Our findings can guide future source apportionment analysis using the PMF model, especially when the dataset contains data points below MDLs or episodic events. Future studies should investigate the sensitivity of PMF source apportionment of ambient PM2.5-bound elements to input concentration data at other locations and with longer study periods.
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Figure 1. Location of the Windsor West air monitoring station in Ontario, Canada. 
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Figure 2. Profiles of five source factors identified by the PMF model for BC, BrCs, and PM2.5-bound elements in Windsor during the study period (Scenario 1, the base case). Percentage of species (diamond symbol) shown as the secondary Y-axis is the percentage of species mass concentrations being assigned to that factor. Percentages in the subtitles are average source contributions. 
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Figure 3. Time-series of hourly observed and predicted concentrations for the event markers (Ba, Cu, K, Rb, Sn, and Sr), observed PM2.5 mass concentrations, and scatter plot of total observed and predicted concentrations of all elements during the episode on 3–5 July 2021 (Scenario 3). S1 and S3 in the figure legends correspond to Scenario 1 and Scenario 3, respectively. 
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Figure 4. Time-series of hourly observed and predicted concentrations for the event markers (BrC1, Co, Cr, Cu, Fe, Mn, and Ni), observed PM2.5 mass concentrations, and scatter plot of total observed and predicted concentrations of all elements during the episode on 20 July 2021 (Scenario 4). S1 and S4 in the figure legends correspond to Scenario 1 and Scenario 4, respectively. 
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Table 1. Input datasets of the five different PMF scenarios.






Table 1. Input datasets of the five different PMF scenarios.













	
	Scenario 1

(Base Case)
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5





	Explanatory notes for the input datasets
	Replacing data below MDLs with ½ MDLs
	Excluding BrC1 and BrC2
	The episode on 3–5 July 2021
	The episode on 20 July 2021
	Excluding the two episodes



	Number of samples
	4362
	4362
	72
	24
	4266



	Number of species
	27
	25
	27
	27
	27
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Table 2. Source factors resolved by the PMF model for all scenarios and their contributions.
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	Factor
	Initial Case (Zhang et al. [14])
	Scenario 1

(Base Case)
	Scenario 2

(Excluding BrC1 and BrC2)
	Scenario 3

(The Episode on 3–5 July 2021)
	Scenario 4

(The Episode on 20 July 2021)
	Scenario 5

(Excluding the Two Episodes)





	Coal/heavy oil burning
	33%
	33%
	36%
	
	
	34%



	Vehicular exhaust
	28%
	30%
	29%
	27%
	21%
	30%



	Metal processing
	20%
	19%
	17%
	
	
	19%



	Crustal dust
	16%
	15%
	15%
	
	17%
	14%



	Vehicle tire and brake wear
	3%
	3%
	3%
	
	
	3%



	Fireworks
	
	
	
	38%
	
	



	Coal burning and metal processing
	
	
	
	24%
	22%
	



	Crustal dust, vehicle tire and brake wear
	
	
	
	11%
	
	



	Heavy oil burning and metal processing
	
	
	
	
	17%
	



	Mineral dust
	
	
	
	
	23%
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Table 3. Coefficients of determination (R2) of the correlations between the predicted and observed concentrations for each element in all scenarios. Elements in bold had ≥50% of their data points below MDLs in Scenario 1.
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	Species
	Initial Case (Zhang et al. [14])
	Scenario 1

(Base Case)
	Scenario 2 (Excluding BrC1 and BrC2)
	Scenario 3 (The Episode on 3–5 July 2021)
	Scenario 4

(The Episode on 20 July 2021)
	Scenario 5

(Excluding the Two Episodes)





	BC
	0.73
	0.78
	0.79
	0.80
	0.94
	0.78



	BrC1
	0.59
	0.54
	
	0.84
	0.88
	0.51



	BrC2
	0.87
	0.85
	
	0.90
	0.93
	0.85



	Ag
	0.02
	0.01
	0.01
	0.01
	0.02
	0.01



	As
	0.11
	0.10
	0.10
	0.67
	0.88
	0.08



	Ba
	0.05
	0.06
	0.07
	>0.99
	0.95
	0.19



	Br
	0.44
	0.42
	0.42
	0.72
	0.50
	0.46



	Ca
	0.88
	0.88
	0.88
	0.85
	0.95
	0.88



	Cd
	0.01
	0.01
	0.01
	0.18
	0.20
	0.01



	Co
	0.02
	0.03
	0.03
	0.06
	0.95
	<0.01



	Cr
	0.08
	0.09
	0.09
	0.94
	0.64
	0.10



	Cu
	0.14
	0.15
	0.15
	>0.99
	0.88
	0.40



	Fe
	0.36
	0.35
	0.35
	0.92
	0.77
	0.62



	Hg
	0.23
	0.23
	0.24
	0.01
	0.72
	0.21



	K
	0.09
	0.10
	0.09
	>0.99
	0.98
	0.42



	Mn
	0.61
	0.59
	0.58
	0.73
	0.86
	0.64



	Ni
	0.07
	0.09
	0.07
	0.21
	0.76
	0.07



	Pb
	0.08
	0.08
	0.08
	0.74
	0.17
	0.07



	Rb
	0.02
	0.02
	0.02
	0.89
	0.12
	0.02



	S
	0.70
	0.72
	0.69
	0.95
	0.44
	0.71



	Se
	0.21
	0.21
	0.22
	0.74
	0.67
	0.21



	Si
	0.62
	0.62
	0.66
	0.45
	0.88
	0.62



	Sn
	0.02
	0.03
	0.02
	0.95
	<0.01
	<0.01



	Sr
	0.03
	0.03
	0.03
	>0.99
	0.94
	0.12



	Ti
	0.61
	0.60
	0.61
	>0.99
	0.93
	0.67



	V
	0.06
	0.05
	0.05
	0.10
	0.82
	0.05



	Zn
	0.85
	0.86
	0.87
	0.47
	0.75
	0.87



	Total elements
	0.82
	0.83
	0.80
	0.99
	0.94
	0.87
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Table 4. NRMSE (%) between predicted and observed concentrations for each element in all scenarios. Elements in bold had ≥50% of their data points below MDLs in Scenario 1.
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	Species
	Initial Case (Zhang et al. [14])
	Scenario 1

(Base Case)
	Scenario 2

(Excluding BrC1 and BrC2)
	Scenario 3

(The Episode on 3–5 July 2021)
	Scenario 4

(The Episode on 20 July 2021)
	Scenario 5

(Excluding the Two Episodes)





	BC 1
	40
	37
	36
	28
	15
	37



	BrC1
	114
	125
	
	37
	52
	111



	BrC2
	36
	39
	
	24
	28
	36



	Ag
	59
	53
	53
	66
	73
	52



	As
	491
	393
	391
	120
	63
	406



	Ba
	473
	465
	464
	11
	36
	177



	Br
	60
	62
	62
	32
	93
	58



	Ca
	54
	54
	53
	32
	13
	55



	Cd
	48
	57
	57
	60
	41
	57



	Co
	491
	64
	65
	30
	48
	28



	Cr
	939
	747
	748
	60
	282
	635



	Cu
	192
	199
	199
	6
	52
	65



	Fe
	174
	175
	175
	44
	85
	94



	Hg
	93
	89
	88
	115
	103
	86



	K
	215
	223
	223
	16
	13
	43



	Mn
	141
	144
	144
	94
	45
	131



	Ni
	306
	307
	308
	117
	104
	292



	Pb
	203
	201
	201
	41
	152
	205



	Rb
	98
	67
	67
	44
	63
	58



	S
	52
	50
	52
	21
	19
	51



	Se
	159
	157
	156
	50
	48
	158



	Si
	33
	34
	32
	28
	11
	34



	Sn
	2074
	104
	105
	43
	14
	23



	Sr
	414
	426
	426
	12
	30
	138



	Ti
	65
	66
	66
	13
	12
	58



	V
	258
	226
	226
	216
	68
	227



	Zn
	96
	89
	85
	132
	55
	87



	Total elements
	29
	29
	30
	10
	20
	23
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