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Abstract

:

This paper studied the chemical characteristics and seasonal changes of PM2.5 in plateau cities on the southwest border of China. Urban air was sampled in Baoshan City during the rainy and dry seasons. Finally, 174 PM2.5 filters were collected (including 87 quartz and 87 Teflon samples for PM2.5). The mass concentrations, water-soluble inorganic ions, organic and inorganic carbon concentrations, and inorganic elements constituting PM2.5 were determined. Positive definite matrix factorization was used to identify potential sources of PM2.5, and the backward trajectory model was used to calculate the contribution of the long-distance transmission of air particles to the Baoshan area. It was found that in the wet season, most of the air masses come from the Indian Ocean and Myanmar. In the dry season, the air mass mainly comes from the China and Myanmar border area. The average concentration of PM2.5 in the wet and dry seasons was 23.17 ± 12.23 μg/m3. The daily mean value of OC/EC indicated that the measured SOC content was generated by the photochemical processes active during the sampling days. However, elements from anthropogenic sources (Na, Mg, Al, Si, P, K, Ca, Ti, Fe, Cu, Zn, Sb, Ba, and Pb) accounted for 99.51% and 99.40% of the total inorganic elements in the wet season and dry season, respectively. Finally, source apportionment showed that SIA, dust, industry, biomass burning, motor vehicle emissions, and copper smelting emissions constituted the major contributions of PM2.5 in Baoshan. Using combined data from three measurement sites provides a focus on the common sources affecting all locations.
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1. Introduction


In recent decades, with rapid economic development, industrialization, and urbanization in China, the number of motor vehicles and the total energy consumption has increased. As a result, atmospheric particulate matter (PM) has become one of the most significant air contaminants [1,2,3]. PM2.5 (aerodynamic diameter ≤ 2.5 μm) can exist in the atmosphere for a long time, conducive to its long-distance transport through the atmosphere and deposition towards remote areas. During long-range transport, PM2.5 carries abundant anthropogenic pollutants. It has a serious impact on the global and regional climate, the visibility and composition of the atmosphere, the global biogeochemical cycles, and the activation of cloud condensation nuclei [4,5,6].



In recent years, PM2.5 has been widely studied in China due to its potential impacts on air quality and human health. Water-soluble inorganic ions (WSIIs), organic carbon (OC) particles, inorganic carbon (EC) particles, and inorganic elements (IEs), the main chemical components of PM2.5, have been extensively studied in China [7,8,9]. WSIIs are dominated by secondary inorganic aerosols (SIAs), including NH4+, NO3−, and SO42−. OC is composed of thousands of organic compounds and contains many toxic substances. An important part of the inorganic elements of PM2.5 are heavy metals, such as Fe, Cu, Zn, and Pb [10,11,12].



Whether worldwide or only in China, it is essential to reduce PM2.5 concentrations to control their sources. The key point in formulating policies for the government to control PM2.5 pollution is the result of source apportionment and reliable source quantification [13,14].PM2.5 is usually sourced by the emission of pollutants, and its classification is very complex, including its anthropogenic and natural sources and gas and particle phases [15,16]. In addition, PM2.5 forms secondary pollutants from primary emissions through photochemical reactions after being released from pollution sources, making it difficult to quantify its impacts [17,18,19]. The contribution levels of different sources in the air can be quantitatively estimated using the receptor model. Generally, researchers have found the possible sources of PM2.5 as traffic and industrial, coal combustion, biomass burning, and secondary inorganic aerosol sources [20,21].



In recent years, most studies have generally focused on the Jing-Jin-Ji region and its coastal areas with severely degraded atmospheric environments in China [22,23,24]. Only a few researchers have investigated PM2.5 pollution in Yunnan Province, a remote southwestern region. More research has been conducted in areas such as Kunming and Yuxi [25,26,27]. Despite the economic backwardness of the remote southwestern mountains, there are still cases of PM2.5 exceeding the standard every year [28,29,30]. More and more people have begun to study cross-border pollution. More often, air pollution comes not only from the locals but also from the pollution emissions of surrounding areas. This paper aims to study the source distribution of PM2.5 in Baoshan, the southwest border of China, and explore the impact of China’s surrounding countries on the climate of Baoshan City. By studying the distribution of local air pollution sources and reasonably evaluating the distribution of cross-border pollution and local air pollution sources, it is not only of great significance for the local government to formulate prevention and control countermeasures but also of great guiding significance for interregional cooperation. Therefore, we should pay more attention to these areas to improve overall air quality.



PM2.5 samples were collected in the wet and dry seasons at three monitoring sites of the urban area of Baoshan. The concentrations of PM2.5, WSII, OC, EC, and IEs were analyzed and discussed in this study. Positive definite matrix factorization (PMF) was used for source apportionment of PM2.5 to analyze pollution sources. Potential major contributors were identified based on PMF and local environmental background information. The details of PM2.5 pollution characteristics and source allocation results in this study can provide reasonable and effective measures for local governments to slow down PM2.5 air pollution.




2. Methods


2.1. Sampling Site and Sample Collection


Baoshan is a developing industrialized city with 1 million residents and an urban area of 149.9 km2. In 2016, the coal consumption of Baoshan was 983,900 tons, and the region housed approximately 200,000 motor vehicles. Baoshan is located in the west of Yunnan Province, which is close to Myanmar, between 95°25′–10°02′ E and 24°08′–25°51′ N.



Baoshan is located at the southern end of the longitudinal valley in western Yunnan of the Hengduan Mountains. The terrain is complex and diverse. The dam area accounts for 8.21%, and the mountainous area accounts for 91.79%. The whole terrain extends and tilts from northwest to southeast. The lowest altitude is 535 m, the highest altitude is 3780.9 m, and the average altitude is about 1800 m. Baoshan has a low latitude mountain subtropical monsoon climate. As the region is located in a low latitude plateau, the landform is complex. There are seven climate types: north tropical, south subtropical, middle subtropical, north subtropical, south temperate, middle temperate, and plateau climate. It is characterized by a small annual temperature difference and a large daily temperature difference; the rainfall is abundant, dry, and wet, with annual rainfall of 700–2100 mm.



The airflow near the ground can only enter the urban area from the southeast. The cold air in Siberia from the north is blocked by the mountains. The monsoon in the Beibu Gulf and the Bay of Bengal flows from the southeast to the urban area, forming comfortable temperatures, low wind speeds, and high ultraviolet (UV) lighting conditions throughout the year. Strong ultraviolet light is conducive to the formation of photochemical atmospheric effects. Under the conditions of low pressure and low oxygen, this can lead to the incomplete combustion of fuel, thus increasing the resulting pollution emissions. When the wind speed is low (<3 m/s) and the temperature changes greatly between day and night, it is easy to form an inversion layer, which hinders the diffusion of pollutants.



Measurement campaigns of PM2.5 sampling at three sites at the Baoshan College (BSC), Athlete apartment (AA), and Environmental Monitoring Station of Baoshan (EMS) in Baoshan city (Figure 1), were carried out in two periods in 2016, i.e., 13 June to 27 June and 9 November to 23 November. According to the 2016 annual data of Baoshan city form China Weather Network (http://www.weather.com.cn), (accessed on 10 October 2021) found that Baoshan experienced abundant precipitation in June but little rainfall in the November dry climate. Therefore, this paper presents June as the wet season and November as the dry season. Daily measurements of 22 ± 1 h with an intelligent mid-volume atmospheric particulate sampler (TH-150F, Tianhong, Wuhan, China) were conducted at a 100 L/min sample flow. Teflon filters (Wuhan, China, 90 mm) were used to analyze IEs, and quartz filters (PALL Inc., New York City, NY, USA, 90 mm) were used to analyze OC, EC, and WSIIs. A total of 174 PM2.5 samples and 12 blank samples were collected. After sampling, the filters were individually placed into plastic boxes and put into a freezer at −20 °C until transport and subsequent analysis. The attached Table S1 lists the weather conditions during the sampling period.




2.2. Chemical Analysis and Quality Control


2.2.1. WSII Analysis


The anion (i.e., F−, Cl−, SO42−, and NO3−) and cation (i.e., K+, Ca2+, Mg2+ and NH4+) concentrations were measured by ion chromatography (DX-600, Dionex, Sunnyvale, CA, USA). This system was outfitted with a separation column (Dionex AS-14A for anions and CS-12A for cations) and a guard column (Dionex AG14A for anions and CG12A for cations). A gradient weak base eluent (3.5 mmol/L Na2CO3; 1 mmol/L NaHCO3) was used for anion detection, while a weak acid eluent (18 mmol/L methanesulfonic acid) was used for cation detection. The measurement error of each ion in a standard solution was within 10%, and the average relative standard deviations of anions and cations are 3.0% and 4.0%, respectively. For quality assurance, two blank spaces were detected in each batch of samples, and the test was carried out at 10%. At least six standard solution concentrations needed to be mixed for each ion component.




2.2.2. Elements Analysis


Li, Be, P, Sc, V, Cr, Mn, Co, Ni, Cu, As, Rb, Sr, Zr, Mo, Sn, Sb, Cs, La, Ce, Sm, W, Pb, Bi, Th, and U were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). Na, Mg, Al, Si, K, Ca, Ti, Fe, Zn, and Ba were analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The instrument was calibrated with reference materials to make the measurement results as accurate as possible. For quality assurance and quality control (QA/QC), the same procedures were used for the pretreatment and analysis of standard reference materials, and the recovery values of all target elements were within the range of certified values or within 5% of certified values.




2.2.3. OC and EC Analysis


OC and EC were analyzed using the DRI Model 2001 OC/EC Analyser, which was developed by the American Desert Institute (DRI). The main testing principle of this method is as follows: the sample was heated and converted into CO2 under different temperature gradients and gas environments. CO2 was reduced to CH4 by catalyzing MnO2 and was detected using a flame ion detector (FID). Then, using a 633 nm helium/neon laser to detect the anti-light intensity of filter paper to detect the production of organic pyrolysis carbon (OPC), eight different carbon components (OC1, OC2, OC3, OC4, OPC, EC1, EC2, and EC2) were obtained. IMPROVE (Interagency Monitoring of Protected Visual Environments) defined OC as OC1 + OC2 + OC3 + OC4 + OCPyro and EC as EC1 + EC2 + EC3-OCPyro. The detection limits were 0.82 (OC), 0.19 (EC), and 0.93 (TC) μg/cm2, and the measuring range was 0.2~750 μg/cm2.




2.2.4. Quality Assurance and Control


The quartz filters were baked at 450 ℃ for 5 h in a muffle furnace before sampling to identify the possible presence of organics. All filters were placed in a clean room (temperature of 25 ± 5 ℃; relative humidity of 50 ± 5%) for 48 h and weighed by a high-precision electronic balance (EX125ZH) with an accuracy of 10 μg before and after sampling. Each filter was weighed twice, with the difference between the two results not exceeding 10 μg for quartz filters and Teflon filters to guarantee the precision of the weighing results. All filters were stored in a freezer at −20 °C before analysis to prevent the loss of volatile components.



In the sample analysis process, the instrument was calibrated with standard gas before and after the sample analysis. Then, one sample was randomly selected from every 10 samples for parallel analysis, and the standard sample was measured twice a week. The recovery rate of the standard sample was 98–102%. Finally, the system blank of the instrument and the blank of the laboratory system were measured every week. The results showed no contamination during sample handling and collection, as assured by the quality assurance and control (QC/QA) procedures.





2.3. Data Processing


2.3.1. Positive Definite Matrix Factorization (PMF) Modeling


The source apportionment of PM2.5 was carried out through the PMF 5.0 model of the U.S. Environmental Protection Agency. PMF is a quantitative receptor source analytical model based on the least square method [31,32]. As one of the most successful receptor models, it divides the sample data into two matrices, namely, the source component spectrum matrix F(k × j) and source contribution matrix G(I × k) [33,34]. The formula can be expressed where    x  i j     is the concentration of the j-th species in the i-th sample,    g  i k     is the contribution of the k-th factor to the i-th sample,    f   k j      is the species fraction of the j-th species from the k-th source, eij is the residue related to the concentration of the j-th species measured in the i-th sample, and P represents the total number of pollution sources.


   x  i j   =   ∑   k = 1  p   g  i k    f   k j    +  e  i j      



(1)







The objective function Q can check the allocation of each species so as to evaluate the accuracy of the model.


  Q =   ∑    l ˙  = 1  n    ∑   j = 1  m         x  i j   −   ∑   k = 1  p   g  i k    f  k j      u  i j        2   



(2)







Among    u  i j     is the uncertainty of the j-th species in the i-th sample.



The uncertainty of data will affect the PMF results, and the measurement uncertainty is the input parameter of the PMF analysis [35]. At the same time, the operation of other auxiliary equations can also be added to make the source allocation operation more reasonable. The auxiliary equation can be applied to the selected solution in the form of constraints, which will rotate the solution and make the results more meaningful. In addition, some non-zero rotations can be introduced into the matrix to improve the rotation stability of the solution [36]. We assume that each sampling site has pollution contributions from similar sources. For example, although the contribution proportion of traffic sources at suburban sites is smaller than that at urban sites, both sites have similar pollution sources. Based on this assumption, we combined the data of three points. Thus, the sample size of the PMF model was increased. After merging the data, the PMF source results may pay more attention to general phenomena rather than special local changes [37].




2.3.2. HYSPLIT4 Model


The HYSPLIT4 model is a professional model jointly developed by the National Oceanic and Atmospheric Administration Air Resources Laboratory and the Australian Bureau of Meteorology in the past 20 years to calculate and analyze the transport and diffusion trajectories of atmospheric pollutants. The model has a relatively complete transport, diffusion, and sedimentation model that can handle multiple meteorological element input fields, multiple physical processes, and different types of pollutant emission sources. This model is widely used in the study of the transmission and diffusion of multiple pollutants in various regions. In this study, the independent version of the backward trajectory model was used, the auxiliary software package was used (GUI; Ghostscript; Image Magick, Landenberg, PA, USA), and the meteorological data were obtained through NCEP (National Centers for Environmental Prediction) and GDAS (Global Data Assimilation System).






3. Results and Analyses


3.1. Characteristics of PM2.5


During the two sampling campaigns, the mass concentrations (from Telfon filters) of PM2.5 ranged from 7.03 μg/m3 to 21.24 μg/m3 in the wet season and from 24.21 μg/m3 to 41.01 μg/m3 in the dry season (Figure 2). The overall concentration of PM2.5 was higher in the dry season than that in the wet season. The concentration on individual days in the dry season was higher than that in the wet season, which may be related to changes in meteorological conditions. The daily concentration levels of PM2.5 were all within Chinese National Ambient Air Quality Standards II (75 μg/m3). In addition, the total average concentration of PM2.5 in the wet season and dry season 23.17 ± 12.31 μg/m3) was lower than Standard II (35.00 μg/m3) (GB3095–2012) and was 1.5 times higher than the annual standard concentration in the USA (15 μg/m3). These values are lower than those of developed cities in the plains of China, such as Beijing and Tianjing [38]. Furthermore, the concentration of PM2.5 in Baoshan was lower than that in some plateau cities, such as Guiyang, Wenshan, and Kunming [30,39,40]. At the same time, it can be seen in Figure 2 that although the air quality in Baoshan was better than that in domestic cities, there is still a certain gap in comparison to foreign cities, such as New York [41]. There were 12 days in the dry season that exceeded the total average concentration, which means that 80.0% of the days in the dry season exceeded the total average concentration, but no matter what day, the concentration in the wet season did not exceed the average. Table 1 list the concentration of components in the PM2.5 of Baoshan. The concentrations of OC and EC are the highest in PM2.5, 9.23 ± 3.28 μg/m3 and 3.03 ± 1.50 μg/m3, respectively, followed by SO42−, Si, Ca2+, NH4+, and NO3−. The concentration of other components in PM2.5 are relatively low.




3.2. Chemical Composition Characteristic of PM2.5


3.2.1. WSIIs Levels


The concentrations of WSIIs were 4.91 ± 0.23 μg/m3 and 6.29 ± 0.34 μg/m3 in the wet season and dry season, respectively. In PM2.5, the concentrations of K+, Ca2+, Mg2+, NH4+, F−, Cl−, NO3−, and SO42− were 0.26, 1.32, 0.12, 0.70, 0.12, 0.17, 0.75, and 1.27 μg/m3 in the wet season and 0.57, 1.02, 0.13, 1.20, 0.11, 0.51, 0.72, and 1.57 μg/m3 in the dry season, respectively. The annual concentration of WSIIs was 5.60 μg/m3 and occupied 22.08% of the total PM2.5. This result indicated that WSIIs were one of the main components of PM2.5. The mass concentrations of sulfate occupied 25.33% of the total WSIIs, followed by Ca2+ (20.85%), NH4+ (17.01%), NO3− (13.09%), K+ (7.48%), Cl− (6.08%), Mg2+ (2.24%), and F− (2.07%). The dominant compounds were secondary inorganic aerosols (SIAs, including NO3−, SO42−, and NH4+), with concentrations accounting for more than 55% of the total WSII mass of PM2.5. The concentrations of WSIIs in Baoshan are shown in Table 2 and compared to other typical cities, such as Kunming [30] and Wenshan [40] on the plateau, and Huanggang [42] and Delhi [43] on the plain. In comparison to other Chinese studies, most of the ionic species identified in the research are found to be on the lower side. Compared with Kunming [30] and Wenshan [40], the concentration of SO42− was lowest, which is consistent with the lagged industrial development of Baoshan. These results show that the WSII concentrations in Baoshan were impacted more by local pollution sources (e.g., biomass burning, agricultural dust, construction dust, etc.) [44].



SIAs were the dominant ions in the PM2.5 component in both the wet season and dry season. The wet season and dry season concentrations of SIAs follow the order SO42− > NH4+ > NO3− (Figure 3). One of the reasons is that industrial production leads to the incomplete combustion of fossil fuels, which increases the emission of the gaseous precursor SO2 [45,46]. Moreover, the geographical structure of urban areas is not favorable to pollutant diffusion in the atmosphere. In the wet season, the proportion of secondary sources in PM2.5 is higher than that in the dry season, which may be due to the high humidity in the wet season would increase the degree of transformation from secondary sources to PM2.5 [47,48]. In addition, NH4+ was the most dominant cation in PM2.5 in the two seasons, and the emission of NH3 originated from the nitrogen fertilizers used in agriculture [49,50]. The observed NO3− levels were related to the synthetic action of various influencing factors, i.e., precursor NOX emissions, complex photochemical and heterogeneous reactions, and the gas–aerosol equilibrium [51,52].



To discuss the relative importance of mobile and stationary sources of SO2 and NOX, the mass concentration ratio of NO3−/SO42− was used as an indicator [53]. The seasonal variation in NO3−/SO42− in PM2.5 ranged from 0.41 to 0.72 and from 0.24 to 0.68 in the wet season and dry season, respectively, with a mean of 0.52 ± 0.15, which shows that SIAs of PM2.5 in Baoshan are mainly affected by stationary sources. The mean of NO3−/SO42− in Baoshan was lower than the values measured in Shanghai (0.94) [54], but higher than that in Qingdao (0.35) [55] and Taiwan (0.20) [56]. However, with the increase of motor vehicles, the contribution of mobile sources in Baoshan will be more important.



Ion balance calculations are frequently used to investigate the acid–base balance of ions in PM2.5. The correlation of CE and AE and the variation in CE/AE in the two seasons were calculated. According to the electroneutrality of solutions, AE must be equal to CE [57]. The correlation coefficient between CE and AE for the wet season (R2 = 0.55) was higher than for the dry season (R2 = 0.51), showing that cations and anions maintained better equilibrium during neutralization in the wet season. The average ratios of CE/AE for the dry season (1.30) were higher than that for the wet season(1.19), which indicates the alkaline aerosols exist in PM2.5 in Baoshan [58,59].




3.2.2. IEs Levels


The concentrations of IEs in PM2.5 in the two seasons are shown in Figure 4. The concentrations of IEs in PM2.5 were 6.52 μg/m3 and 8.46 μg/m3 in the wet season and dry season, respectively. Fourteen main elements, Na, Mg, Al, Si, P, K, Ca, Ti, Fe, Cu, Zn, Sb, Ba, and Pb, account for 99.51% and 99.40% of the total inorganic elements in the wet season and dry season, respectively. The fourteen elements play a key role in estimating emission sources and are associated with human activity (such as industrial processes, residential activities, and traffic patterns).



In the PM2.5 samples, the relatively high concentrations of elements are in the order of Si > Ca > Ti > Fe > Al > K > Mg > Na > Sb > Zn > Pb > P > Cu > Ba (the dry season), and Si > Ca > Al > Fe > Mg > Ti > K > Na > Sb > Cu > Zn > Ba > P > Pb (the wet season).The concentrations of the identified elements of soil dust (Ti, Si, Al, Ca, and Mg) were 3.63 μg/m3 in the wet season and 4.84 μg/m3 in the dry season, which showed that soil dust was an important source of PM2.5. The concentration of Pb was 0.01 μg/m3 in the wet season and 0.04 μg/m3 in the dry season. This may be due to motor vehicle exhaust emissions. The concentrations of K accounted for 2.62% of PM2.5 in the wet season and 6.35% in the dry season, which may be due to biomass burning [60,61,62].




3.2.3. OC and EC Levels


The mean concentrations of OC were 6.65 ± 0.85 μg/m3 and 11.88 ± 2.83 μg/m3 in the wet season and dry season, respectively. The mean EC concentrations were 2.04 ± 0.40 μg/m3 and 4.06 ± 0.83 μg/m3 in the wet season and dry season, respectively (Figure 5). Baoshan is located in the basin valley on the plateau, with wind speeds that are too low to be conducive to pollutant spreading during the two seasons. During the two sampling campaigns, the daily mean value of OC/EC was 2.48–4.16 in the wet season and 2.60–3.34 in the dry season, all of which exceeded 2.0, which indicated that Baoshan experienced secondary organic carbon (SOC) pollution in both seasons. Moreover, OC and EC in Baoshan had a better correlation in the dry season (R = 0.95) than that in the wet season (R = 0.83), which showed that the measured OC and EC were derived from similar sources during the dry season and from complex sources during the wet season. The possible reason for this is that the dry season is affected by the long-distance transmission of biomass combustion sources in Southeast Asia due to climatic conditions.



Since there is no simple and direct calculation method for SOC, this study estimates the content of SOC considering the lowest value of the OC/EC ratio in the two seasons [63,64,65]. The principle of this method is the use of the lowest value of OC/EC rather than that of the OC/EC of the primary pollutant in every season. SOC = TOC, EC × (OC/EC) min, and TOC and EC are the concentrations of OC and EC in PM2.5, respectively [66,67]. The average values of SOC in PM2.5 are 1.58 ± 0.66 μg/m3 and 1.34 ± 1.12 μg/m3 in the wet season and dry season, respectively. The values of SOC/OC in the two seasons are 23.76% and 11.28% in the wet and dry seasons, respectively. The radiation and temperature levels in the dry season were higher than those in the wet season, which represented more favorable photochemical conditions for the formation of SOC in the dry season. However, there was more rain in the wet season in Baoshan, which could limit the formation of SOC. The order of OC, SOC, and SOC/EC was the same pattern as the wet season >dry season, which meant that the impact of radiation and temperature was less than that of rainfall, and rainfall was the main influencing factor and had a greater impact on SOC [68,69].





3.3. Source Apportionment of PM2.5


3.3.1. Factor Profiles Results of PMF


For the PMF model, 87 samples were put into it during the wet and dry seasons. According to the detection limit and signal-to-noise ratio, 16 species were finally retained in the wet season, and 15 species were retained in the dry season. To prevent double mass counting from affecting the results (Ca and Ca2+, K and K+, Na and Na+, Mg, and Mg2+) at the end of the analysis, only Na+, K+, Mg, and Ca were used. Species that were too far below the detection line are excluded. Materials of a similar origin, such as Ti, which is also a crustal element, were excluded. At the same time, the missing data was set as the median concentration, and its uncertainty was four times as high. The uncertainty of the additional modeling was set to 10% to achieve the most stable and physically interpretable solution.



The number of factors implemented in the PMF model ranged from 3–5, and it was found that when the number of factors was 4, the largest factor was the meaningful source of the dry and wet seasons. At the same time, the residuals of most species were between −3 and +3. When the number of factors increases, some species will be split, and the resulting factors are meaningless. The instability of rotation will also increase sharply.



To determine the uncertainty of a particular sample, the formula Sij = DL/3 + c × xij is used. Where Sij = uncertainty, DL = detection limit, C = constant (0.1 if xij > 3 × DL, 0.2 if xij < 3 × DL), and xij = variable [70].



After 20 basic runs, it was found that the lowest Qrobust was 499.3, and the Qrobust/Qtrue ratio was 0.97 during the wet season. During the dry season, the lowest Qrobust was 708.7, and the Qrobust/Qtrue ratio was 0.96. Please note that Qrobust/Qtrue < 2 means that it is generally acceptable [71]. After the application of the constraint, BS, DIS, and BS-DIS runs were conducted for evaluating the model’s solutions. In particular, 100 bootstrap runs were performed for each dataset (default minimum correlation R-value = 0.6), and the results were regarded reliable as >80% of the factors were mapped [72]. For more detailed results of the bootstrap program, please refer to Tables S2 and S3, Figures S1 and S2 in the supplementary file. In this study, Fpeak values between −1.0 and 0.5 (intervals of 0.1) gave convergent results with the minimum Q robust (1169.0), Q true (1191.2) was −0.1 in the wet season. The minimum Q robust (504.5.1), Q true (501.1) was −0.1 in the dry season. By altering the Fpeak value, it was not found to result in substantially better source profiles and contributions. Consequently, default base run results are reported in this paper. Figure 6 and Figure 7 show the PMF results in the wet season and dry season, respectively.



The factor profile results generated by PMF analysis in the wet season are shown in Figure 6. Factor W1 is widely distributed in Zn, Pb, NH4+, NO3−, and SO42−, which is the generation of fossil fuel combustion and secondary inorganic particles [73,74,75,76], among the fossil fuel combustion source, including motor vehicle exhaust and coal combustion. Factor W2 has a large distribution on Cu, representing metal smelting, indicating that Baoshan is affected by copper smelting industries [77], which may come from local areas or Myanmar. The data show that Myanmar is rich in copper resources; Factor W3 is widely distributed on Mg, Al, Si, Ca and Ba, representing road dust source [78]; Factor W4 has a large distribution on Na+ and K+, representing sea salt and biomass combustion [79]. Sea salt may come from the Indian Ocean. No large amount of biomass combustion existed in June in the local area of Baoshan, so there may be a regional transport phenomenon of biomass burning in Baoshan.



The factor profile results generated by PMF analysis in the dry season are shown in Figure 7. Factor D1 has a large distribution of Zn, Pb, NH4+, OC, and EC, representing fossil fuel combustion; Factor D2 represents road dust, which is characterized by a high contribution of Mg, Al, Si, and Ca, which are crustal elements; Factor D3 has a large distribution on Cu, representing the source of copper smelting. Factor D4 is widely distributed in K+, NH4+, NO3−, SO42−, OC, and EC, indicating secondary sources and biomass combustion. It was also found that significant straw burning phenomenon exists in autumn in Baoshan, indicating that it is necessary to limit straw combustion activities to control air pollution [80].



It can be seen that the source analysis results of PM2.5 in Baoshan are approximately the same in the wet season and dry season. The main source of PM2.5 in the urban area of Baoshan came from fossil fuel combustion. It can be seen that motor vehicle exhaust and coal combustion have an important impact on the air quality of Baoshan. Controlling the number of motor vehicles and promoting green travel will help Baoshan to improve the air quality. In addition, it should be noted that the problem of straw burning in autumn in Baoshan needs to be solved, and government departments need to introduce relevant measures to curb the open-air burning of straw.




3.3.2. Relative Contributions from Sources of PM2.5 in Baoshan


As shown in Figure 8a, the source contribution results of atmospheric PM2.5 show that the contribution rate of sources to PM2.5 in the wet season in Baoshan is as follows: fossil fuel combustion and secondary inorganic particles (48.1%) > road dust (31.3%) > biomass combustion and sea salt (14.9%) > metal smelting (5.7%). The contribution rate of fossil fuel combustion and secondary inorganic particles to PM2.5 is 48.1%, which is the largest source of PM2.5 in Baoshan; road dust is 31.3%, which is the second largest source of PM2.5 in Baoshan; biomass combustion and sea salt transportation and metal smelting, account for 14.9% and 5.7%, respectively.



As shown in Figure 8b, in the dry season, the contribution rate of various sources to PM2.5 is as follows: biomass combustion and secondary inorganic particles (44.5%) > fossil fuel combustion (38.6%) > road dust (11.1%) > metal smelting (5.8%). It can be seen that the straw burning in autumn in Baoshan had a great impact on the local air quality.



The PM2.5 sampling sites in Baoshan are less than 100 km away from Myanmar; therefore, it can be speculated that biomass combustion may come from cross-border transmission. There are a lot of copper resources in Myanmar [81], so the smelting of copper may also affect the air quality of Baoshan.




3.3.3. The Long-Range Transport


To better understand the transport of airborne particles from distant sources, the 72 h backward trajectories starting at a height of 1000 m at each sampling site were calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory 4.0 (HYSPLIT4) model with a 6 h period (meteorological data from the Global Data Assimilation System (GDAS)). The height in the article is the height relative to the ground. As there are many mountains in Southwest China and the altitude is high, if the altitude is set too low, the air mass trajectory model transported by the outside can not be well displayed. There were four tracks every day for 14 days, producing 64 tracks in total. In this paper, trajStat follow-up software was used to cluster the trajectory lines. The back trajectories were finally classified into three clusters using TrajStat in this study. Due to the fact that the spatial resolution of the backward trajectory model is not high, the whole Baoshan area could be used as a sampling site (25°10′ N, 99°17′ E) to calculate backward trajectories in the study. The time included the sampling days in June and November 2016. PM concentrations at the air parcel arrival are 7–8 μg/m3 in the wet season. The level was 12–13 μg/m3 in the dry season. It can be seen from Table 3 that the results in both the dry and wet seasons are due to the higher concentration of PM2.5 from the trajectory from the Myanmar area, while the corresponding PM2.5 concentration from the marine area was lower.



As shown in Figure 9, in the wet season, the trajectories are divided into three groups. It can be seen that the three clusters were all in the southwest direction. One of the clusters accounted for 45.56% and came from the Myanmar region. Myanmar is rich in copper resources and frequent straw burning behaviors, which can explain the sources of metal smelting and biomass combustion in factor 4 of PMF in the wet season. Clusters No. 2 and No. 3 are all from the Indian Ocean, explaining the sea salt transport.



As shown in Figure 10, in the dry season, these trajectories mainly come from the west, the junction of Baoshan and Myanmar, and a small part comes from the southwest from Bangladesh and through Myanmar. This explains that the source of PM2.5 in the dry season in Baoshan City mainly comes from local biomass combustion; however, it can not be ruled out that any sources of biomass combustion come from the China and Myanmar border.






4. Conclusions


The mean concentrations of PM2.5 were 12.63 ± 4.75 μg/m3 and 34.45 ± 6.27 μg/m3 in the wet season and dry season. The air quality in Baoshan is better than that in most cities in China. WSIIs and OC were the main components of PM2.5, accounting for 19.87% and 34.43% of PM2.5, respectively. The ratio of NO3−/SO42− implied that the contribution of mobile sources was not significantly different from that of other cities. Fossil fuel combustion and secondary inorganic particles (48.1%), road dust (31.3%), biomass combustion and sea salt (14.9%), and metal smelting (5.7%) are the main sources of PM2.5 in the wet season. Biomass combustion and secondary inorganic particles (44.5%), fossil fuel combustion (38.6%), road dust (11.1%), and metal smelting (5.8%) are the main sources of PM2.5 in the dry season.



The cluster analysis results show that the long-distance migration of air pollutants has a profound impact on the local air quality in Baoshan, especially the air mass from Myanmar.



In this paper, the chemical composition and source characteristics of PM2.5 in a plateau border city were first studied, and the main sources of PM2.5 in Baoshan were resolved. The PMF source analysis model and the HYSPLIT 4 model were used to ensure that the PM2.5 source analysis results were accurate. The results can provide scientific data to support PM2.5 pollution control in local and similar cities. It can be seen that Baoshan needs to control the straw burning in autumn, as well as the emission of motor vehicle exhaust; therefore, the local government needs to take corresponding measures. At the same time, the impact of biomass combustion from Myanmar on air quality in Baoshan can also be found. In addition, Myanmar’s copper smelting may also affect the air quality in Baoshan. The problem of cross-border pollution also needs attention. Research results show that Baoshan’s air quality is affected to a certain extent by Myanmar. This has certain guiding significance for the Chinese government’s international cooperation projects in Southeast Asia.
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Nomenclature




	PM2.5
	Particulate matter with aerodynamic equivalent diameter less than or equal to 2.5 microns in ambient air



	NOx
	Refers to the sum of NO and NO2



	WSIIs
	Water-soluble inorganic ions



	OC
	organic carbon



	EC
	inorganic carbon



	IEs
	inorganic elements



	PMF
	Positive definite matrix factorization



	UV
	Ultraviolet



	BSC
	Baoshan College



	AA
	Athlete apartmentns



	EMS
	Environmental Monitoring Station of Baoshan



	ICP-AES
	inductively coupled plasma-atomic emission spectrometry



	DRI
	Desert Institute



	FID
	lame ion detector



	OPC
	Organic pyrolysis carbon



	IMPROVE
	Interagency Monitoring of Protected Visual Environments



	SIAs
	Secondary inorganic aerosols (including NO3−, SO42− and NH4+)



	CE/AE
	Cation/Anion concentration ratio



	NCEP
	National Centers for Environmental Prediction



	GDAS
	Global Data Assimilation System



	QC/QA
	Quality control and Quality assurance
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Figure 1. Location of the sampling sites in Baoshan, China. 
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Figure 2. The daily mass concentrations of PM2.5 during the sampling. 
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Figure 3. Seasonal variations of SIAs and their ratios in PM2.5 in Baoshan. 
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Figure 4. Mean concentrations of inorganic elements in PM2.5 sampled at Baoshan. 
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Figure 5. Concentrations of OC and EC, the value of OC/EC, and the relevance of OC and EC in PM2.5 during the sampling period. (a) Concentrations of OC and EC in the wet season. (b) Concentrations of OC and EC in the dry season. (c) The value of OC/EC and the relevance of OC and EC in PM2.5 during the wet season sampling period. (d) The value of OC/EC and the relevance of OC and EC in PM2.5 during the dry season sampling period. 
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Figure 6. Factor profiles: division of elements into individual factors, and their characterization from measurements of PM2.5 taken in the wet season in Baoshan. 
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Figure 7. Factor profiles: division of elements into individual factors, and their characterization from measurements of PM2.5 taken in the dry season in Baoshan. 
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Figure 8. (a) Source apportionment of PM2.5 in the wet season. Factor W1: Fossil fuel combustion and secondary inorganic particles; Factor W2: Metal smelting; Factor W3: Road dust; Factor W4: Biomass combustion and sea salt; (b) Source apportionment of PM2.5 in the dry season. Factor D1: Fossil fuel combustion; Factor D2: Road dust; Factor D3: Metal smelting; Factor D4: Biomass combustion and secondary inorganic particles. 
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Figure 9. The mean 72 h backward trajectories of each trajectory cluster during the wet season and the percentage of allocation to each cluster. 
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Figure 10. The mean 72 h backward trajectories of each trajectory cluster during the dry season and the percentage of allocation to each cluster. 
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Table 1. Concentrations of components in PM2.5 (μg/m3).
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	Components
	Wet Season
	Dry Season
	Average





	PM2.5
	12.63 ± 4.75
	34.45 ± 6.27
	23.54 ± 5.51



	Na
	0.12 ± 0.10
	0.16 ± 0.09
	0.14 ± 0.10



	Mg
	0.45 ± 0.29
	0.31 ± 0.16
	0.47 ± 0.23



	Al
	0.87 ± 0.43
	0.60 ± 0.51
	0.74 ± 0.47



	Si
	1.06 ± 0.42
	1.44 ± 0.97
	1.25 ± 0.70



	P
	0.01 ± 0.01
	0.03 ± 0.02
	0.02 ± 0.02



	K
	0.17 ± 0.16
	0.55 ± 0.34
	0.36 ± 0.25



	Ca
	0.93 ± 0.74
	1.00 ± 0.82
	0.97 ± 0.78



	Ti
	0.62 ± 0.45
	0.92 ± 0.67
	0.77 ± 0.56



	Fe
	0.56 ± 0.46
	0.63 ± 0.82
	0.60 ± 0.64



	Cu
	0.06 ± 0.15
	0.01 ± 0.02
	0.04 ± 0.09



	Zn
	0.03 ± 0.03
	0.04 ± 0.03
	0.04 ± 0.04



	Sb
	0.08 ± 0.07
	0.09 ± 0.11
	0.09 ± 0.09



	Ba
	0.02 ± 0.03
	0.01 ± 0.01
	0.02 ± 0.02



	Pb
	0.01 ± 0.01
	0.04 ± 0.07
	0.03 ± 0.04



	Na+
	0.20 ± 0.23
	0.45 ± 0.21
	0.33 ± 0.22



	K+
	0.26 ± 0.24
	0.57 ± 0.23
	0.42 ± 0.24



	Ca2+
	1.32 ± 0.36
	1.02 ± 0.27
	1.17 ± 0.32



	Mg2+
	0.12 ± 0.03
	0.13 ± 0.04
	0.13 ± 0.04



	NH4+
	0.70 ± 0.29
	1.20 ± 0.51
	0.95 ± 0.40



	Cl−
	0.17 ± 0.19
	0.51 ± 0.52
	0.34 ± 0.36



	F−
	0.12 ± 0.10
	0.11 ± 0.06
	0.12 ± 0.08



	SO42−
	1.27 ± 0.57
	1.57 ± 0.77
	1.42 ± 0.67



	NO3−
	0.75 ± 0.10
	0.72 ± 0.43
	0.74 ± 0.27



	OC
	6.58 ± 1.42
	11.88 ± 5.14
	9.23 ± 3.28



	EC
	2.01 ± 1.50
	4.06 ± 1.80
	3.03 ± 1.50







Note: Elements not listed in the table indicate that they are not checked out.
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Table 2. Mean concentrations of WSIIs sampled in Baoshan in 2016 compared with data from other sites (μg/m3).
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	Cities
	Year
	Season
	PM2.5
	Na+
	K+
	Ca2+
	Mg2+
	NH4+
	Cl−
	F−
	SO42−
	NO3−
	Ref.





	Baoshan
	2016
	wet and dry season
	23.17 ± 12.32
	0.33 ± 0.25
	0.42 ± 0.28
	1.17 ± 0.35
	0.13 ± 0.04
	0.95 ± 0.48
	0.34 ± 0.23
	0.19 ± 0.07
	1.42 ± 0.69
	0.73 ± 0.31
	this study



	Kunming
	2013
	spring
	-
	-
	0.77
	2.83
	0.30
	0.52
	0.72
	0.54
	9.72
	0.51
	[30]



	Wenshan
	2014
	spring, autumn
	44.85 ± 10.99
	-
	0.63 ± 0.24
	1.04 ± 0.50
	0.07 ± 0.02
	2.81 ± 1.16
	0.31 ± 0.19
	0.19 ± 0.07
	1.42 ± 0.69
	0.73 ± 0.31
	[39]



	Huanggang
	2018
	winter
	110.40 ± 45.9
	1.10 ± 0.50
	0.20 ± 0.10
	0.60 ± 0.30
	0.90 ± 0.30
	13.0 ± 6.90
	2.70 ± 1.20
	0.04 ± 0.02
	15.0 ± 7.30
	30.8 ± 15.7
	[41]



	Delhi
	2013
	four seasons
	125.50 ± 77.20
	4.51 ± 1.62
	4.94 ± 1.92
	-
	-
	10.86 ± 8.37
	7.30 ± 4.82
	1.05 ± 0.57
	13.06 ± 5.95
	10.77 ± 8.17
	[42]







Note: “-” means that there is no such data in the references.
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Table 3. The level of the PM concentrations at the air parcel arrival (μg/m3).
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Wet Season

	
Dry Season




	
Cluster of Trajectories

	
Frequency of Occurrence

	
PM2.5

(μg/m3)

	
Cluster of Trajectories

	
Frequency of Occurrence

	
PM2.5

(μg/m3)






	
1

	
45.00%

	
8.65

	
1

	
38.61%

	
13.55




	
2

	
18.33%

	
8.23

	
2

	
2.50%

	
12.33




	
3

	
36.67%

	
7.00

	
3

	
58.89%

	
12.77
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