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Abstract

:

To explore the contributions of chemical components in the particulate matter in Lhasa, the size distribution characteristics of the chemical components, such as carbonaceous species (organic carbon, OC; elemental carbon, EC), water-soluble ions (NH4+, Cl−, SO42−, and NO3−) and trace elements (Na, Ca, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, K, Mg, and Pb), were investigated from August 2018 to May 2019. Principal component analysis (PCA) was also used to simulate the source of the particulate matter. The chemical components showed bimodal size distributions, except for Cu. The highest mass concentration of OC appeared at < 0.49 μm, and the second highest one existed at 1.5–3.0 μm in winter or at 3.0–7.2 μm in other seasons. The maximum concentrations of NH4+, Cl−, SO42−, and NO3− were at < 0.49 μm and peaked at 0.95–1.5 μm or > 3.0 μm. For seasonality, the concentrations of NO3− and SO42− were considerably higher in summer and autumn; trace elements (except for Cu, Zn, V, and Ni), OC, and EC presented higher values during late autumn and winter. The ratio between OC and EC (4.15–33.80) indicated the existence of secondary pollution in Lhasa. The [NO3−]–[SO42−] ratios during summer and autumn exceeding 1 suggested that the currently predominant vehicle exhaust made a greater contribution to the aerosols. According to the results of a PCA, the main pollution sources of particulate matter in Lhasa were suspended dust, biomass burning, fossil fuel combustion, secondary pollution, and vehicular emissions.
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1. Introduction


Atmospheric particulate matter (PM) is a complex mixture of solid and liquid particles in the atmosphere. These complex mixtures have significant effects on human health, global climate change, and air quality. Those effects are closely related to their size distribution [1,2,3]. Element carbon (EC) severely impacts visibility and aggravates climate change [4], while organic carbon (OC) contains large amounts of toxic organic pollutants and heavy metals [5]. In addition to carbonaceous aerosols, inorganic species, which are predominantly in the forms of sulfate, ammonium, nitrate, and other basic ions [6,7], comprise 20–60% of the aerosol mass. Trace elements (TEs) make up a small proportion of PM but are significant owing to their toxicity [8,9].



Lhasa, the metropolis of the Tibet Autonomous Region, is in the Tibetan Plateau (TP) and has a unique atmospheric environment impacted by low vegetation coverage and high altitude [10,11]. Except for natural conditions, occasional industrial activities, massive religious activities (e.g., burning juniper) [8,9,12], and a special energy structure (e.g., burning yak dung) [13,14] differentiate the chemical and physical properties of aerosols among cities all over the world. Furthermore, Lhasa is suffering from a dramatic urbanization process with increasing motor vehicles and inflowing tourists [12,13,15,16]. Therefore, it has drawn scientific attention and public concerns. One study [12] revealed the concentrations of trace elements and lead isotopes. Unexpectedly high levels of glyoxal and methylglyoxal were observed in Lhasa [17]. However, the information on the size distribution and seasonal/temporal variations in concentrations of trace elements (PM) in Lhasa is sparse.



In addition to the unique environment atmosphere in Lhasa, many studies [17,18,19,20,21] have discussed whether Lhasa’s air pollution could be a pollutant source of TP. The trend in Lhasa differs greatly from those observed by a rapid increase of the Hg trend in the remote areas of the Tibetan Plateau [15]. Chen et al. [22] revealed the EFs of yak dung combustion aerosols and OC/BC values, suggesting that not all the BC of Nam Co was transported from South Asia. Size-segregated atmosphere PM sampling and analysis in TP cities are especially important in this regard. This kind of work could illuminate the characteristics of local emissions inside the TP, which are apparently meaningful for distinguishing the relative contributions from local vs. long-range transport [23].



In this study, the size-segregated atmosphere PM samples were collected in Lhasa. The concentrations and size distributions of OC, EC, water-soluble ions (WSIs), and TEs were determined. The principal component analysis (PCA) performed for the assessed chemical components (OC, EC, WSIs, and TEs) was used to identify the potential sources of atmospheric particulate matter and to provide an essential database for pollution source identification and environmental governance in TP.




2. Material and Methods


2.1. Sampling Sites and Samples Collection


Size-segregated particulate matter samples were collected on the rooftop, 18 m above ground level of the Tibet Meteorological Bureau (29°39′ N, 91°08′ E, 3679 m a.s.l.). The Bureau is in a commercial sector of Lhasa characterized by relatively high traffic. It is surrounded by residential buildings, schools, hospitals, passenger stations, and temples. The Potala Palace, Ramoche Temple, and other famous tourist attractions were on the south of the sampling site. Regarding industrial emission sources, a coal-fueled power plant and several cement plants were in the proximity of the sampling site (shown in Figure 1).



The samples were collected by a 5-stage high volume cascade impactor (Model 235, STAPLEX, New York, NY, USA). The flow rate of the instrument was calibrated to around 1.13 m3·min−1 before sampling. The equivalent aerodynamic cutoff diameters (Dp) of each stage were 0.49, 0.95, 1.5, 3.0, and 7.2 μm, respectively. In this study, the diameter of 3.0 μm was defined as the cutting point to distinguish fine particles from coarse particles. PM3.0 corresponded to stages 1–4 (Dp = 0–3.0 μm) and PM3-10 corresponded to stages 4–5 (Dp = 3.0–10 μm). The specific sampling time is shown in Figure A1. The sampling duration of each set sample was 144 h. Eventually, 96 size-segregated samples (16 sets) were successfully obtained. Figure A1 shows the sampling time and meteorological conditions.




2.2. Analytical Methods


The quartz fiber filters were heated in a muffle furnace at 800 °C for 4 h. Put quartz fiber filters in a dryer (temperature: 25 ± 0.5 °C; relative humidity: 40% ± 2%) for 48 h before weighing. After sampling, the samples were put in the same environment for 48 h. Filters were stood in the same conditions and weighed via a microbalance with sensitivity ± 0.01 Mg, to calculate the quality difference of the fiber filters before and after sampling. Subsequently, the samples were kept in a freezer (−20 °C) for analysis.



The sample filters with an area of 0.5025 cm2 were cut and analyzed by Thermal/Optical Carbon Analyzer (DRI Model 2001A, Desert Research Institute, US) for OC and EC concentrations [24]. In this study, the IMPROVE_A temperature protocol heating program [22] was used. The bake program ran daily for removing the remaining impurities in the instrument cavity; the peak area was calibrated with the standard mixture of CH4/CO2 was passed into the Thermal/Optical Carbon Analyzer; the test was repeated for every 10 samples; and the results had a standard deviation of less than 5%.



A certain area of the sample filters was cut and extracted in 15 mL of ultrapure water (resistance: 18.2 MΩ-cm) by using ultrasonic vibration for 30 min [25]. After centrifugation, it was left to settle for 30 min. About 10 mL of the supernatant was filtered using nylon membrane filters (size: 0.22 μm), and then the extracted sample was stored in polypropylene sample bottles. The concentrations of inorganic ions (NH4+, Cl−, SO42−, and NO3−) were determined by using an ion chromatograph (ICS-2100, DIONEX, US).



Sample filters were placed in a PTFE (polytetrafluoroethylene) vessel digested with 6 mL HNO3 (67%), 2 mL HCl (38%), and 0.4 mL HF (40%) at 150 °C for 3 h. After cooling, transfer the digestive solution to a volumetric flask and dilute it to 100 mL with ultrapure water. The elemental composition (Na, Ca, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, K, Mg, and Pb) was determined by using inductively coupled plasma mass spectrometry (X series 1 ICP–MS, US Thermo Fisher Company, Waltham, MA, US). Note that the levels of 4 species (U, Th, As, and Cd) in more than half of the size-segregated samples were lower than the detection limit of the ICP–MS [26].




2.3. Principal Component Analysis


Principal component analysis (PCA) is a multivariate statistical approach that is commonly used in environmental research. In this paper, PCA was performed for PM3.0 and PM3-10 data to identify possible sources in Lhasa. By assuming a linear relationship between the total mass concentration and the contributions of each species, the PCA factorized the data in numerous steps [27]. The PCA model is expressed as


   Z  i j   =    C  i j   −   C ¯  j     σ j    =   ∑   k = 1  p   g  i k    h  k j    



(1)




where i = 1, …, n samples; j replaces the concentrations of the OC, EC, Na, Ca, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, K, Mg, Pb, NH4+, Cl−, SO42−, and NO3− of the samples in the present study; k = 1, …, p pollution sources;    g  i k     and are the factor loadings and the factor sources; and     C ¯  j    and    σ j    are the arithmetic mean concentration and the standard deviation, respectively. This equation is solved by eigenvector decomposition.





3. Results and Discussion


3.1. PM and Carbon Fractions


3.1.1. Size Distribution and Temporal Variations


The size distribution of the atmospheric PM concentration in each season during the sampling period was shown (Figure 2). It exhibited typical bimodal distributions, with maxima (<0.49 μm) and smaller peaks (>7.2 μm) accounting for 51% and 21%, respectively. We suggested the high proportion of PM0.49 because of the massive biomass burning (e.g., burning juniper and cow dung) and fossil fuel combustion in Lhasa [8]. The construction fugitive dust, suspended dust derived from the dry riverbed, and cement plant dust (Figure 1) were the main contributors to >7.2 μm [28,29]. The atmospheric PM concentration in different seasons varies greatly, with a descending order of winter > autumn > spring > summer, suggesting the worst air quality in winter. The meteorological conditions in winter were cold, and the central heating formed a stable thermal inversion layer [30], which weakened the potential for the dilution and diffusion of pollutants in the atmosphere.



The size distribution of OC (Figure 2c) throughout the year appeared to have a relatively stable bimodal distribution. The highest level of OC mass concentration appeared at <0.49 μm; the second highest one existed in the PM, with the size ranging from 1.5 to 3.0 μm (winter) and 3.0 to 7.2 μm (except winter). We deduced that biomass burning (e.g., burning juniper and cow dung) generated a high concentration of OC at 0.49 μm [29]. One of the reasons for the OC peak at 3.0–7.2 μm is that suspended dust adsorbs some gases in volatile and semi-volatile compounds, and acts as a carrier for carbonaceous components. In addition, biological aerosols (e.g., pollen, micro-organisms, biological decay, and viruses) [31] and industry dust are others reasons for the OC concentration peak. The common contribution of multiple pollution sources corresponded to the OC−EC ratio at 3.0–7.2 μm for 0.51 in the following. Yan et al. [21] found that wet deposition rates of BC and WIOC peaked in summer and were affected mainly by the precipitation amount and emission strength of carbonaceous matter. The weak wet deposition effect [32] caused by the low relative humidity (21.21%) and precipitation (0.08 mm) in winter may be the reason why the second peak appears at 0.95–1.5 μm. Combined with the OC−EC ratio, we hypothesized that it resulted from incomplete combustion.



EC comes mainly from primary pollution sources such as vehicle exhaust, the incomplete combustion of coal, and biomass [16,33], which are basically smaller than 0.2 μm. Therefore, EC was distributed mainly in the PM smaller than 0.49 μm.




3.1.2. Secondary Aerosol Analysis


OC is divided into two parts: primary organic carbon (POC) and secondary organic carbon (SOC). The correlation of OC with EC can be used to judge the consistencies between the sources [34,35]. The strong correlation between OC and EC indicates a proximity to the sources. A strong correlation was obtained between OC and EC at 0.95–1.5 μm for 0.82, while poor correlations were obtained between OC and EC at < 0.49 μm, 0.49−0.95 μm, and 3.0–7.2 μm, indicating that OC has other sources, in addition to combustion sources, such as biological emissions, gas-particle conversion organic matter, etc. [36].



The ratio of OC to EC is an important diagnostic indicator to demonstrate emission sources, secondary organic aerosol (SOA) formation, and different removal rates [37]. When the ratio of OC to EC exceeds 2, it indicates the formation of SOC. The larger the OC−EC ratios, the higher the concentration of SOC [25,38]. The characteristic ranges of OC−EC rations for motor vehicle exhaust (1.0–4.2) [39], coal burning (2.5–10.5) [40], biomass combustion (3.8–13.2 and 16.8–40.0) [41], cater emissions (32.9–81.6) [42], and suspended dust (13.1) [43] were given in the previous studies. The OC−EC ratios are greater than 2, indicating secondary pollution formation in Lhasa, as shown in Figure 3. In comparison with the other studies, the OC−EC ratios in Lhasa and Shanghai [44] are relatively consistent, at < 0.49 μm, 0.49–0.95 μm, and 0.95–1.5 μm (Figure 4).



However, even though the OC−EC ratios in Shanghai and Lhasa are similar, it is impossible to identify whether their sources are consistent, because of complex factors. The OC−EC ratios were around 7 in Shanghai at 3.0–7.2 μm and >7.2 μm, while they appeared at a higher ratio at >7.2 μm in Lhasa. This difference may be due to the stronger solar radiation over TP, which causes more SOC to be generated through photochemical reactions [45]. Aerosol-absorbing gas species and biogenic aerosols [46] increase OC concentrations. The lower contribution from EC and high contribution from secondary sources to OC result in higher OC−EC ratios at 3.0–7.2 μm and >7.2 μm in Lhasa [16].





3.2. Water-Soluble Ions


3.2.1. Size Distribution and Temporal Variations


NH4+, Cl−, SO42−, and NO3− were the main water-soluble ions in PM in Lhasa [47]. Moreover, sulfates and nitrates in the atmosphere are more likely to come from the secondary conversion process [48], and we deduced stronger solar radiation causing more secondary pollution in Lhasa. The size distribution and seasonal variation of WSIs in Lhasa are shown in Figure 5. NH4+, Cl−, SO42−, and NO3− exhibited bimodal distributions: the concentration reached its maximum at <0.49 μm and peaked at 0.95−1.5 μm or >3.0 μm.



In addition to those in spring, the concentrations of SO42− in the other three seasons were similar (<0.49 μm). The peaks of SO42− concentration observed at < 0.49 μm may be due to coal-fired power plant emissions and the combustion of volatile sulfides in cement production [25] around the sampling point. A previous study in India showed that biomass burning could emit a wide variety of Cl− [49]. In addition, cow dung is used for heating in winter, which emitted mainly OC, S, NH4+, and Cl− [29]. Therefore, we deduced the concentration of NH4+ and Cl− to reach the maximum in winter at 1.5−3 μm. Significantly, the concentration of SO42− exhibited the peak at 3.0−7.2 μm or > 7.2μm (except summer), which may be due to excess soil dust from sparse vegetation and dried-up bed in the dry seasons. The concentrations of Cl−, NH4+, and SO42− exhibited maxima in winter with a size of <0.49 μm. In contrast, theNO3− concentration exhibited its maximum in autumn and its peak in summer because of the main tourist seasons in Lhasa [12]. The increase of vehicle exhaust emissions is the most likely reason. Furthermore, NH4NO3 can be easily transformed into gaseous nitric acid, which could undergo a heterogeneous reaction in coarse particles [50,51]. However, the concentration of NO3− in summer was higher than in other seasons, except for the PM smaller than 0.49 μm.




3.2.2. [NO3−]–[SO42−]


The [NO3−]−[SO42−] ratios in PM with different sizes in different seasons are given in Figure 6. It can be used to qualitatively compare the contribution of mobile and stationary sources to pollutants [52,53,54]. The larger the ratio, the greater the influence of mobile sources, such as vehicle exhaust. We found that the [NO3−]−[SO42−] ratio was higher than 1 at <0.49 μm and decreased with the increase of particle size in autumn. The [NO3−]− [SO42−] ratio was higher than 1 (except > 7.2 μm), and the reason for the high concentration of NO3− in the summer was mentioned above. Furthermore, the [NO3−]−[SO42−] ratio was lower than 1 in winter and spring (except 0.49–0.95 μm). The results suggested that in winter and spring, stationary sources contributed more pollutants than mobile sources.





3.3. Trace Elements


3.3.1. Trace Elements in Total Suspended Dust (TSP)


Among PM, Ca, Na, Al, Mg, K, and Fe were important crustal elements enriched in suspended dust [55]. Furthermore, the abundance of K was derived from biomass burning (existing as K2SO4 and KNO3) [56]. Trace elements such as Cr, Cu, Cd, Mn, Ni, Zn, Pb, etc. with low concentrations had acute toxic and mutagenic effects on human health. Different regions and pollution sources led to regional differences in the size distributions and concentration of TEs in PM.



In this study, among the 14 trace elements, Al (1.86 ± 0.6 μg/m3, 32.8%) was the most abundant species, followed by Fe (1.21 ± 0.4 μg/m3, 21.3%), Ca (1.06 ± 0.35 μg/m3, 18.8%), K (0.7 ± 0.4 μg/m3, 12.4%), Na (0.35 ± 0.13 μg/m3 6.3%), Mg (0.218 ± 0.07 μg/m3, 3.8%), and Cu (0.21 ± 0.07 μg/m3, 3.7%) in total metal concentration in TSP (Figure 7). These seven metal species constituted 99% of the total metal concentrations, whereas the other seven metal species constituted 1% of the metal concentration in TSP. The concentrations of As and Cd were close to zero; the concentrations of V and Cr were also negligible, which indicated that the heavy industry [57,58,59] was underdeveloped in Lhasa and that no smelter, boiler plant, or other production activities were near the sampling point.



Compared with other cities in China (Table A1), the mass concentrations of Mg, K, Mn, Cr, Ni, and Zn in PM3 were lower than the representative locations of Sichuan, Beijing−Tianjin−Hebei region, the Yangtze River Delta, and northern industrial city−Chifeng in China. The mass concentrations of Al, Fe, and Ca were higher than those of Chifeng, Chengdu, and Chongqing and lower than the Beijing−Tianjin−Hebei region and the Jiangsu, Zhejiang, and Shanghai regions. Cu here was much higher than the amounts of Cu in other regions.




3.3.2. Size Distribution and Temporal Variations


Except for Co and Cr, the 12 trace elements were considered to be significant in this study, as shown in Figure 8. Na, Al, Mg, and K exhibited typical bimodal distributions with similar seasonal variations. These species exhibited maximal concentrations at <0.49 μm (in winter and spring) and >7.2 μm in summer (Figure 8). We inferred that the abundance of K smaller than <0.49 μm is from the biomass burning with wood and cow dung for heating [60,61]. Moreover, suspended soil contributed more in summer compared with biomass burning, where Na, Al, Mg, and K were important crustal elements [62].



Ca was a crustal element that came mainly from suspended dust, road dust, and building construction [29,63]. The mass distribution concentration of Ca was obtained from Figure 8f, which has two characteristics: (1) the highest peak was at >7.2 μm; (2) the concentration of Ca was similar in the four seasons at <0.49 μm, while it was higher in summer and autumn than in spring and winter at >7.2 μm. The reason for these two characteristics was that Ca originated mainly from coarse particles. In addition, the main source of Ca, construction dust, contributed the least in winter and spring thanks to the bad weather conditions. In contrast, in summer and autumn, the remarkable correlations for Ca-Fe in coarse particles in winter and spring confirmed the above conclusion (Figure 9).



The element Fe included both anthropogenic sources, such as mining dust and construction building, and natural sources, such as barely Fe-rich soil [64]. It was observed that the mass distribution concentration of Fe presented two peaks, at< 0.49 μm and >7.2 μm. However, the changes during the seasons were slightly different. Apart from the effects of anthropogenic sources, climatic conditions such as low relative humidity and no rainfall (except summer) were beneficial for resuspended dust and soils [65,66].



The mass distribution of Cu showed no obvious seasonal variation. The elevated Cu in winter might have been related to the more frequent occurrences of unfavorable dispersion conditions in cold periods [67]. The concentrations of As and Cd in PM in Lhasa were 0, which indicated that Cu did not originate from mineral smelting; meanwhile, when the sampling site was in the center of Lhasa with heavy traffic, Cu may have originated from the wear products of brake pads [68]. In addition, Tibet had many minerals for which suspended dust was an important contributor.



V and Ni were the two most abundant elements in petroleum that [69,70] related to the combustion emission of automobile fuel. Ni showed a higher concentration at < 0.49 μm in the autumn and summer (Figure 8), which was consistent with the seasonal variation of NO3− (Figure 5). V showed the highest concentration at all size distributions in spring, suggesting another source (except automobile exhaust) that we were not sure about.



Compared with Ni and V, Zn showed distinct seasonal patterns, suggesting more-complex sources [71,72,73]. It is observed that the mass distribution concentration of Zn presented two peaks, at 0.49 μm and > 7.2 μm. In addition, coal combustion may have been the reason for the high mass concentration of Pb in autumn and winter [74]. Previous studies [29] have shown that V, Ni, and Mn originated mainly from suspended dust, in Lhasa. Although we deduced the same source of these elements in coarse particles, the seasonal variation of their mass concentrations was higher in autumn and winter than in summer, at >7.2 μm.





3.4. Source Apportionment of PM in Lhasa


To understand and identify the possible sources of PM in Lhasa, PCA was performed for chemical constituents of PM3.0 and PM3.0-10 (OC, EC, Na, Ca, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, K, Mg, Pb, SO42−, NO3−, NH4+, and Cl−) by the varimax-rotated factor matrix method of the SPSS statistics viewer.



Table 1 summarizes the output of PCA for PM3.0 data for Lhasa. The factor 1 source was identified, where the high loading of OC, EC, Pb, Mn, Ni, and Cu contributed to biomass burning and fossil fuel combustion with 37.31% variance. The high loading of OC and EC can be found in combustion emissions [75]. PC2 contained loading of Mg, Al, Ca, and V, which indicated the major contribution of suspended dust, as these also were crustal elements in fine particles [76]. PC3 was characterized by high ammonium, sulfate, and nitrate that could be identified as a mixture of secondary sulfate and secondary nitrate. Moreover, secondary sulfate and nitrate were divided into different principal components by factor methods, in some research. With 7.49% of the variance, PC4 contained only the high loading of Na and Co, whose sources were difficult to identify from the current data.



Extraction method—principal component analysis; rotation method—varimax, eigenvalues > 1.0



The five factors in PM3-10 were extracted as principal components, which accounted for 81.95% of the total variance. Source 1 was interpreted as suspended dust because of the high factor loadings for crustal elements, e.g., Al, Si, Ca, Fe, and Mg, in the PCA results [77]. PC2 was explained by vehicular emissions given that Cu, Ni and Zn were enriched with 16.5% of the variance [68]. The study showed that Zn and Cu were found in brake-wear emissions and some tailpipe emissions. Moreover, brake-wear particles were distributed in the entire size range larger than 1 μm, and more than 75% of particles were found in the coarse mode [72]. High factor loadings (PC3) for SO42−, NO3−, and Cl− were probably attributed to secondary aerosols. PC4 and PC5 may have been a mixture of coal combustion and biomass burning because of the high level of K, Ni, and OC, and a high level of K was found, indicating that biomass burning was occurring [78].





4. Conclusions


Understanding the contributions of chemical composition in Lhasa is crucial because of its distinctive geographical conditions and energy consumption structure. The characterization of OC, EC, WSIs, and TEs in the size-segregated aerosols in Lhasa was presented on the basis of a one-year sampling. Our major conclusions are listed below:



(1) Except for Cu, the size distributions of all the components were bimodal or multimodal. The highest level of OC mass concentration appeared at <0.49 μm, and the second highest one existed at 1.5–3.0 μm (winter) or 3.0–7.2 μm (except winter). EC was distributed mainly in the PM smaller than 0.49 μm. The ratio between OC and EC (4.15–33.80) indicated the existence of secondary pollution. The concentrations of NH4+, Cl−, SO42−, and NO3− reached their maxima at <0.49 μm and peaked at 0.95−1.5 μm or >3.0 μm.



(2) For seasonality, the concentrations of NO3− and SO42− were considerably higher in summer and autumn; metal elements (except for Cu, Zn, V, and Ni), OC, and EC presented higher values during late autumn and winter. [NO3−]–[SO42−] ratios during summer and autumn exceeding 1 indicated that the currently predominant vehicle exhaust accounted for a greater contribution to the aerosols.



(3) In descending order of concentrations, Al, Fe, Ca, K, Na, Mg, and Cu were the seven trace elements that constituted 99% of TSP, whereas the other seven metal species constituted 1% of TSP. The concentrations of As and Cd were close to zero.



(4) A principal component analysis (PCA) was performed, which showed that the main pollution sources of PM3.0 in Lhasa were biomass burning and fossil fuel combustion (37.31%), suspended dust (19.38%), and secondary pollution (16.41%). Suspended dust (29.6%), vehicular emissions (16.5%), secondary pollution (15.62%), biomass burning (1.66%), and coal combustion (9.57%) were the main contributors to PM3-10 in Lhasa.
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Figure A1. The characteristics of the meteorological parameters in Lhasa Station during sampling. 
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Table A1. Comparison of the mass concentrations of TEs (PM3) with other cities in China.
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Location

	
Periods

	
Mg

	
Al

	
K

	
Ca

	
Ti

	
V

	
Cr

	
Mn

	
Ni

	
Cu

	
Zn

	
Pb

	
Fe

	
Reference




	

	

	

	

	

	

	

	

	
(ng·m−3)

	

	

	

	

	

	

	






	
Lhasa

	
2018–2019

	
122.8

	
1057

	
425.1

	
551.5

	
40.02

	
3.278

	
1.047

	
8.66

	
0.02

	
125.73

	
5.19

	
4.08

	
682

	




	
Chifeng

	
2016–2017

	
168.9

	
547.3

	
1012

	
454.3

	
26.9

	
1.8

	
2.4

	
16.6

	
1.2

	
16.5

	
83.7

	
51

	
390

	
[79]




	
Chengdu

	
2014–2015

	
---

	
281

	
720

	
240

	
32.5

	
1.9

	
5.6

	
33.8

	
2.1

	
18.7

	
238

	
55.4

	
456

	
[80]




	
Beijing

	
2009–2010

	
600

	
970

	
1730

	
2420

	
40

	
3.3

	
19.9

	
72.6

	
7.5

	
44.3

	
113

	
50.4

	
586

	




	
Tianjin

	

	
700

	
1170

	
2150

	
3280

	
40

	
4.9

	
13.4

	
102

	
7.3

	
138

	
324

	
142

	
1490

	
[65]




	
Nanjing

	
2013–2014

	
209

	
705

	
---

	
1520

	
---

	
9.88

	
13.2

	
---

	
9.3

	
24.7

	
746

	
220

	
2020

	




	
Shanghai

	

	
298

	
922

	
---

	
1930

	
---

	
16.5

	
16.9

	
---

	
14.9

	
24.2

	
677

	
298

	
1840

	
[81]
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Figure 1. Location map of the sampling site (29°38′ N, 91°38′ E, 3679 m a.s.l.). 
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Figure 2. Concentration size distribution during different seasons: (a) proportion; (b) PM; (c) OC; and (d) EC. ((green line—spring, red line—summer, pink line—autumn and blue line—winter). 
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Figure 3. Correlation of OC and EC with particulate size in Lhasa (a–f). 
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Figure 4. Comparison of OC−EC ratios of different particle sizes between Lhasa and Shanghai. 
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Figure 5. Concentration size distribution for WSIs during different seasons (a–d). 
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Figure 6. Size distribution of [NO3−]−[SO42−] ratio during different seasons. 
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Figure 7. Proportion for the mass concentration of trace elements in PM in Lhasa. 
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Figure 8. Concentration size distribution of trace elements during different seasons (a–l). 
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Figure 9. The correlation of Ca and Fe concentration (PM3-10) during different seasons: (a) spring and winter; (b) summer and autumn;. 
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Table 1. PCA for TEs, WSIs, OC, and EC in PM3 and PM3-10.
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Component

	
PM3

	
PM3-10




	
PC1

	
PC2

	
PC3

	
PC4

	
PC1

	
PC2

	
PC3

	
PC4

	
PC5






	
Na

	

	

	

	
−0.83

	
0.95

	
0.15

	
0.16

	

	
0.11




	
Mg

	
0.79

	
0.55

	

	

	
0.89

	
0.22

	
0.32

	

	




	
Al

	
0.88

	
0.45

	

	

	
0.89

	
0.31

	
0.16

	
0.19

	
0.13




	
Ca

	
0.64

	
0.64

	
0.18

	
0.11

	
0.89

	

	
0.24

	

	




	
K

	
0.46

	
0.81

	
−0.13

	

	
0.88

	
0.12

	
0.11

	
−0.11

	
−0.15




	
V

	

	
0.84

	

	

	
0.84

	
0.28

	
0.16

	

	
0.27




	
Cr

	
0.44
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