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Abstract

:

In this paper, we intensively collected atmospheric particulate matter (PM) with different diameters (size ranges: <0.49, 0.49–0.95, 0.95–1.5, 1.5–3.0, 3.0–7.2, and >7.2 μm) in Lhasa during the monsoon and non-monsoon seasons. The results clearly showed that the concentrations of PM, organic carbon (OC), elemental carbon (EC), and water-soluble organic carbon (WSOC) during the non-monsoon season were much higher than the concentrations during the monsoon season. During the monsoon season, a bimodal size distribution of the OC and WSOC, which were at <0.49 μm and >7.2 μm, respectively, and a unimodal size distribution at <0.49 μm for the EC were observed. However, during the non-monsoon season, there was a trimodal size distribution of the OC and WSOC (<0.49 μm, 1.5–3.0 μm, and >7.2 μm), and a unimodal size distribution of the EC (<0.49 μm). Possible sources of the carbonaceous components were revealed by combining the particle size distribution and the correlation analysis. OC, EC, and WSOC were likely from the photochemical transformation of biogenic and anthropogenic VOC, and the incomplete combustion of biomass burning and fossil fuels at <0.49 μm, whilst they were also likely to be from various types of dust and biogenic aerosols at >7.2 μm. OC and WSOC at 1.5–3.0 μm were likely to have been from the burning of yak dung and photochemical formation. The above results may draw attention in the public and scientific communities to the issues of air quality in the Tibetan Plateau.
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1. Introduction


Lhasa, surrounded by high mountains, is located in the east–west valley of the southern Tibetan Plateau (TP). As a highland city, the air pollution in Lhasa has the following unique characteristics [1,2,3]. The number of motor vehicles has increased rapidly (National Bureau of Statistics, NBS), while the tail gas emissions have also increased. First, urban residents mainly use gas and electricity for heating, with a low rate of coal utilization. Furthermore, in rural areas, more yak dung was used [4]. The pollution sources from residents mainly include cooking fuel, oil smoke, heating, and the burning of cypress branches and butter lamps day and night by local temples. Second, Lhasa has a fragile ecosystem and low vegetation coverage [5], indicating a poor capacity to absorb gaseous pollutants. Weather conditions with less rain and more wind easily produce a large amount of dust [6]. Therefore, the low vegetation coverage and a large amount of dust caused by the strong winds may render the atmosphere of Lhasa worse. Third, in terms of meteorological conditions, Lhasa is located on a plateau with a low oxygen content in the air (60–70% of normal conditions), which leads to a large difference in the combustion of fossil fuels and biofuels between Lhasa and the inland area [7,8,9,10]. At the same time, due to special climatic conditions (such as strong solar radiation) and different energy consumption structures (such as burning of yak dung and cypress branches), the chemical and physical properties of aerosols in Lhasa may be different compared to other cities in China.



Carbonaceous components (total carbon, TC) are one of the most important components of atmospheric aerosols, which are composed of elemental carbon (EC), organic carbon (OC), and carbonate carbon (CC) [11,12]. In general weather conditions, especially in areas far away from desert sources, CC accounts for a small proportion of the acidic atmospheric components, typically less than 5% [13,14,15]. Therefore, carbonaceous components are usually concentrated in two major components, being the OC and EC. Water-soluble organic carbon (WSOC) accounts for most of the organic aerosols (OA) in atmospheric particulates, which accounts for approximately 10% to 80% of OC in the aerosols of most areas [16,17,18,19]. Owing to its absorbency, EC is an important contributor to global warming in addition to carbon dioxide emissions [20]. In addition, as more EC is deposited in glaciers, it may accelerate glacier melting [20,21,22]. OC is traditionally thought to be light-scattering. However, recent studies have shown that the light in the short wavelength range can be absorbed by most of OC in the aerosols, which can be defined as brown carbon (BrC) [23,24]. BrC can result from many primary sources, such as biomass burning [25,26], fossil fuel burning [27], biogenic aerosols, and soil humic matters [28]. Moreover, BrC can also be from anthropogenic or biogenic secondary sources [29,30]. Only 10% to 20% of WSOC is analyzed at the molecular level, which consists of a series of chemicals [16,31]. Recent reports indicate that water-soluble humic like substances (HULIS) are the main components of WSOC, and they have strong light absorption characteristics [32,33]. In addition to directly affecting the Earth’s climatic system by scattering and absorbing solar radiation, WSOC can also change the climate indirectly by affecting cloud formation and cloud properties, such as the cloud albedo [34], or the lifetime of clouds [24,35].



Incomplete combustion of biomass and fossil fuels is the most important source of EC [21,36]. Except for the same primary sources, OC and WSOC also have different origins, that is, a series of chemical reactions of volatile organic compounds (VOCs) during transport and biogenic emissions [16,37,38]. Studying the particle size distribution of carbonaceous aerosols in atmospheric particulate matter is critical for studying the sources and their impacts on the environment. Previous studies have shown that climate forcing is very sensitive to particle size distribution, mainly because of the aging, dry deposition, and mixing state of carbonaceous aerosols [39,40]. Although studies [3,21,41,42,43,44,45,46] regarding carbonaceous aerosols have been reported in the TP, few have focused on the size-segregated characteristics of OC, EC, and WSOC. In this paper, we aimed to elucidate the characteristics of the size-segregated carbonaceous aerosols, and we discussed their links with different carbonaceous aerosol sources in combination with the correlation analysis results. In this paper, we aimed to explore the seasonal variation in the OC, EC, and WSOC size distributions, and we also evaluated their sources by using correlation analysis, air mass back trajectories, and the size distributions of the OC, EC, and WSOC.




2. Experiments


2.1. Sampling Site


To reveal the concentration distribution characteristics of size-segregated aerosols in Lhasa (29°39′ N, 91°08′ E), six sizes (<0.49, 0.49–0.95, 0.95–1.5, 1.5–3.0, 3.0–7.2, and >7.2 μm) of particulate matter samples were collected from August to September (monsoon), and from November to December (non-monsoon) during 2014 (as detailed in Table S1) using an M235 sampler (STAPLEX Inc. make, USA. Flow rate: 1.13 m3/min). Meteorological factors, such as wind speed (WS), humidity (RH), and temperature (TEMP), as well as gaseous pollutants (SO2, NO2, CO, and O3) are shown in Figures S1–S3. The samples were collected at the top of a six-story building for the Tibet Autonomous Region Meteorological Bureau, about 18 m above the ground, at an altitude of 3679 m. The sampling site was close to the old city. In order to better evaluate the sources of OC, EC, and WSOC, a series of representative emission sources have been mapped out in Figure 1.



By referring to the recommendations of the National Ambient Air Quality Standards (NAAQS) for the sampling process of atmospheric particulate matter, the quality assurance and quality control measures for the particulate sampling were as follows: (1) A field blank was considered in this study. The blank sample was processed and stored in the same way as the collected atmospheric particulate samples, and the average field blank was deducted from the samples when the samples were analyzed. (2) Before and after sampling, a filter was placed in a chamber under controlled temperature and humidity for 48 hours to eliminate the effects of environmental factors on the particle quality. (3) Before and after weighing, the static electricity was removed from the filter using a static electricity meter to eliminate the quality error caused by the static electricity.




2.2. Organic Carbon (OC), Elemental Carbon (EC), and Water-Soluble Organic Carbon (WSOC)Analyses


Prior to the analysis, the samples in the filter were acidified using 12 M hydrochloric acid in a desiccator for 24 h to remove any potential interference from the CC, and then they were dried at 60 °C for 1 h. To simultaneously analyze the OC, EC, and WSOC using the same filter, a punch with an area of 0.4755 cm2 was placed in 100 mL of ultrapure water (18.2 MΩ), and it was allowed to stand for 12 h as described in Reference [47]. The filtered filter was dried in a desiccator and then wrapped in aluminum foil. The carbon components on this filter included WINSOC (water-insoluble organic carbon) and EC. WSOC was deduced from the subtraction of TC (without the water-extraction treatment) and TC (with the water-extraction treatment). The concentration of the OC was the sum of the concentrations of the WINOC and WSOC.



Samples were analyzed for OC, EC, and TC using the thermal/optical carbon aerosol analyzer (DRI Model 2001A, Desert Research Institute, USA) and the IMPROVE-A thermal/optical reflectance (TOR) protocol, as in Reference [48]. Duplicate punches were analyzed to eliminate the influence from the non-uniform depositions on the filter, especially the coarse particles. Then, 20% of the samples were randomly selected for repeatability testing, with relative standard deviations of 10.5% and 6.2% for the OC and EC, respectively. Additionally, all of the OC and EC data reported in this study were corrected by the field blanks.




2.3. Water-Soluble Ion Analysis


The concentrations of water-soluble ion (K+, SO42−, NO3−, NH4+, and Ca2+) were determined with an ion chromatograph (ICS-2100, DIONEX, USA) using the analytical method as described in Reference [49]. A punch was placed in a 10 mL colorimetric tube, and 10 mL of ultrapure water was added to the tube. An ultrasonic machine was used to shake the 10 mL tube containing the samples for 30 min. The samples were then transferred to a 50 mL colorimetric tube through a 0.45 μm micropore filter. During the transfer process, the filter membrane and the colorimetric tube were immersed several times. The overall uncertainty was less than 5% for the analysis of each ion. In addition, the field blank levels were averaged and then subtracted from the samples.



The detection limits of NO3−, SO42−, NH4+, K+, and Ca2+ were 0.002, 0.004, 0.001, 0.001, and 0.004 μg m−3, respectively. The standard curve was linear because the fitting degree (R2) of the standard curve was 0.999. After every 10 samples, a random replicate check was performed, and the relative standard deviation (RSD) of each ion was less than 5% for the reproducibility test. The test results of the standard material (GSBZ 50008–88, 200835) showed that the recoveries ranged from 91.8% to 95.9%, and the coefficient variation of recovery was between 2.21% and 3.04%. The averaged concentrations of NO3−, SO42−, K+, and Ca2+ in the field blank sample were 0.005, 0.006, 0.001, and 0.006 μg m−3, respectively, while NH4+ was undetectable in these samples.




2.4. Back Trajectory Interpretation


In order to study the transportation process of the air mass arriving in Lhasa, the three-day backward trajectory was calculated using the HYSPLIT model, as in References [45,50,51,52], and the global data assimilation system (GDAS) data for every day in August, September, November, and December. The daily drawings started at 00:00, 06:00, 12:00, and 18:00. Considering the typical atmospheric boundary layer height of the TP [53], the height of the air mass during modeling was set to 100, 500, and 1000 m above ground level, as in Reference [4]. The backward trajectories with fire point information in Figure 2 calculated the three average values of different heights. All the backward trajectory data are presented in Figure S4. These backward trajectories clearly indicated the transport of air masses from different areas.



During the monsoon season, it can be seen from Figure 2 that in the backward trajectory of different heights, the regional source affecting the air quality of Lhasa mainly emanated from a lower altitude near the south. The air mass from the northern plain of India accounted for the highest proportions at 81.97% (100 m AGL), 74.18% (500 m AGL), and 69.26% (1000 m AGL). Furthermore, the air mass from the south side of the TP accounted for 13.93% (100 m AGL), 17.62% (500 m AGL), and 19.67% (1000 m AGL). The above clusters were regional air masses. Moreover, the remaining air masses were from the western part of the TP, representing a long-range transport of air mass. Therefore, during the monsoon season, the air quality of Lhasa is largely affected by the regional air masses from the northern plain of India.



During the non-monsoon season, the external sources affecting the air quality in Lhasa are mainly from the western part of the TP. The air masses flow around the southern rim of the plateau through the southern branch of the westerlies, and they reach the southern part of the TP, which in turn affects the air quality of Lhasa. It could be seen that more than half of the air masses that arrived in Lhasa during the non-monsoon season came from the South Asian subcontinent, such as India with 35.66% (100 m AGL), 59.66% (500 m AGL), and 59.02% (1000 m AGL), respectively, and Pakistan with 42.21% (100 m AGL), 22.13% (500 m AGL), and 22.13% (1000 m AGL), respectively. The remaining air masses came from western and southwestern Asia, such as Iran and Iraq. The above clusters were long-range transports of air mass. Studies have shown that atmospheric aerosol transport can be divided into atmospheric boundary layer transport and free troposphere transport. Compared with the significant regional characteristics of the atmospheric boundary layer transport, the free troposphere transport is more effective for long-range aerosol transport [54]. The westerly jets over midlatitude Eurasia direct the aerosols of the free troposphere from the European source area to the TP for long-distance transport, and they maintain the direction from west to east throughout the year [55].



Forest fires, especially man-made fires in South and Southeast Asia, are the two major sources of biomass burning in the world. The emissions of atmospheric particulate matter are very strong in South and Southeast Asia during the non-monsoon season [52,56]. Studies show that the monthly fire point is significantly correlated with the monthly variation in the water-soluble K+ concentration, which largely represents the contribution of biomass burning [57]. Therefore, during the non-monsoon season, the air quality of Lhasa is mainly affected by the long-range transport of air mass from the western part of the TP.





3. Results and Discussion


3.1. Concentrations of Size-Segregated Particulate Matter (PM) Samples


The aerosol mass distribution showed two maxima at PM<0.49 and PM>7.2 during the sampling period (Figure 3). Mass concentrations of the size-segregated aerosols during the non-monsoon season were higher than those during the monsoon season, except PM0.49–0.95 and PM0.95–1.5 (Figure 3 and Table S2). During the non-monsoon season, the additional incomplete combustion of biomass and fossil fuels was responsible for the higher concentrations of PM<0.49 and PM1.5–3, compared to the concentrations during the monsoon season with high heavy precipitation, as will be discussed later with reference to the correlation analysis. The possible reason why the PM3–7.2 and PM>7.2 showed higher concentrations during the non-monsoon season is that there was more dust from less vegetation and stronger winds during this season. Additionally, according to Figure S2, more precipitation during the monsoon season than during the non-monsoon season may also be one of the reasons why the mass concentrations of size-segregated aerosols during the non-monsoon season are higher than the concentrations during the monsoon season.




3.2. Temporal Variations of the OC, EC, and WSOC Mass Concentrations


The temporal variability in the mass concentrations of the OC, EC, and WSOC is presented in Figure 4. OC3.0 represented the total concentration of these components within the <0.49 μm, 0.49–0.95 μm, 0.95–1.5 μm, and 1.5–3.0 μm samples, while OC10 represented the total concentration of these components in all the size samples. Throughout the observation period, the OC, EC, and WSOC showed similar varying tendencies, with the highest mass concentrations occurring during the non-monsoon season, followed by that during the monsoon season. The preliminary analysis suggested that the phenomenon was an interaction between local and remote sources. For the non-monsoon season, due to the temperature reduction and the lack of heat supply in Lhasa, there was a great increase in the demand for thermal energy. On the TP, more than 90% of the forests are widely distributed in the southeastern part of the TP and on the northern slopes of the Himalayas [58]. Therefore, almost all of the energy needed for heating and cooking in the area comes from firewood [59]. Animal waste, such as yak dung, is the predominant energy source in the urban and rural regions of the central TP, including Lhasa [60]. Therefore, in addition to the long-term operation of heating boilers and residential household stoves, the contributions of the large amounts of biomass and fossil fuel will also have a significant impact on the concentration levels. Another reason may be due to the topographic inversion. Lhasa is located in the Lhasa River Valley Plain and it is surrounded by mountains. Given the temperature drop, the cooling action on the slope is faster than in the valley, causing the mountain breeze to sink and resulting in the accumulation of pollutants [45]. Moreover, the polluted air masses from Western Europe, Pakistan, and the northern Indian plain will also increase the concentration of atmospheric particulate matter in Lhasa. The survey found that the iron ore production in Tibet during the period from November to December 2014 was 227,800 tons (National Bureau of Statistics, NBS), which accounted for 90% of the annual mining volume. Mineral dust from large-scale mining during the non-monsoon season also affects the OC, EC, and WSOC concentrations in Lhasa [3,61].



On a monthly scale, except for the individual data, the OC, EC, and WSOC concentrations of PM3 and PM10 in August were greater than the concentrations in September (Figure 4). A grand religious festival called the Sho Dun Festival was held in Lhasa in mid-August, which attracted a large number of tourists. Therefore, burning cypress branches and emissions of motor vehicle exhaust were the important factors affecting the high concentration of atmospheric particulates in August. In addition to the EC, the concentrations of OC and WSOC in November were higher than in December because of the snowfall during the sampling period from December 14 to 17. Research has indicated that the removal efficiency of water-soluble organic carbon in the atmospheric particulates through winter precipitation was as high as 48.5%, with the removal efficiency through snowfall being much higher than that by precipitation. However, no research has shown that snowfall has a significant removal efficiency for EC [62].




3.3. OC, EC, and WSOC Mass Concentrations of Size-Segregated Aerosols


During the monsoon season, Figure 5 and Table S3 showed that there was a bimodal size distribution for the OC and WSOC, which were at <0.49 μm and >7.2 μm, respectively, as well as a unimodal size distribution at <0.49 μm for the EC. Yang et al. [61] showed that the main biomass burning sources in Lhasa were yak dung and pine and cypress branches. Among them, the OC content of pine and cypress branches was 60.42%, and the particles generated by combustion were more than 90% concentrated in the fine mode. In the coarse mode of the OC and WSOC, the peaks may come from industrial dust such as cement [61] and soil dust [3], and biogenic aerosols such as algae, pollen, vegetation debris, viruses, and microorganisms [63]. Specifically for the EC, the incomplete combustion of biomass and fossil fuel is also an important cause of peaks <0.49 μm [21,36].



During the non-monsoon season, there was a trimodal size distribution for the OC and WSOC (<0.49 μm, 1.5–3.0 μm, and >7.2μm), and a unimodal size distribution for the EC (<0.49 μm). The cause of the particle sizes (<0.49 μm and >7.2μm) related to almost the same reasons as that occurring during the monsoon season. OC and WSOC at 1.5–3.0 μm may have been from the burning of yak dung and the photochemical formation. The specific reasons will be explained in the following sections.



Additionally, similar peaks in the fine and coarse modes were reported in the size-segregated aerosols from other studies on Lhasa [3]. In all four seasons studied, the EC showed dominant peaks at 0.43–0.65 μm, and the OC showed typical bimodal distributions at 0.43–0.65 μm and 5.8–9.0 μm. However, the particle size distribution of the WSOC in Lhasa was not discussed in that previous study.




3.4. Analysis of OC, EC and WSOC Sources


3.4.1. Relationships among the Different Carbonaceous Aerosols


The origins of carbonaceous aerosols can be better understood by analyzing the correlation between the OC and EC [64]. The correlation between the OC and EC is shown in Figure S5. In general, for fine mode particles, the OC and EC have similar sources because of the significant correlation between the OC and EC (0.67 at <0.49 μm, 0.55 at 0.95–1.5 μm, and 0.62 at 1.5–3.0 μm), indicating that they come from related sources or are transported to the site together. However, the correlation between the OC and EC in the coarse mode is poor (0.31 at 3.0–7.0 μm and 0.02 at >7.2 μm), which indicates that the source of the OC in the coarse mode is more complicated.



The ratio of OC/EC is an important indicator for determining the type and source of the carbonaceous aerosols [64]. For fine particles, Chen et al. [60] analyzed the fresh yak dung samples collected from the Nam Co region of the TP and found that OC accounted for 58.83% of the PM2.5, with a ratio of OC/EC as high as 16.3 ± 4.4. Saud et al. [65] analyzed dried yak dung cakes, as well as branches and crop residues collected from the Indo-Gangetic Plain, and found that their corresponding OC/EC ratios were 8.92 (dried dung cakes), 3.23 (fuel wood), and 3.46 (crop residues). Zhang et al. [66] reported an OC/EC ratio of 7.6 for coal combustion. For coarse particles, the atmospheric particulate matter produced by cement production has a value of 31.99 for the OC/EC ratio in the coarse mode [67]. In the present study, the OC/EC ratios of the size-segregated particles are shown in Table S4. For the fine mode particles, these high OC/EC ratios at 0.49–3.0 μm may have been caused by biomass burning [68], fossil fuel combustion [69], long-range transport, and SOA formation on account of the strong solar radiation on the TP through a photochemical reaction [21]. However, at <0.49 μm, more fossil fuel combustion led to lower values of the OC/EC ratio, as extra EC was released. Higher OC/EC ratios in the coarse mode may have been due to relatively lower EC concentrations and higher OC concentrations arising from the uptake of gas species and biogenic aerosols [63]. Another cause may have been from the industrial dust of cement plants [61]. Moreover, the OC/EC ratio also showed seasonal changes in the PM3, expressed as the ratio of OC/EC during the monsoon season, which was lower than that during the non-monsoon season, indicating the favorable removal of aerosols, sources of which were biomass burning (with high OC/EC ratios) and volatile organic compounds (the main precursor of SOC), from the atmosphere during the monsoon season through heavy precipitation. This may have indicated that the carbonaceous particle contamination in Lhasa was greatly affected by the local emission sources during the sampling period, while the long-distance transport may have had a lesser impact than the local source emission [46]. However, the source of the contaminant, represented by the value of the OC/EC ratio for each particle size segment, could not be determined accurately in this study owing to the lack of detailed source spectrum information.



Relative to the OC, the concentration of the WSOC could generally be used as an indicator to analyze whether an organic aerosol was primary or secondary, since secondary organics are generally more soluble in water than the primary organics [48]. The average WSOC/OC ratios in Lhasa were 0.60 ± 0.20 and 0.53 ± 0.18 during the monsoon and non-monsoon seasons, respectively. According to backward trajectory-assisted analysis, the relatively higher WSOC/OC ratio during the monsoon season may have been due to the increase in the SOA formed during the transport of the air masses in the northern plain of India. Furthermore, during both the sampling periods, the WSOC concentration had a significantly positive correlation with the OC (Figure S6). However, an excellent correlation between the WSOC and OC was observed for the monsoon samples (R2 = 0.86) compared to correlation for the non-monsoon samples (R2 = 0.73). The numerical difference in the correlation could be attributed to changes in the characteristics of the source and the effects of the remote aerosol delivery process.




3.4.2. The Implications from Key Water-Soluble Ions


K+ is commonly used as a tracer for biomass combustion [70,71]. It has been reported that K+ and Ca2+ in Lhasa are from soil sand, road dust, construction dust, and mining dust [61].



The correlation between OC and K+ in different particle sizes of Lhasa was analyzed. The results are shown in Figure S7, with 0.84 at <0.49 μm, 0.64 at 0.49–0.95 μm, 0.32 at 0.95–1.5 μm, 0.99 at 1.5–3.0 μm, 0.74 at 3.0–7.2 μm, and 0.80 at >7.2 μm. It can be seen that OC and K+ were strongly correlated in other particle sizes, except between 0.95 and 1.5 μm.



It has reported that the particles produced by burning pine and cypress branches occur mostly in the fine mode [71], with 54% at <0.5 μm and 22% at 0.5–0.96 μm, respectively. In order to verify that the particulate generated by coal combustion [3] and vehicular exhaust [72] mainly exists at <0.49 μm, the correlations between the OC and SO42− (NO3−) at <0.49 μm were plotted (Figure S8). OC had significant correlations with SO42− (0.59) and NO3− (0.75) at <0.49 μm, respectively. Therefore, the high OC concentrations in the fine mode were more likely to occur due to the incomplete combustion of biomass (<0.95 μm) and fossil fuels (<0.49 μm).



An excellent correlation of 1.5–3.0 μm during the non-monsoon season was more likely from the burning of yak dung in Lhasa, as explained below. Higher concentrations of NH4+ and SO42− appeared in the particles from yak dung burning [61]. As can be seen from Figure S9, NH4+ and SO42− showed a strong correlation of 0.78 only at 1.5–3.0 μm. WSOC and OC had significant correlations with NH4+ (0.91, 0.90) and SO42− (0.63, 0.59) at 1.5–3.0μm, respectively (Figure S10). Therefore, the high OC and WSOC concentrations at 1.5–3.0 μm during the non-monsoon season were more likely to occur from yak dung burning.



To better explain the origin of OC in the coarse particle size, the correlation between K+ and Ca2+ was analyzed (Figure S11). They showed a strong correlation with each other, 0.86 at 3.0–7.2 μm and 0.82 at >7.2 μm, respectively. Therefore, the high OC concentrations with coarse particle size were more likely from various types of dust, such as soil dust and industrial dust.






4. Conclusions


The present study reports the measurements of size-segregated particulate matter mass concentrations, as well as carbonaceous aerosol (OC, EC, and WSOC) concentrations, in Lhasa during the monsoon season (August to September) and non-monsoon season (November to December). In terms of the temporal variations, the concentrations of the OC, EC, and WSOC during the non-monsoon season were all higher than the concentrations during the monsoon season. At the same time, due to the influence of the Sho Dun Festival, the burning of biomass and the exhaust emissions of motor vehicles exhibited large increases, and the concentrations in August were greater than the concentrations in September. In terms of particle size distribution, the concentrations of OC and WSOC had the same bimodal size distributions during the monsoon season, which were at <0.49 μm and >7.2 μm. The concentration of EC exhibited a unimodal distribution during the monsoon season, which was at <0.49 μm. During the non-monsoon season, the concentrations of OC and WSOC had the same trimodal size distributions, which were at <0.49 μm, 1.5–3.0 μm, and >7.2 μm. The concentration of EC exhibited a unimodal distribution during the monsoon season, which was at <0.49 μm. We discussed their links with different carbonaceous aerosol sources in combination with the correlation analysis results. Our results demonstrated that the large-scale biomass burning (such as the burning of pine and cypress branches), fossil fuel combustion (such as emissions from thermal power plants or motor vehicle exhaust), and the photochemical formation in Lhasa were responsible for the high concentration of OC, WSOC, and EC at <0.49 μm, while various types of dust (such as soil dust from the dry riverbed of the Lhasa River and the industrial dust that is emitted from cement plants) and biogenic aerosols in Lhasa were responsible for the high concentration of OC and WSOC at >7.2 μm during the sampling period. The high OC and WSOC concentrations at 1.5–3.0 μm during the non-monsoon season were more likely to occur because of yak dung burning and the photochemical transformation of biogenic and anthropogenic VOC. At the same time, it could be seen from the backward trajectory that the air quality of Lhasa during the monsoon season was mainly affected by regional air masses from the northern plain of India, while the air quality of Lhasa during the non-monsoon season was mainly affected by the long-range transport of air mass from the western part of the TP.
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Figure 1. (a) Topographic distribution in the latitude direction. (b) Topographic distribution in the longitude direction. (c) Locations of the sampling sites and typical emission sources on the Google Earth map. (d) The photo of the measurement site. 
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Figure 2. Backward trajectory diagrams containing the fire information during the monsoon and non-monsoon seasons. 
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Figure 3. The size distribution of atmospheric particulate matter (PM) mass concentration during the monsoon and non-monsoon seasons. 
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Figure 4. Temporal variations of organic carbon (OC), elemental carbon (EC), and water-soluble organic carbon (WSOC) concentrations in the size-segregated aerosols during the sampling period. 
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Figure 5. OC, EC, and WSOC mass concentrations of size-segregated aerosols during the monsoon and non-monsoon seasons. 
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