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Abstract

:

In this study, we used the positive matrix factorization (PMF) model to evaluate the sources of ambient coarse particulate matter (PM) and their temporal variations in two sampling sites, i.e., a school dormitory and a retirement home, located in central Tehran. 24-h ambient PM samples were collected using low-volume air samplers from May 2012 to June 2013. The collected filters were analyzed for their chemical components, including water-soluble ions, metals, and trace elements, which were used as the input to the PMF model. Our results indicated annual averages of 45.7 ± 3.8 µg/m3 and 36.2. ± 4.0 µg/m3 for coarse PM at the School dormitory and Tohid retirement home, respectively. Moreover, higher ambient coarse PM mass concentrations were observed in the warm season (53.3 ± 5.8 µg/m3 for school dormitory and 43.1 ± 6.1 µg/m3 for Tohid retirement home) as opposed to the cold season (41.4 ± 4.7 µg/m3 for school dormitory and 28.7 ± 4.6 µg/m3 for Tohid retirement home). Our PMF analysis also identified road dust, soil, and industry, and atmospherically processed coarse PM as the three sources of ambient coarse PM in central Tehran. Road dust, soil, and industry were the major sources of ambient coarse PM, contributing respectively to 74 ± 9% and 19 ± 2% of the total coarse PM mass concentration, while atmospherically aged aerosols had a rather minimal contribution of 7 ± 1% to total coarse PM mass concentration. The temporal trends of the resolved factors also revealed higher contributions of road dust to total ambient coarse PM during warm season as opposed to cold season, due to the increased resuspension rate from road surfaces as a result of higher wind speeds, and temperatures, combined with lower relative humidity. Similarly, higher resuspension rate of mechanically originated particulates resulted in higher warm-season time contributions of the soil factor. Results of this study clearly revealed the key role of road dust and non-tail pipe emissions on ambient coarse PM mass concentrations in crowded areas of central Tehran, and have important implications on the potential health impacts that can be caused by these difficult to mitigate sources of coarse PM.
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1. Introduction


Particulate matter (PM) has been recognized as a critical air pollutant in many metropolitan areas, particularly in developing countries, as a result of rapid increase in population, industrialization, biomass burning activities, and often enhanced by occasional dust storm episodes [1,2]. Exposure to ambient PM can lead to serious health effects, including respiratory and cardiovascular diseases, neurodegenerative disorders, lung cancer, and mortality [3,4,5,6]. Additionally, PM can cause economical losses (i.e., labor loss as a result of work days lost and extra medical expenditure) as well as environmental impacts, such as climate change and visibility degradation [7,8,9]. Previous studies have revealed that different size ranges of PM can be emitted from various sources with different fingerprints [10,11]. PM from different sources might have different toxicological characteristics as well as different impacts on visibility, and radiative forcing, supporting the postulation that PM mass concentration is not the most appropriate metric to investigate the adverse effects of PM [12,13]. Therefore, source apportionment studies are quite beneficial in identifying different sources of PM, their corresponding chemical compositions and their link with toxicity, which can further be used by health authorities to develop policies to mitigate the detrimental health impacts of exposure to ambient PM.



In addition to the world-wide research regarding the health effects of fine and ultrafine PM (particles with aerodynamic diameter of ≤2.5 µm, and <0.10 µm, respectively), several studies have also evaluated the toxicity and health impacts of coarse PM (particles with aerodynamic diameter within 2.5 µm and 10 µm) exposure, including lower birth weight and increased rate of hospital admissions due to cardiovascular diseases and respiratory complications [14,15,16]. In particular, coarse PM contains several redox-active metals, including Fe, Cu, Cr, Ni, and Mn, which can induce the generation of reactive oxygen species (ROS) within cells, leading to oxidative stress, inflammation, and as a result produce adverse health effects [17,18,19,20,21]. Moreover, some studies have investigated coarse PM effects on visibility, which induces haze events and visibility impairment [22,23]. Coarse particles consisted of crustal elements as well as vehicular tire and brake wear products [22,24]. These particles might have originated from suburban backgrounds and can be carried out to urban areas depending on the particle transport pattern (i.e., proximity to the source of pollution and prevailing wind speed and direction) [25,26]. According to the literature, soil and mineral dust, road dust, vehicle wear, sea salt, and sea spray are among the potential sources of coarse PM in different urban environments around the globe [22,24,27].



Although these particles are difficult to mitigate since they are not products of tailpipe emissions, there are different control mechanisms that could be used to effectively reduce the airborne dust emissions as well as the suspended dust on the paved/unpaved roadside [28,29,30,31,32,33,34]. Among all, one of the most effective, but expensive, methods to remove the non-tailpipe emissions from the vehicles in roadways is the automatic mist-generating systems (i.e., water sprinkling), in which spraying of water via pressurized nozzles prevents the formation of airborne dust particles [29,30]. In addition, there are mechanical and chemical methods to remove the suspended dust from roadside, including the use of dust suppressants, water flushing, and street sweeping, which are mostly used by municipalities [28]. For instance, chemical suppressants (i.e., surfactants, salts, and polymers) have been reported to significantly mitigate the suspended dust from paved and unpaved roadsides by facilitating the particle aggregation with the existing moisture in the air [28,31,32]. A more traditional approach to clean the dust load from the roadside surface layer is the combination of water flushing and street sweeping, which increases the mass and surface tension of the particles and decreases the likelihood of their resuspension [17,28,34,35].



Tehran, the capital of Iran with a population of nearly 9 million residents [36], has experienced several severe episodes of air pollution during the past few decades [37]. The large number of mobile sources (more than 4 million vehicles) in that megacity, as well as its proximity to a large number of industrial units have led to serious air pollution challenges in Tehran [38,39]. This situation is further exacerbated by the topography of the area, being surrounded by Alborz mountains to the north and east. These terrains are consisted of sedimentary rocks dating from Upper Devonian to Oligocene, prevalently Jurassic limestone over a granite core. Consequently, Alborz terrains act as barriers between the Caspian Sea and Iranian Plateau with width of 60–130 km [40], limiting the horizontal dispersion of southerly and westerly southerly wind-driven pollutants in those directions [41]. Previous studies in Tehran have documented the lowest air quality during the cold season as a result of lower mixing height, stable meteorological conditions, and temperature inversions [42,43]. Moreover, vehicular emissions and industrial activities are found to be two of the dominant sources impacting the air pollution in this mega city [37,44]. Mobile sources have been identified as dominant contributors to CO (98%), volatile organic compounds (VOCs) (88%), and NOx (46%), while energy conversion processes (i.e., power plants and petrochemical facilities) have been found to be responsible for the majority (i.e., more than 90%) of SOx emissions [45].



Previous source apportionment studies have identified vehicular emissions, secondary aerosol, and industrial emissions as the dominant sources of PM2.5 in Tehran with minimum contributions from road dust, biomass burning, soil, oil combustion, and sea salt to PM2.5 mass [46,47,48]. Furthermore, residential oil combustion, gasoline, and diesel-powered vehicles had moderate to high correlations with the PM2.5 associated oxidative potential in Tehran, measured by means of the Dichlorofluorescin (DCFH) in vitro assay [49]. More recently, carcinogenic PM2.5-bound polycyclic aromatic hydrocarbons (PAHs) were found to mostly originate from various sources including petroleum residue, residential heating and biomass burning, industry, diesel, and gasoline exhaust, with approximately equal contributions of each factor to the total PAHs concentrations [50]. Despite the abovementioned studies on PM2.5 source apportionment in Tehran, to the best of our knowledge, no coarse PM source apportionment studies have been conducted in this city.



Therefore, the scope of this work was to evaluate the temporal variations in the sources of coarse PM and its chemical composition in two sampling sites located at central Tehran during May 2012 to June 2013. We employed USEPA’s positive matrix factorization (PMF), a receptor model that has been widely used in source apportionment studies around the world [20,51,52,53,54], to identify the sources of ambient coarse PM mass concentration and determine their relative contribution at the study sites, using water soluble ions and trace metals as inputs to the model. Finally, temporal variations in the contributions of the resolved factors to total coarse PM mass concentrations were investigated in the study areas. Findings of this study are of great importance to determine the dominant role of the major sources of coarse PM in central Tehran, and can be used in follow-up risk assessment studies to characterize the health risks caused by exposure to source-specific coarse PM concentrations in the study area.




2. Methodology


2.1. Sampling Sites Description


Ambient PM sampling was performed at two residential sampling locations in central Tehran. The first sampling site, Tohid retirement home (35°42′20.30″ N, 51°22′14.41″ E), was located about 650 m away from Chamran freeway while the other site, School dormitory (35°42′40.33″ N, 51°22′49.75″ E), had a distance of 200 m from the similar freeway. Previous studies in the area have indicated that central Tehran is highly polluted as a result of abundant vehicular, household, and commercial activities [39,41,45]. Therefore, both of the sampling sites of this study are exposed to all of the abovementioned sources, as identified by our previous PM2.5 source apportionment study [46,50] at the same sampling sites. In addition, considering that the vast majority of the Tehran population lives in/near the city center [39], it can be argued that our sampling sites properly represent the population exposure to major sources of air pollution in the metropolitan area of Tehran. Figure 1 illustrates the map of the study area with the locations of our sampling sites. More detailed information about the location and characteristics of each sampling site can be found in Hassanvand et al. [55,56]. Figure 1 also indicates the corresponding wind rose pattern (using WRPLOT View version 7.0 [57]) of our sampling sites, based on the 8-h weighted average wind speeds and wind directions during the sampling campaign. Based on the figure, prevailing southerly and westerly wind directions were observed for the whole sampling campaign. Investigating the seasonal wind rose plots (Figure S1) also depicted the predominance of westerly wind directions as well as the presence of minor southerly winds during both seasons.



Table S1 presents the seasonal averages for important meteorological parameters in central Tehran. The average (±SD) ambient temperature, relative humidity, and wind speed were 18.6 ± 9.1 °C, 40 ± 17.1%, and 3.0 ± 0.7 m/s, respectively. As presented in the table, wind speeds, relative humidity, and temperatures were quite comparable between the spring and summer seasons. Similarly, the seasonal averages of wind speed, temperature, and relative humidity were similar across the fall and winter seasons. Therefore, we decided to present the results of this study in two seasons; the cold season spanning fall and winter (i.e., April–September), and the warm season (i.e., Octomber–March) encompassing spring and summer.




2.2. Sampling Schedule and Analysis


Twenty-four-hour PM2.5 and PM10 samples were collected at both sampling sites from May 2012 to June 2013. Sampling took place from 1st to 6th and from 16th to 21st of each month at the school dormitory site, while the corresponding sampling schedule was from 7th to 12th and from day 23rd to 28th of each month at the Tohid retirement home. PM samples were collected on Polytetrafluoroethylene (PTFE) (47 µm diameter, SKC Inc., Covington, GA, USA) filters by the means of low-volume air samplers (FRM OMNUTM air sampler, multi-cut inlet; BGI Inc, Bridgeview, IL, USA). In order to achieve sufficient mass loadings for the planned chemical analyses, depending on the mass loadings collected on the filters, we composited samples collected over 3–4 consecutive days. Concentrations of water-soluble ions as well as metals and trace elements were determined via ion chromatography (IC) and Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), respectively. Samples for which the concentrations of the measured chemical species were below the detection limit (BDL) were excluded, and a total of 60 samples for the two sites combined were used as input to the PMF model (as described in Section 2.3). Further details regarding the sampling methodology, applied instrumentation, and the corresponding chemical analysis can be found in Hassanvand et al. [55,56].



Overall, PM2.5 and PM10 collected samples were analyzed for their chemical components at school dormitory and Tohid retirement home. Coarse PM concentrations were determined by subtracting PM2.5 concentrations from the corresponding PM10 values for both of the sampling sites.




2.3. Positive Matrix Factorization (PMF) Receptor Model


The PMF multivariate receptor model has been used to identify sources and their corresponding contributions to target variables including PM mass concentration, PM number concentration, and PM-bound PAHs [24,58,59,60,61]. This model solves the following chemical mass balance (CMB) equation to decompose a matrix of chemically or physically-speciated data into source profiles and their contributions [62,63,64]:


Xij = ∑k=1pgikfkj + eij



(1)




where p is the number of factors; Xij indicates the concentration of ith sample for the jth species. Moreover, gik and fkj refer to the amount of mass contributed by kth factor to ith sample, and the contribution of kth factor to jth species, respectively. Finally, eij is the associated residual for jth species in the ith sample.



In order to determine source profiles and their contributions, PMF minimizes the objective function (Q) by the means of the least-squares method.


Q = ∑i=1n∑j=1m[xij − ∑k=1pgikfkj + eijuij]2



(2)




where n and m represent the number of samples and species, respectively. Additionally, uij indicates the estimated uncertainty associated with the concentration of ith sample in the jth species. It should be noted that minimizing Q is performed by setting constraint of non-negative values for factor profiles and their contributions [65,66].



Moreover, since the uncertainty values were not reported during the experimental sampling and analysis, the following uncertainty method suggested by Ito et al. [67] was employed for estimating the input uncertainty matrix:


σij = (0.05 × Xij) + Dj



(3)




where σij is the uncertainty of ith sample for jth species; Xij indicates the jth species concentration in ith sample; and Dj refers to the limit of detection for jth species.



In this study, USEPA’s PMF model version 5.0 was implemented for coarse PM mass concentration source apportionment. Since the two sampling sites were relatively close to each other with the distance of 1.1 km [55,56], PMF input concentration matrix for both sites were considered as a unit combined matrix. This approach strengthened the statistical power of the implemented model by means of increasing the number of samples to 60 data points. We assumed that source factor profiles remain consistent across the two sampling sites, as reported for PM2.5 in the same locations [46]. Although this argument might be more valid for PM2.5 which is homogeneously dispersed across the city in comparison to coarse PM [68], the results of independent sample t-tests indicated that, with few exceptions, the concentrations of individual components of coarse PM were not statistically significantly different (p values ranged from 0.11 to 0.93) across the two sampling sites (Table 1), further corroborating the assumed consistency in source profiles of coarse PM at the two sites.



The signal–to–noise ratio values were also determined to investigate the source of variability in data. S/N ratio > 1 is considered strong while S/N < 1 refers to a weak species [66]. Moreover, geometric mean was used for replacing missing values and, subsequently, their corresponding uncertainty values were tripled to decrease their impacts on the resolved PMF solutions statistics [66,69]. Finally, no extra modeling uncertainty was considered in our PMF runs. The uncertainty associated with the PMF-resolved solutions was estimated by statistical tools, using displacement (DISP) and bootstrap (BS) analyses [64]. In DISP analysis, PMF outputs were considered acceptable in terms of rotational ambiguity, as long as no factor swaps were observed for dQmax = 4 while drop of Q was < 0.1%. In the case of BS analysis, 100 runs were conducted with a minimum R2 value of 0.60, and PMF solutions were reliable when more than 80% of the factors were mapped [65,66].





3. Results and Discussion


3.1. Data Overview


Summary statistics of the measured species, including minimum (min), median, maximum (max), average and signal-to-noise (S/N) ratio of the ambient coarse PM, and its chemical components for the combined dataset are indicated in Table 1. This table also includes the average concentration and standard error (SE) of the chemical species as well as coarse PM levels for each of the sampling sites. As can be seen in the table, the average coarse PM levels were 36.2 ± 4.0 µg/m3 and 45.7 ± 3.8 µg/m3 at Tohid retirement home and School dormitory, respectively. These values are perfectly consistent with the 44 µg/m3 as the Tehran coarse PM annual mean concentration reported by world health organization (WHO) [70], corroborating the use of these sampling sites as representatives of central Tehran area. It should also be noted that S/N > 1 were reported for all of the species, indicating strong signals for input variables of PMF.



Figure 2 shows an overview of coarse PM concentration and its seasonal variability at the two sampling locations. As can be seen in the graph, a higher concentration of coarse PM is observed during the warm season, as opposed to the cold season, due to the increase in particle concentration originating from dust and crustal elements in hot and dry days [47,48,71,72].



Figure 3 also illustrates the seasonal variations in the concentrations of selected metals at both of the sampling sites. The selected metals (i.e., Al, Ti, Ba, Se, Li, As, Fe, Zn, Cu, Mn, and Si) in coarse PM can be emitted by a wide range of sources including soil, road dust, brake and tire wear, and industrial emissions [22,27,73,74]. As shown in the figure, the concentrations of Al, Si, and Fe, as tracers of soil dust [27,75], were significantly higher in the warm season compared to the colder season at the Tohid retirement home (p value < 0.05). This is due mainly to the higher wind speeds and lower relative humidity’s in the warm seasons that facilitate the resuspension of soil particles [59,76]. Similarly, these crustal elements had relatively higher concentrations during the warm season at the school dormitory, although the differences were not statistically significant (p values ranging from 0.14–0.62). Al, Fe, and Si were the dominant metal elements in the coarse PM chemical composition, contributing to 82% and 94% of total coarse PM-bound metals at school dormitory and Tohid retirement home, respectively.



Similar trends were also observed for tracers of road dust, including Ba, Zn, and Mn [73,74,77,78]. Ba, Zn, and Mn concentrations were significantly higher (p value < 0.05) in the warm season compared to the cold season at the Tohid retirement home. At the school dormitory site, the concentrations of these species were also higher on average in the warmer season, but the differences were not statistically significant (p value = 0.53–0.72) across seasons. The higher concentrations of these species in the warm season can be justified by drier (i.e., lower relative humidity) and more unstable (i.e., higher wind speed) meteorological conditions during that season. For Cu, the seasonal variations indicated comparable (p value = 0.47–0.55) concentrations across the warm and cold seasons at both sampling locations. The similarity in the seasonal concentrations of this species could be due to the fact that the higher road dust resuspension rate (a result of higher wind speed and lower relative humidity) in the warm season is counterbalanced by the more stable meteorological conditions (i.e., lower mixing height) in the cold season, which limit the horizontal and vertical dispersion of its emissions.



The seasonal variations of the abovementioned tracers of road dust are in line with the results of previous studies in the literature. For example, the higher concentrations of Ba in the warm season is consistent with the results of Galindo et al. [79], reporting higher Ba concentrations in the summer time due to higher dust resuspension rate and lower precipitation. Similar results have also been observed by several other studies regarding the seasonal variations of other road dust tracers, including Zn, Mn, and Cu [54,80,81,82,83]. We should, however, note that the reported seasonal trends for road dust tracers are not entirely consistent in the literature; while some studies report higher concentrations of these species in the summer [54,80,81], other studies report higher concentrations of the same tracers in the colder season [79,84,85], which, as argued earlier, could be attributed to the more stable meteorological conditions in the colder season that confine the emissions of these species within a lower mixing height.



Since As and Se (tracers of industrial emissions [86,87]) are mostly emitted by anthropogenic local sources, their concentrations were comparable between the two seasons (p value = 0.1–0.7) at both sampling locations. This trend is in agreement with the results of other studies [82], in which the authors reported comparable concentrations of heavy metals in both seasons. Analyzing the seasonal trends of marine ions (i.e., Na+, Cl−, and Mg2+) also revealed comparable concentrations during the cold and warm seasons at the school dormitory (p values ranging from 0.15 to 0.41) and the Tohid retirement home (p values ranging from 0.15 to 0.20). The presence of marine ions in Tehran’s coarse PM is probably attributed to the two salt lakes (i.e., Qom namak lake, and Hoz-e-soltan desert lake) which are located to the south of Tehran. These ions are transported to our sampling sites by the prevailing southerly and southwesterly winds. The frequency of these prevailing winds was comparable (p value = 0.79) between the warm and cold seasons, leading to similar seasonal concentrations of these marine ions for both sites. Our results did not indicate significant differences in the seasonal variations of NO3− and SO42− concentrations during the cold and warm seasons (p value > 0.05) at both sampling sites. As will be discussed in “Factor 3: Atmospherically Processed Coarse PM”, the coarse PM-bound sulfate and nitrate are formed via heterogeneous chemical reactions of airborne coarse PM (e.g., water-soluble calcium (Ca2+) as well as marine ions) with sulfuric and nitric acids. Therefore, similar seasonal concentrations of these secondary inorganic ions were observed due to the comparable concentration of the said species in the warm and cold seasons.




3.2. PMF Results


3.2.1. Number of Factors


The optimum number of factors (i.e., 3) was determined based on the PMF resolved source profiles and contributions after trying different number of factors and extra modeling uncertainties. Finally, the best PMF solution was obtained based on the following criteria: (1) The correlation between modeled versus measured coarse PM mass concentrations (Figure 4a); (2) physical interpretation of the resolved factor profiles and their corresponding seasonal contributions; (3) variation of the Qtrue versus number of factors (Figure 4b); and (4) results of uncertainty analysis (i.e., displacement (DISP), and bootstrap (BS)). It should be noted that Qtrue (i.e., the true objective function) illustrates the ability of PMF model in fitting all of the input data points [66,88]. To further support the validity of our selected number of factors, results of the 4 factor PMF analysis, along with the pertinent discussion, are included in the Supplementary Information (SI) file. The correlation between the modeled and measured coarse PM mass concentrations is shown in Figure 4a. Based on the figure, there is a high correlation between the measured and predicted total coarse PM mass concentrations (slope = 0.98 and R2 = 0.96), indicating that the PMF model has effectively estimated the contribution of each source to the total coarse PM mass concentrations.



Figure 4b also shows the Qtrue values for runs with different number of factors. As can be seen in the figure, a major drop of 33% in Qtrue was observed when increasing the number of factors from 2 to 3. Therefore, considering the abovementioned criteria, the 3-factor solution was elected as the final optimum PMF output. Figure 5 demonstrates the three PMF-resolved (i.e., road dust, soil and industry, and atmospherically aged coarse PM) factor profiles. The overall relative contributions of the PMF-resolved factors to coarse PM mass concentrations are also presented in Figure 6. Finally, Figure 7 indicates the seasonal variations in the absolute concentrations of the identified factors to total coarse PM mass concentration.




3.2.2. Factor Identification


Factor 1: Road Dust


The first factor was identified based on high loadings of Cu, Zn, Mn, and, to some extent, Ba (Figure 5). This factor was the dominant contributor (74 ± 9%) to total coarse PM mass concentration (Figure 6). Previous studies have indicated that Cu, Zn, and Mn are chemical tracers of road dust resuspension, brake and tire wear particles, and road surface abrasion [73,77,78]. Furthermore, Ba is also a well-known marker of brake wear [74]. There is also substantive evidence suggesting that road dust and tire wear particles can mostly be represented within the coarse PM particle size range (2.5–10 µm) [89,90]. Particularly, Harrison et al. [74] found that these particles are most abundant at 3 µm. Therefore, factor one was entitled “road dust”.



Investigating the temporal trend of this factor reveals higher contribution (p value = 0.009) to total coarse PM during warm season (35.7 ± 5.0 µg/m3) as opposed to cold season (24.4 ± 3.3 µg/m3) (Figure 7). The observed temporal trend can be justified as a result of more unstable meteorological conditions due to the combined effects of higher wind speed and mixing height with lower relative humidity in the warm season [59,91]. In addition, higher temperature and lower relative humidity increase the deposition rate of the dispersed dust on the road surface, which eventually leads to an increase in the resuspension rate of the coarse particulates by means of vehicles movement [92,93]. The meteorological data of our sampling sites also confirms such seasonal patterns in wind speed and relative humidity. More importantly, while PM2.5 is mainly emitted from combustion sources, the coarse PM particles are resulted from mechanical processes such as surface soil and dust resuspension. Therefore, it is expected to see higher contributions of wind-driven resuspension processes (i.e., road dust emissions) in warm season, as opposed to cold season [94]. While Taghvaee et al. [46] reported traffic emissions as the major contributor (50–60%) to the PM2.5 mass concentrations in Tehran, with minimal road dust contributions (1–5%), road dust is playing a major role in the coarse PM size range [95,96].




Factor 2: Soil and Industry


This factor was associated with significantly high loadings of Al, Ti, Ba, Se, Li, As, Fe, and Si (Figure 5) and contributes on average to 19 ± 2% of the total coarse PM mass concentration (Figure 6). According to the literature, crustal elements such as Al, Ti, Li, Fe, and Si are well-known tracers of mineral dust and soil emissions [22,27], while Se, and As are markers of industrial (i.e., electronics, plastic, glass, coal and heavy oil combustion, metal smelting, and paints industry) emissions [46,86,87]. Therefore, factor 2 can be considered a mixture of soil and industrial emissions. The major role of industrial activities in Tehran’s air pollution was previously noted by Shahbazi et al. [45], who reported the existence of around 3100 industrial units in the city. This factor was also impacted to a lesser degree by road dust emissions, due to the presence of Ba, Cu, Mn, and Zn, which is in agreement with the results of previous studies [22,46,96].



Evaluation of the temporal trends for soil and industry emissions indicated relatively higher contribution (p value = 0.025) of this factor to coarse PM mass during warm season (9.2 ± 1.4 µg/m3) rather than cold season (6.6 ± 0.8 µg/m3) (Figure 7), due to the prevailing unstable meteorological conditions noted earlier, leading to a higher resuspension of mechanically derived particulates [94,97]. Previous coarse PM source apportionment studies have also reported a similar trend of higher mineral dust contributions during the warm season [98,99]. The seasonal trends of this factor further substantiate the dominance of soil origin rather than industry, since industrial emissions have higher contributions during cold season due to the more stable atmosphere and limited atmospheric dispersion that prevail during that season [50].




Factor 3: Atmospherically Processed Coarse PM


Factor 3 showed very high loadings of Ca2+, Na+, Mg2+, Cl−, NO3−, and SO42−. Typically, in ammonia-rich environments, ammonia reacts with sulfuric and nitric acids to form ammonium sulfate and ammonium nitrate, respectively [100,101,102]. Ammonia can only neutralize nitric acid after having fully neutralized sulfuric acid to form ammonium sulfate [100,101,102]. However, in the case of our study, the ambient molar ratio of NH4+/SO42− was < 2 (i.e., 1.6), indicating an ammonia-poor environment which prevents complete neutralization of sulfuric and nitric acids [101,102]. The excess concentrations of these acids (especially nitric acid) will then react with airborne coarse particles (including Ca2+ as well as marine ions) through a series of heterogeneous chemical reactions, leading to the formation of atmospherically aged coarse particles [100,101,103,104]. These mechanisms in the coarse PM size range have also been observed by several previous studies, which have documented the formation of aged coarse PM due to the reactions of sulfuric and nitric acids with ambient coarse particles, leading to the production of calcium nitrate, sodium nitrate, magnesium nitrate, and sodium sulfate [24,103,104,105], which justifies the high loadings of Ca2+, Na+, Mg2+, Cl−, NO3−, and SO42− in the 3rd factor profile. Thus, this factor was labeled “atmospherically processed coarse PM” with the corresponding contribution of 7 ± 1% to the total coarse PM mass concentration. It should be noted that several previous studies have also identified a similar factor (i.e., aged aerosol) in the source apportionment of coarse PM [24,96,98,106]. For instance, Titos et al. [98] resolved an “aged regional” factor as a source of ambient coarse PM in Southeastern Spain, representing high loadings of SO42−, NO3−, Na+, and Cl− in the PMF-resolved factor profile.



As can be seen in the profile of factor 3, although Cu is not a chemical marker of aged aerosols, it has a relatively high (i.e., 30%) loading in this factor. The partial portioning of this species in the 3rd factor can be attributed to model artifacts, and does not reflect an actual loading of Cu in this factor. Analyzing the temporal trends of contributions of this factor also reveals comparable levels (p value = 0.80) during warm (2.8 ± 0.4 µg/m3) and cold (2.7 ± 0.2 µg/m3) seasons (Figure 7). The observed temporal trend for this factor can be explained by the comparable seasonal concentrations of Ca2+, marine ions (Na+, Mg2+, Cl−), NO3−, and SO42−, as the species with high loadings in this factor.







4. Summary and Conclusions


In this study we aimed to evaluate the temporal trends and major sources of ambient coarse PM mass concentrations in central Tehran. Our findings revealed higher coarse PM mass concentrations in the warm season (43.1 ± 6.1 µg/m3) as opposed to the cold season (28.7 ± 4.6 µg/m3) for Tohid retirement home; while similar trends were observed for warm (53.3 ± 5.8 µg/m3) and cold season (41.4 ± 4.7 µg/m3) coarse PM mass concentration in school dormitory. The PMF model resolved road dust, soil and industry, and atmospherically aged coarse PM as the three sources of ambient coarse PM in Tehran. Road dust was the dominant contributor (74 ± 9%) to ambient coarse PM mass concentration, followed by soil and industry (19 ± 2%), and atmospherically aged aerosols (7 ± 1%). Investigating the temporal trends for the resolved factors also indicated higher contributions of road dust and soil to total ambient coarse PM during warm season as a result of lower relative humidity, higher wind speed and, therefore, higher rate of dust resuspension in the warm season. Our findings have important public health implications, as we found high concentrations of several redox-active metals, including Cr, Cu, Mn, and Ni, in the ambient coarse PM collected in this study, which are known to be toxic and have the potential to induce cell inflammation, and subsequently, health effects. The results of this study also highlight the significance of non-tail pipe emissions and soil dust as major sources of ambient coarse PM in Tehran despite the widespread efforts and mitigation strategies for reducing tailpipe emissions during the past few years. Therefore, we recommend the application of chemical/mechanical mitigation techniques (e.g., water sprinkling, street cleaning, and chemical suppressants) that have proven effective for mitigating coarse PM concentrations by minimizing the resuspension of dust from paved and unpaved roadsides.
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Figure 1. Location of the sampling sites and the average wind rose during the sampling period. 
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Figure 2. Seasonal variations of coarse PM concentrations at Tohid retirement home and School dormitory. The boxes represent inter-quartile range (25th to 75th percentile), while whiskers demonstrate the 5th and 95th percentiles. 
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Figure 3. Seasonal variations in the concentrations of selected metals and water-soluble ions at: (a) Tohid retirement home; (b) school dormitory. Error bars correspond to one standard deviation (SD). 
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Figure 4. (a) Correlation between measured and predicted coarse PM; and (b) Qt (true objective function) versus number of factors. 
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Figure 5. PMF resolved factor profiles. 
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Figure 6. Relative contributions of different sources to coarse PM for the whole sampling campaign. 
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Figure 7. Seasonal concentrations of resolved factors to total coarse PM. The boxes indicate inter-quartile range (25th to 75th percentile) while whiskers represent the 5th and 95th percentiles. 
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Table 1. Summary statistics of coarse PM and its chemical components for Tohid retirement home, School dormitory, and the combined dataset.
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Tohid Retirement Home

	
School Dormitory

	
Combined Dataset




	
Species

	
Average

	
SE

	
Average

	
SE

	
Min

	
Median

	
Max

	
Average

	
S/N






	
Coarse Mass (µg/m3)

	
36.2

	
4.0

	
45.7

	
3.8

	
4.3

	
40.0

	
104.2

	
40.7

	
10.0




	
Ca2+ (µg/m3)

	
0.87

	
0.07

	
0.63

	
0.05

	
0.01

	
0.70

	
1.49

	
0.72

	
9.84




	
Na+

	
0.38

	
0.04

	
0.42

	
0.03

	
0.01

	
0.41

	
0.83

	
0.41

	
9.89




	
Mg2+

	
0.22

	
0.01

	
0.28

	
0.02

	
0.04

	
0.24

	
0.64

	
0.26

	
9.91




	
Cl−

	
0.36

	
0.04

	
0.38

	
0.03

	
0.01

	
0.39

	
0.83

	
0.38

	
9.76




	
SO42−

	
1.83

	
0.18

	
2.41

	
0.03

	
0.01

	
2.29

	
5.88

	
2.21

	
10.00




	
NO3−

	
2.12

	
0.19

	
2.82

	
0.04

	
0.27

	
2.54

	
6.58

	
2.57

	
9.83




	
Si (ng/m3)

	
449.79

	
35.01

	
443.23

	
52.22

	
9.15

	
390.64

	
2037.40

	
445.53

	
9.88




	
Fe

	
416.46

	
59.29

	
436.97

	
29.44

	
132.86

	
422.24

	
1191.59

	
429.79

	
10.00




	
Al

	
169.14

	
35.23

	
173.75

	
16.14

	
7.46

	
147.54

	
656.83

	
172.14

	
9.92




	
Zn

	
25.75

	
4.17

	
166.19

	
17.23

	
4.33

	
95.01

	
536.73

	
117.04

	
7.68




	
Ba

	
18.64

	
1.53

	
29.13

	
1.79

	
7.66

	
25.25

	
76.54

	
25.46

	
9.66




	
Ti

	
14.75

	
1.63

	
17.05

	
1.93

	
2.09

	
13.74

	
70.86

	
16.24

	
9.19




	
Mn

	
5.22

	
0.50

	
16.67

	
1.05

	
2.54

	
12.31

	
46.85

	
12.66

	
9.20




	
Cu

	
2.45

	
0.33

	
6.30

	
0.63

	
0.34

	
4.33

	
20.49

	
4.95

	
3.75




	
As

	
1.35

	
0.19

	
1.60

	
0.21

	
0.11

	
1.24

	
6.29

	
1.51

	
6.48




	
Li

	
0.87

	
0.11

	
0.85

	
0.07

	
0.27

	
0.77

	
2.87

	
0.86

	
5.09




	
Se

	
0.22

	
0.03

	
0.21

	
0.02

	
0.04

	
0.19

	
0.84

	
0.21

	
3.00












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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