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Abstract


This work presents the results of a ten-year investigation (2010–2019) on the characteristics and sources of precipitation pollution in typical cities locating in the economic belt on the North Slope of Tianshan Mountain, Xinjiang. The water-soluble ions’ characteristics (Na+, NH4+, K+, Mg2+, Ca2+, F−, Cl−, SO42−, NO3−), neutralizing capacity, wet deposition and sources of precipitation in Urumqi, Karamay and Yining during 2010–2019 were compared and analyzed. The study showed that from 2010 to 2019, the pH value of precipitation in Urumqi, Karamay and Yining varied from 4.18 to 10.55 with a volume-weighted mean (VWM) pH of 6.33, and the pH value showed an upward trend overall. The VWM electrical conductivity (EC) of the precipitation was the highest in Urumqi and the lowest in Yining, indicating that Urumqi was the most polluted and Yining was relatively clean. The most important cation in the precipitation of the three cities was Ca2+, and the most important anion was SO42−. The ratio of SO42−/NO3− indicated that the air pollution in Urumqi and Yining belonged to the typical coal-smoke air pollution, while there was compound pollution in Karamay. As can be seen from the neutralization factor, Ca2+ had the strongest neutralization ability, followed by Na+ and NH4+. Nitrate and sulfate in the atmosphere of Urumqi, Karamay and Yining are likely to exist in the form of NH4NO3, CaSO4 and (NH4)2SO4•CaSO4•2H2O. Wet deposition flux analysis of S and N showed that S pollution of the precipitation in Urumqi showed a decreasing trend, while N pollution showed an increasing trend. S pollution of the precipitation in Karamay gradually decreased, while N pollution of the precipitation in Yining became more and more serious. By analyzing origins of major ions in precipitation, it is concluded that human activities (industry, agriculture, heating, and transportation) are the main sources of ions in precipitation, and natural sources (soil dust) also play an important role.
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1. Introduction


The chemical composition of precipitation is the result of the interaction of atmospheric gases and particulate matter in raindrops. It is affected by climate conditions, natural processes and human activities [1,2], and can reflect the characteristics of the atmospheric environment and its pollution status [3]. By determining the chemical composition of precipitation to determine the contribution sources, we can understand the local and regional diffusion of pollutants and their potential impact on the environment through removal and deposition processes [4]. However, the chemical composition of precipitation varies with different study areas and pollution sources. Therefore, the study on the chemical characteristics of precipitation in different areas plays a very important role in evaluating the gaseous and particulate pollution in different regions [5,6].



Most studies on the characteristics of precipitation in China have focused on the distribution of pH and water-soluble ions in South China. Until now, there have been fewer studies focused on precipitation in North China. However, an increasing trend of chemical characteristics in precipitation was observed in many areas in northern and central China after 2010. The results showed that the main acidogenic factors of acid rain in the Pearl River Delta were SO42−, NO3− and Cl−, and the problem of acid rain was still serious [7,8]. The marine sources had a significant impact on the precipitation in Shenzhen [9]. The high proportion of SO42−, NO3− and NH4+ in summer precipitation in Shanghai indicated that the secondary pollution of the atmospheric environment in Shanghai was serious [10]. The pH value of non-urban precipitation in North China was 5.29, but more than 60% of the pH values in precipitation were greater than 6.0, indicating that alkaline aerosols in North China had considerable neutralization effects [11]. In recent years, the pH value in Xi’an had shown an upward trend and the total ion concentration had shown an obvious downward trend, indicating that the acidification of atmospheric precipitation in Xi’an had been improved in recent years [12]. The contribution rate of SO42− to the acidity of precipitation in Midong District of Urumqi decreased gradually, while NO3− increased gradually, indicating that the acidification type of the precipitation in Urumqi was sulfuric acid, but it had a trend of gradually changing to the nitric acid type [13].



Located in the middle of the northern slope of Tianshan Mountain, the southern margin of Junggar Basin, from Hami in the east to Yining in the west, the North Slope Economic Belt of Tianshan Mountain is a large channel and industrial economic belt connecting Central and Western Asia with the manufacturing industry as the main industry and the service industry as the auxiliary [14]. In recent years, the region has become the most economically developed area with the highest level of urban development in Xinjiang by virtue of its superior geographical conditions, relatively perfect infrastructure and abundant natural resources. At present, the research on precipitation chemistry in Xinjiang is relatively scarce, and the existing research mainly focuses on the precipitation chemical characteristics of a single city [13,15,16,17,18,19]. At the same time, the research on the long-term change of atmospheric precipitation chemical characteristics and wet deposition in several cities is rare, and there is little evaluation on the neutralization factor of acid precipitation in the past. In this paper, the long-term precipitation chemical characteristics and sources of three typical cities in Xinjiang are studied for the first time. The purpose is to have a preliminary understanding of the precipitation chemical characteristics in this region and determine the possible sources of chemical composition, hoping to provide reference for the treatment of the atmospheric environment in this region.




2. Materials and Methods


2.1. Study Area


Urumqi, Karamay and Yining are important cities located in the economic belt on the northern slope of Tianshan Mountain, with a temperate continental climate. Urumqi, the capital of the Xinjiang Uygur Autonomous Region, is surrounded by mountains on three sides and an open plain in the north. The annual mean temperature is 6.4 °C and the annual precipitation is 236 mm. Yining is located in the northwest of Xinjiang and the middle of the Ili River Valley, known as “a place with South-China-type scenery”. The annual mean temperature is 10.5 °C, and the annual precipitation is 297 mm. Karamay is located in the west of Junggar Basin. The terrain is inclined strip, long from north to south, narrow from east to west, dry and rainless. The annual mean temperature is 8.6 °C, and the annual precipitation is 109 mm. The observation points of the three cities are located at Urumqi national basic meteorological station (87.39° E, 43.47° N, altitude 935.9 m), Karamay national basic meteorological station (84.85° E, 45.62° N, altitude 452.8 m) and Yining national reference climate station (81.33° E, 43.95° N, altitude 663.4 m) (Figure 1).




2.2. Sampling and Analysis


The observation points are located in the observation field of Urumqi national basic meteorological station, Karamay national basic meteorological station and Yining national reference climate station, respectively. The observation sites are open, and there are no tall buildings or obvious pollution sources around them. A standard rainfall bucket and a precipitation sampling bucket are arranged, respectively, in the observation field for measuring precipitation and collecting precipitation samples. The sampling interval of precipitation samples is 24 h, and the sampling node is from 08:00 of the current day to 08:00 of the next day. A continuous precipitation process in a sampling day is sampled only once. If there are multiple precipitation processes in a precipitation sampling day, multiple sampling can be carried out and combined into one precipitation sample.



Clean the sampling barrel with tap water before sampling, then clean it with pure water 2–3 times, dry and cover it for standby. Place the clean sampling bucket on the sampling rack of the observation field before precipitation, take the sampling bucket back indoors after precipitation, and measure the pH and electrical conductivity within four hours. Filter the remaining precipitation samples with a microporous filter membrane (0.45 μm), put them into a washed and dried polyethylene bottle, and refrigerate them in a 4 °C refrigerator for analysis of water-soluble ions. The collected solid precipitation samples shall be melted at room temperature before subsequent measurement and collection. In this study, a precipitation sample with a precipitation of 1 mm in a precipitation sampling day is regarded as an effective precipitation sample. The sampling time was from February 2010 to July 2019. A total of 1253 effective samples are collected, including 427 effective precipitation samples in Urumqi with a total precipitation of 2842.6 mm, 265 effective precipitation samples in Karamay with a total precipitation of 1178.9 mm and 561 effective precipitation samples in Yining with a total precipitation of 2880.6 mm. The pH values of the precipitation samples were measured by PHS-3B pH meter, and the electrical conductivity values were measured by DDS-307 conductivity meter. Concentrations of F−, Cl−, SO42−, NO3−, Na+, NH4+, K+, Mg2+ and Ca2+ in precipitation were measured by Dionex ICS-3000 ion chromatograph.




2.3. Data Analysis


The concentrations of H+ were obtained by the following equation:


pH = −log10 [H+]⇒[H+] = 10−pH



(1)







The volume-weighted mean (VWM) concentrations (μeq/L) of ions in precipitation were calculated by the following equation:


  V W M =     ∑  i = 1  n   C i P i       ∑  i = 1  n   P i      



(2)




where Pi (mm) is the precipitation produced by a single precipitation event, and Ci (μeq/L) is the measured ion concentration of precipitation per time.



Relative acidity (FA) is an index to evaluate the neutralization degree of precipitation acidity. The formula proposed by Balasubramanian [20] is adopted:


FA = [H+]/([SO42−] + [NO3−])



(3)




where [H+], [SO42−], and [NO3−] are the concentrations of corresponding ions. If FA = 1, it indicates that the precipitation acidity produced by SO42− and NO3− is neutralized by alkaline substances.



Neutralization factors (NFs) is a parameter to evaluate the neutralization of precipitation by alkaline substances, which is calculated by the formula proposed by Possanzini [21]:


NF = [Xi]/([SO42−] + [NO3−])



(4)




where [Xi] is the concentration of alkaline components (Na+, NH4+, K+, Mg2+, Ca2+). The ammonium availability index (AAI) represents the molar ratio of the ammonium concentration to fully neutralize sulfuric and nitric acids [22,23]. AAI is calculated by the following equation:


  A A I =    [   NH 4 +   ]    2 ×  [   SO 4  2 −    ]  +  [   NO 3 −   ]    × 100 %  



(5)







If AAI < 100%, then there is an ammonium deficit, suggesting that sulfate and nitrate are acidic; if AAI = 100%, then ammonium just neutralizes sulfuric and nitric acids; if AAI > 100%, then there is sufficient ammonium to completely neutralize sulfuric and nitric acids.



The wet deposition fluxes were calculated according to the following formula [24]:


  W D   (  kghm  − 2    a  − 1   ) = V W M   (  mgL  − 1   )   ×     R F   100    



(6)




where WD is the wet deposition flux and VWM is the volume-weighted mean concentration, while RF is the annual precipitation.



In order to estimate the contribution of marine and continental atmospheric precipitation, Na+ and Ca2+ can be taken as the reference ions of marine and continental sources, and the enrichment coefficient (EF) in the atmospheric precipitation was calculated by the following formula [25,26]:


  E F  sea =    X /  Na +  ( rainwater )   X / N  a +  ( sea )    



(7)






  E F  soil =    X /  Ca   2 +    ( rainwater )   X /  Ca 2    +  ( soil )    



(8)




where X is the concentration of the element of interest in the precipitation; Na+(rainwater) is the concentration of Na+ in the precipitation; Na+(sea) is the concentration of Na+ in seawater; Ca2+(rainwater) is the concentration of Ca2+ in the precipitation; and Ca2+(soil) is the concentration of Ca2+ in soil.



In order to further study the contribution of various pollution sources to precipitation ion sources, the relative contribution of several sources is calculated by the following formula [27]:


% SSF = (X/Na+) sea/(X/Na+) rainwater × 100



(9)






% CF = (X/Ca2+) soil/(X/Ca2+) rainwater × 100



(10)






% ASF = 1 − % SSF − % CF



(11)









3. Results and Discussion


3.1. Variation Characteristics of pH and EC


The pH (volume-weighted mean) and EC (volume-weighted mean) of precipitation in Urumqi, Karamay and Yining from 2010 to 2019 are shown in Figure 2. The pH values of precipitation in the three cities ranged from 4.18 to 10.55, with an average value of 6.33. The pH values for mean annual precipitation in Urumqi and Karamay showed an upward trend, while the trend of change in Yining went up first, then went down and then went up again, with a non-obvious trend overall, indicating that the acidification of precipitation has been improved in varying degrees. The pH values of precipitation in Urumqi ranged from 4.48 to 8.87, with an average value of 6.69; the pH values of precipitation in Karamay ranged from 4.18 to 10.55, with an average value of 6.11; the pH values of precipitation in Yining ranged from 4.19 to 7.80, with an average value of 6.06. Natural precipitation can be regarded as an aqueous solution system in equilibrium with the atmosphere. It is generally considered that pH = 5.6 is the natural acidity of precipitation in equilibrium with uncontaminated CO2, NOx and SO2 in the atmosphere. Therefore, precipitation with a pH below 5.6 is usually regarded as acid precipitation, indicating that the impact of a large number of anthropogenic emissions of SO2 and NO2 mainly comes from industrial activities, coal combustion and the cold start of vehicles [19,28,29,30]. It can be seen from Figure 3 that the acidity of precipitation was not high; about 86.66% of pH values were higher than 5.6, and 82.75% were between 5.75–7.25. For pH values of precipitation, about 98.12% in Urumqi were higher than 5.6, 83.77% in Karamay and 79.32% in Yining. Combined with the results of water-soluble ions concentrations, it can be found that although the concentrations of SO42− of precipitation in the three cities were greater than 5.6, the high concentrations of Ca2+ and Na+ neutralized the acidogenic ions, resulting in the high pH value of precipitation, indicating that the impact of precipitation was not limited to human activities, but also generally natural factors. The EC values of precipitation can explain the pollution degree of precipitation. The higher the EC value is, the higher the total ion concentrations of precipitation and the more serious the precipitation pollution is. Among the three cities, the change trend of EC values in Urumqi and Karamay were similar, while the EC values in Yining were low. The average EC in Urumqi was the highest with 74.06 MS·M−1, followed by Karamay, and the lowest in Yining was 44.59 MS·M−1. It showed that Urumqi was the most polluted and Yining was cleaner.




3.2. Chemical Composition of Precipitation


Ion balance refers to the balance between the sum of cation charge and anion charge in a solution. If the chemical components of precipitation are determined comprehensively, the sum of the final equivalent concentrations of cations must be equal to the sum of the equivalent concentrations of anions. Based on this, the equivalent concentrations of anions and cations in precipitation can be calculated respectively to check whether major ions are omitted. The ideal state is: Σ cation = Σ anion (Σ cat = Σ an). In this study, Σ cat = [Ca2+] + [Mg2+] + [Na+] + [K+] + [H+] + [NH4+], Σ an = [SO42−] + [NO3−] + [Cl−] + [F−]. It is generally believed that when pH > 5.6, the contribution of HCO3− to anions cannot be ignored. The higher the pH is, the greater the contribution HCO3− makes [28]. After rejecting the data that has not met the quality criteria, linear regression analysis was performed between the grand total concentration of anions and cations in precipitation for each region, respectively. Strong correlations were obtained between the sum of anions and the sum of cations in each case, and the R2 values were 0.77, 0.80 and 0.65 for Urumqi, Karamay and Yining, respectively (Figure 4). HCO3− and PO43− were not determined in this study, and there were still a variety of organic acids in precipitation, all of which may be an important reason for the imbalance of the total concentration of cations and anions. In addition, different air pollution properties and ion sources will also affect the balance of the total concentration of cations and anions.



To evaluate the ionic composition of precipitation, the volume-weighted mean along with statistical analysis was analyzed in the study area of three cities. Figure 5 shows the volume-weighted mean concentration of ionic components in the precipitation of three cities. The orders of ion concentration in precipitation in the three cities are different, with the order Ca2+ > SO42− > Na+ > Cl− > NH4+ > Mg2+ > K+ > NO3− > F− in Urumqi, Ca2+ > SO42− > Na+ > NH4+ > Cl− > K+ > NO3− > Mg2+ > F− in Karamay and Ca2+ > SO42− > Na+ > NH4+ > Mg2+ > Cl− > NO3− > K+ > F− in Yining. Among the analyzed cations and anions, Ca2+ and SO42- presented the highest volume-weighted mean concentrations in the three stations. The average concentrations of Ca2+ were 32.15%, 36.10% and 34.21% in Urumqi, Karamay and Yining, respectively. Compared with the other two cities, Karamay had the highest proportion of Ca2+, indicating that Karamay has more dust. Compared with Urumqi and Karamay, the proportion of SO42− in the precipitation in Yining was the highest, accounting for 23.41%, 18.31% and 25.93% in Urumqi, Karamay and Yining, respectively. The proportions of NO3− in precipitation were low in the three cities.



The equivalence ratio of SO42−/NO3− in precipitation can reveal the characteristics of acid rain, estimate the relative contribution of SO42− and NO3− to precipitation acidity, and reflect the contribution of fixed sources (coal combustion) and mobile sources (motor vehicles) to precipitation acidity [3]. For the variation range of SO42−/NO3− ratio, it was 0.48–117.86 in Urumqi with an average value of 8.01, 0.06–40.36 in Karamay with an average value of 3.66, and 0.12–148.89 in Yining with an average value of 7.63. The ratios between Urumqi and Yining were higher than the average level of China (6.24) [31], which indicated that SO42− was the main contributor to precipitation acidity and also the main factor in air pollution in Urumqi and Yining, showing that Urumqi and Yining belong to typical soot-type air pollution. The ratio of Karamay was about half of the national average, indicating that the contribution of SO42− to precipitation acidity in Karamay precipitation is relatively small, and its pollution tends to be complex pollution.




3.3. Neutralization Ability


The acidity of precipitation depends on the concentration of acidogenic precursors and neutralizing ions. The acidity of precipitation in most parts of the northern hemisphere is mainly caused by strong acids H2SO4 and HNO3 and organic acids. SO42− and NO3− are usually used as the main acidogenic ions [32]. Previous studies have shown that in the cloud, Ca (OH)2 and Mg (OH)2 neutralize with condensate H2SO4 and HNO3, while under the cloud, ammonia neutralizes with SO2 adsorbed on suspended particles containing Ca2+ and Mg2+ [20,33]. H+ concentration reflects the acidity of raindrops neutralized by Ca2+ and NH4+ [34], and the relative acidity (FA) is an index to evaluate the neutralization degree of precipitation acidity [20]. In this study, the FA values of precipitation were 0.002, 0.006 and 0.01 in Urumqi, Karamay and Yining, respectively, indicating that 99.8%, 99.4% and 99% of precipitation acidity was neutralized by alkaline components in Urumqi, Karamay and Yining. Multi-annual mean values of the neutralization factors (NFs) of three cities were shown in Figure 6. NFs below 1 indicate that acidic substances have a significant effect on neutralizing substances. It can be seen that Ca2+ had the highest neutralization capacity of precipitation in the three cities, with an average value of 1.69 in Karamay, 1.38 in Urumqi and 1.42 in Yining, respectively, being followed by Na+ and NH4+. The other ions, such as K+ and Mg2+, did not have obvious effect in neutralizing the rainwater acidity. The difference between Karamay and the other two stations was that the value of NF (Mg2+) is higher than NF (K+).



To further examine the relationship between acidic substances and neutralizing ones, ionic ratios such as (NO3− + Cl−)/SO42−, NH4+/NO3−, and NH4+/SO42− were calculated [35]. The (NO3− + Cl−)/SO42− ratios of Urumqi, Karamay and Yining were 0.53, 1.13 and 0.40, respectively. The (NO3− + Cl−)/SO42− ratio of Karamay was higher than 1, indicating that nitric acid and hydrochloric acid contributed significantly to the acidity of precipitation in Karamay, while the ratios of Urumqi and Yining were lower than 1, indicating that the contribution of sulfuric acid in precipitation was more significant. The NH4+/NO3− ratios of Urumqi, Karamay and Yining are 2.98, 1.61 and 2.67, respectively. The NH4+/NO3− ratios of the three stations were greater than 1, indicating that ammonium neutralizes nitric acid and may form NH4NO3 in the atmosphere [36]. The NH4+/SO42− ratios of Urumqi, Karamay and Yining are 0.46, 0.63 and 0.50, respectively. If this ratio was lower than 1, it indicated that CaSO4 and (NH4)2SO4·CaSO4·2H2O may be formed possibly. If the ratio was close to 1, NH4HSO4 and (NH4)2SO4 were likely to exist in the atmosphere [37]. Therefore, sulfates in the atmosphere of Urumqi, Karamay and Yining are likely to exist in the form of CaSO4 and (NH4)2SO4·CaSO4·2H2O.



In order to evaluate the availability of ammonia in neutralizing acidic substances (H2SO4 and HNO3) in the atmosphere, the ammonium availability index (AAI) was determined [21,22]. In this study, the AAI values of Urumqi, Karamay and Yining were 20.90%, 25.05% and 22.47%, respectively, indicating that there was not enough ammonium to neutralize sulfuric and nitric acids. AAI is only an evaluation index to evaluate the neutralizing capacity of NH4+ over sulfuric and nitric acids. Other alkaline ions, such as Ca2+ or Na+, could contribute to the pH value of precipitation, so the AAI value didn’t correspond to the pH value.




3.4. Wet Deposition Rates of Main Ions


Wet deposition (WD) is an important way to remove pollutants from the atmosphere, giving further insights on the chemical composition of precipitation and providing information on long-range transported pollutants [35]. Inorganic sulfur and nitrogen in the atmosphere mainly arrive at the surface in the form of SO42−, NO3− and NH4+ through dry deposition and wet deposition. Excessive S and N deposition will lead to vegetation damage, soil acidification and other problems [12,38]. The multiannual wet deposition fluxes of inorganic S and N for the 2010–2019 period in Urumqi, Karamay and Yining were shown in Table 1. The multiannual WD fluxes of Urumqi, Karamay and Yining stations were dominated by S, of which the highest value was 42.46 kg·hm−2·a−1 in Urumqi, and the lowest was 11.19 kg·hm−2·a−1 in Karamay. The highest multiannual WD flux of NO3− was 6.91 kg·hm−2·a−1 in Urumqi and the lowest was 4.30 kg·hm−2·a−1 in Karamay. The highest multiannual WD flux of NH4+ was 6.15 kg·hm−2·a−1 in Urumqi and the lowest was 1.90 kg·hm−2·a−1 in Karamay. It can be seen that the multiannual WD fluxes of inorganic S and N in Urumqi were significantly higher than those in the other two stations. This was because of the high content of pollutants in the atmosphere firstly, and secondly it was closely related to precipitation. From the perspective of interannual variation, the multiannual WD fluxes of inorganic S in Urumqi generally showed a downward trend, which was directly related to the gradual completion of coal to gas heating in 2012. The multiannual WD fluxes of inorganic N in Urumqi showed a slow upward trend, which indicated that the pollution type of Urumqi was gradually changing from typical coal-burning pollution to compound pollution. The multiannual WD fluxes of inorganic S in Karamay also showed an obvious downward trend, while the changing trend of inorganic N was not obvious. Compared with the other two stations, the decreasing trend of the multiannual WD fluxes of inorganic S in Yining was not obvious, while the change of non-organic N showed an upward trend. In recent years, more and more factories have been built around Yining city, leading to the increasingly serious N pollution in the atmosphere.




3.5. Origins of Major Ions in Precipitation


The chemical composition of precipitation is mainly affected by anthropogenic sources, sea fog, volcanic activity, biogenic material and terrestrial dust produced by weathering [27,39]. Therefore, the chemical composition of precipitation can reflect the source of air pollution. In atmospheric chemistry research, enrichment factors (EFs) are often applied to identify and examine the sources and contributions of major ions in precipitation [40,41]. Due to the single source and stable composition, Na+ and Ca2+ are generally used as reference ions of marine and continental sources, respectively [25,26]. The ion is enriched or diluted with respect to the reference ion depending on whether the EFs value is much higher or much lower than one. The EFs value is approximately equal to one, indicating that it has the same source as the reference element [11,27]. It can be seen from Table 2 that the EFsoil for Cl− in precipitation of the three stations ranged between 35.48 in Yining and 92.58 in Urumqi, whilst the EFseawater for Cl− ranged between 0.21 in Yining and 0.54 in Urumqi. The results indicated that Cl− had marine origins. The EFsoil and EFseawater for SO42− and NO3− were much higher than one, which were highly enriched relative to the ocean and soil, so it can be considered that most of them came from the contribution of human sources. The EFseawater for Ca2+ was much higher than one, indicating that it was mainly contributed by continental sources. The EFsoil for K+ was far less than one, while the EFseawater was far greater than one, indicating that the main source of K+ was land sources. The EFsoil for Mg2+ was far less than one and the EFseawater was close to one, indicating that the source of Mg2+ was both land sources and sea sources.



Assuming that the natural sources of ion components in precipitation are ignored, the sources of these ions are mainly sea salt fractions (SSF), crustal fractions (CF) and anthropogenic source fractions (ASF). Overall, the results were consistent with the enrichment factors. The contribution rates of human activities of SO42− in Urumqi, Karamay and Yining were 89.81%, 86.97% and 90.19%, respectively, indicating that a large amount of energy consumption was the main source of SO42−, such as the combustion of minerals and the emission of thermal power plants. The marine contribution rate of Cl− was close to one, indicating that Cl− was the mainly sea salt ion, while non-marine origins were mainly due to various human activities, such as automobile exhaust and steel production. The contribution rate of NO3− to human activities is greater than 97%, which basically came from human activities, such as automobile exhaust and petrochemical production. The marine contribution rate of Ca2+ was only 2%, showing that Ca2+ basically came from land sources, such as soil dust, quarries and cement plants. The marine contribution rates of Mg2+ accounted for 79.65%, 86.96% and 73.48%, respectively. Xiao [42] found that magnesium had higher concentrations than calcium in some remote ocean areas, which explained that most of Mg2+ in the precipitation of the three cities could be attributed to sea salts. The marine contribution rates of K+ were 9.36%, 5.3% and 20.56% in the three cities respectively, indicating that K+ was basically terrestrial. Potassium can exist in soil in the form of coarse particles, and can also come from fine particles produced by biomass combustion and agricultural activities [43,44]. It is generally believed that Na+ comes from the ocean and F− and NH4+ come from human activities.





4. Conclusions


In this study, the chemical composition, pH variations, neutralization ability, wet deposition flux and source contributions of precipitation were discussed meticulously in three typical cities on the northern slope of Tianshan Mountain in Xinjiang over a period of 10 years. Results showed that the chemical composition characteristics of precipitation in the three cities were almost the same, which was related to the common policies and economic development characteristics of Xinjiang. The difference in concentration was mainly due to the differences in local pollution sources, precipitation and atmospheric circulation characteristics in different areas. Urumqi and Yining were dominated by typical soot-type air pollution, while Karamay tended to compound pollution. The volume-weighted mean pH value of precipitation was alkaline. Through the analysis of neutralizing process, it also showed that the three cities were facing serious acid pollution, but their alkaline substances such as Ca2+, NH4+ and Na+ had a strong neutralization ability, causing the precipitation to be alkaline in the study areas. The variations of the multiannual wet deposition fluxes of inorganic S and N for precipitation in the three cities were different. The pollution type of Urumqi was gradually changing from typical coal-burning pollution to compound pollution. Karamay was still compound pollution, and the inorganic N pollution in Yining was becoming more and more serious. SO42− mainly came from human activities in the three cities, such as the combustion of minerals and the emission of thermal power plants. The main sources of Cl− were marine sources, but non-marine sources were mainly attributed to various human activities. NO3− primarily came from human activities, including automobile exhaust and petrochemical production. Ca2+ came from land sources basically, such as soil dust, quarries and cement plants. Most of the Mg2+ came from marine sources, and K+ came primarily from land. Generally, Na+ came from the ocean, while F− and NH4+ were produced as a result of human activities.
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Figure 1. Research area and location of meteorological stations. 
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Figure 2. The volume-weighted mean pH and EC of the precipitation in Urumqi, Karamay and Yining from 2010 to 2019. 
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Figure 3. Frequency distribution of pH for Urumqi, Karamay and Yining. 
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Figure 4. Correlation between anions and cations of the precipitation in Urumqi, Karamay and Yining (ueq·L−1). 






Figure 4. Correlation between anions and cations of the precipitation in Urumqi, Karamay and Yining (ueq·L−1).



[image: Atmosphere 13 00646 g004]







[image: Atmosphere 13 00646 g005] 





Figure 5. Ion-weighted mean concentrations of the precipitation in Urumqi, Karamay and Yining during 2010–2019. 
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Figure 6. Multi-annual mean values of NFs of the precipitation in Urumqi, Karamay and Yining. 
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Table 1. The multiannual wet deposition fluxes of SO42−, NO3− and NH4+ for the 2010–2019 period in Urumqi, Karamay and Yining.
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Urumqi

	
Karamay

	
Yining




	

	
SO42−

	
NO3−

	
NH4+

	
SO42−

	
NO3−

	
NH4+

	
SO42−

	
NO3−

	
NH4+






	
2010

	
38.87

	
4.29

	
4.80

	
15.61

	
4.20

	
1.72

	
31.41

	
4.89

	
2.99




	
2011

	
55.59

	
6.63

	
5.23

	
11.34

	
6.75

	
2.72

	
14.28

	
4.41

	
3.20




	
2012

	
26.22

	
6.35

	
5.39

	
4.18

	
2.55

	
1.90

	
19.92

	
3.22

	
2.74




	
2013

	
83.84

	
6.48

	
6.41

	
31.25

	
4.79

	
2.38

	
48.62

	
4.11

	
3.36




	
2014

	
59.54

	
6.85

	
5.76

	
16.06

	
2.77

	
1.45

	
66.43

	
5.62

	
3.81




	
2015

	
36.18

	
7.98

	
7.38

	
11.17

	
3.42

	
1.70

	
54.15

	
6.27

	
4.82




	
2016

	
32.77

	
8.67

	
8.21

	
9.82

	
7.58

	
3.26

	
21.20

	
6.81

	
7.25




	
2017

	
25.07

	
9.76

	
9.17

	
4.25

	
6.46

	
1.80

	
21.15

	
10.23

	
6.46




	
2018

	
54.46

	
8.80

	
7.24

	
3.70

	
1.77

	
0.53

	
16.58

	
5.26

	
4.38




	
2019

	
12.03

	
3.24

	
1.95

	
4.50

	
2.68

	
1.55

	
9.33

	
3.58

	
2.80




	
Average

	
42.46

	
6.91

	
6.15

	
11.19

	
4.30

	
1.90

	
30.31

	
5.44

	
4.18











 





Table 2. Enrichment factors for sea salt and soil components relative to the precipitation in Urumqi, Karamay and Yining.
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EFsoil






	

	
K+/Ca2+

	
Na+/Ca2+

	
Mg2+/Ca2+

	
Cl−/Ca2+

	
SO42−/Ca2+

	
NO3−/Ca2+




	
Urumqi

	
0.193

	
0.909

	
0.230

	
92.581

	
38.723

	
44.762




	
Karamay

	
0.091

	
0.776

	
0.179

	
61.516

	
26.968

	
71.905




	
Yining

	
0.087

	
0.911

	
0.25

	
35.484

	
4.032

	
50.00




	
EFseawater




	

	
K+/Na+

	
Ca2+/Na+

	
Mg2+/Na+

	
Cl−/Na+

	
SO42−/Na+

	
NO3−/Na+




	
Urumqi

	
10.682

	
49.659

	
1.256

	
0.541

	
13.149

	
10,300




	
Karamay

	
18.864

	
58.182

	
1.15

	
0.441

	
10.727

	
19,300




	
Yining

	
4.864

	
49.455

	
1.361

	
0.205

	
13.636

	
11,450
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