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Abstract

:

A precipitation monitoring station in Listvyanka was set up to determine the potential impact of the coastal area on the state of the adjacent air environment above Lake Baikal on its southwest coast. This article presents the results of studying the chemical composition of atmospheric deposition (aerosols and precipitation) at this station in 2020, and of their comparison with the data from previous years (from 2000 to 2019). In 2020, the ionic composition of atmospheric aerosols and precipitation had changed compared to previous years. In the modern period, the total amount of ions in aerosols, accounting for 0.46 ± 0.40 μg∙m−3, was lower by an order of magnitude than between 2000 and 2004. The average annual total amount of ions in precipitation in Listvyanka was almost unchanged from the average values in 2000–2010 and was 10% lower than that from 2011 to 2019 (7.3 mg/L). The ratio of major ions of sulphates and ammonium changed in the aerosol composition: compared to the period from 2000 to 2004, in 2020, the contribution of ammonium ions had decreased significantly, from 32% to 24%; the contribution of sulphates had increased to 43%, and the contribution of calcium had increased from 8 to 13%. Since 2010, the contribution of K+ ions has increased to 8–10%, indicating the effect of smoke aerosols from wildfires. In precipitation, despite the dominance of sulphates (26%) and calcium (18%) throughout the year, the contribution of nitrates increases to 19% during the cold season (from October to March), while the contribution of ammonium ions and hydrogen ions increases to 13% and 17%, respectively, in the warm season (from April to September). In 2020, as in previous research years, the acidity of precipitation at the Listvyanka station was elevated (pH 5.1 ± 0.5); 50% of precipitation in 2020 had pH ˂ 5. We quantified ions in atmospheric aerosols and precipitation on the underlying surface of the coastal southwestern part of Lake Baikal. Ion fluxes with precipitation were the highest in the warm season, which corresponds to the annual maximum precipitation. Unlike previous years (from 2000 to 2010 and from 2011 to 2019), wet deposition of most ions—especially calcium, ammonium and nitrates—had decreased in 2020. There was a 35-fold decrease in nitrogen fluxes and a 5-fold decrease in sulphur fluxes in aerosols, as well as 1.6-fold and 1.3-fold decreases, respectively, in precipitation.
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1. Introduction


The environmental protection of Lake Baikal—a World Heritage Site located in the centre of the Asian part of Russia—is receiving more and more attention. The atmosphere is an important component of the lake’s natural environment. Atmospheric aerosols have a significant effect on the atmospheric spectral transparency and the processes of radiation interactions [1,2]. Particles can scatter and absorb sunlight owing to their optical properties which, in turn, depend on the size, shape, and nature of the particles [3,4,5,6]. The origin of the aerosols and the chain of various transformations during air transport determine their chemical composition, size, shape, and other parameters. Anthropogenic aerosols have the most negative impact on the environment.



In the Baikal region, anthropogenic impact on the atmosphere increases not only with the development of the industries in the region, but also with the expansion of the infrastructure of tourist and recreational areas in the coastal zone, consequently increasing the number of vehicles there. Natural and climatic factors that prevent the dispersion of technogenic emissions significantly affect the levels of air pollution [7]. Emissions of smoke aerosols and trace gases from the increased number of wildfires have become significant sources of air pollution in the Baikal natural territory (BNT) [8,9]. Control over the pollution entering the ecosystem of Lake Baikal through the atmosphere is becoming increasingly important.



Ecological zonation of the BNT was carried out to preserve the unique ecological system of Lake Baikal and prevent negative impacts of economic and other activities on its condition. Lake Baikal is located in the central ecological zone; this area includes Lake Baikal itself, with islands, a water protection zone adjacent to the lake, and specially protected natural areas (Figure 1) [10]. The transport of anthropogenic air pollutants to Lake Baikal occurs mainly in the form of poorly dispersed plumes during jet streams at altitudes from 300 to 1000 m [11,12].



According to Shikhovtsev and Molozhnikova [13], the proportion of the transport of air masses from westerly and northwesterly directions towards Lake Baikal is approximately 69%. These air masses are formed above the industrial areas of West Siberia and East Siberia. Thereby, the prevailing transport of air pollution to the southern basin of Lake Baikal comes from the Irkutsk–Angarsk industrial hub located in the ecological zone of atmospheric influence of Lake Baikal. The ecological zone of atmospheric influence extends up to 200 km to the west and northwest of the lake [10].



To trace the impact of the transport of air pollution to the southern basin of Lake Baikal, an atmospheric deposition monitoring station in Listvyanka was set up on its southwest coast (51.90 N, 104.70 E). The station is situated 70 km from Irkutsk, a large industrial centre in East Siberia. The station is allocated at an altitude of ~200 m above the lake level and 670 m above sea level on the dominant route of the transport of air pollutants. On the lake’s coast, there is a settlement of the same name, Listvyanka. Here, there are localized sources of air pollution in the form of boiler houses and stove heating. In recent years, the settlement has become a tourist centre of Lake Baikal. Thus, the traffic of land and water vehicles is increasing there. The high-altitude location of the Listvyanka station protects it from the influence of life in the settlement and it traces only regional and global alpine transport of pollution.



The frequency of transport of air masses to Lake Baikal from easterly and northeasterly directions is 8%. Air masses of this direction are formed above the Arctic Ocean and Yakutia. The influence of long-range transport from these areas has little effect on the chemical composition of the atmosphere above Lake Baikal. The transport from southeasterly directions more often represents cases of “local circulation”, accounting for 5% [13]. According to Obolkin et al. [11], the influence of the sources located in this direction (the towns of Slyudyanka and Baikalsk) is limited to the adjacent areas, and does not effectively cover the water area of the southern basin of Lake Baikal. Moreover, during the entire existence of the Listvyanka station, the transport of sulphur oxides and nitrogen oxides from Buryatia to the area of the station was not recorded. In this regard, we can assume that they do not reach the west coast of the lake. However, pollutants may enter the areas of the lake’s east coast [11].



This study aims to trace the current state of the coastal atmosphere at the Listvyanka station based on the chemical composition of various types of atmospheric deposition (aerosols, rain, and snow), and to assess the quantitative input of substances to the underlying surface of the southwestern part of Lake Baikal in 2020 compared to long-term data.




2. Materials and Methods


Samples of atmospheric aerosols and precipitation (rain and snow) were taken at the Listvyanka atmospheric deposition monitoring station. The results of observations carried out from January to December 2020 were used in this study. The current chemical composition of various types of atmospheric deposition was compared with the data from previous years (2000–2019).



Air samples were taken using a sampler from Andersen Instruments Inc. (New York, NY, USA) with four types of filters, at a pumping rate of 2 L/min, for seven days of exposure. The filters were sequentially fixed in a block that was tightly connected to a pump and a gas meter. Aerosols were collected on the first Teflon (PTFE) filter with a pore size of 0.8 μm [9]. In the warm season (May–October), precipitation (rain) was sampled automatically in a mode of continuous monitoring with a US-320 wet-only precipitation collector (Japan). In November–April, precipitation (snow) was collected in plastic containers and stored in a freezer [14]. The falling snow was deposited in a container of a known volume, which was installed at the special sampling site for discrete samples. The sampling duration corresponded to the snowfall period. During 2020, 48 aerosol samples and 59 precipitation samples—including 25 samples of fresh snow and 34 samples of rain—were collected.



Sample preparation is an important factor in chemical analysis. To determine the chemical composition of atmospheric aerosols, the exposed filter or a part of it with a known area (cm2) were placed in a polypropylene test tube, and 10–15 mL of double-distilled water was added. The exact amount of added water was determined from the difference in weight between the empty test tube and the one filled with water, using an Explorer EO 01140 electronic balance (Ohaus Corporation, Persippani, NJ, USA). The test tube was placed in an ultrasound bath. The resulting solution was filtered through a membrane filter with a pore size of 0.2 µm; the filtrate was used to determine Ca2+, Mg2+, Na+, K+, NH4+, NO3−, Cl−, and SO42− ions, and to measure the pH value. The ionic composition of aerosols was determined using an ICS-3000 ionic system (Dionex, Sunnyvale, CA, USA). An IonPac AS19 analytical column (2 × 250 mm) was used to determine anions, and an IonPac CS12A (2 × 250 mm) for cations [9].



In precipitation, pH, specific electrical conductance, and bicarbonate ions were determined; after filtration through a membrane filter, the concentrations of major ions were measured. Cations in precipitation were determined using an atomic absorption spectrophotometer from VEB Carl Zeiss Jena (Jena, Germany), and anions were determined using the Dionex ICS-3000 Ion Chromatography System (Dionex, Sunnyvale, CA, USA) [14]. The methods used to determine the chemical composition of atmospheric aerosols and precipitation are recommended by the atmospheric monitoring networks of the international programmes EMEP (European Monitoring and Evaluation Programme) and EANET (Acid Deposition Monitoring Network in East Asia). Modern methods of analysis ensured high accuracy of the measurement results—up to 4%, with a confidence level of p = 0.95. We analysed the chemical composition of the atmospheric aerosols and precipitation using the median and mean values of the ionic concentrations measured for every month and year.




3. Results and Discussion


3.1. Atmospheric Aerosol


Particles suspended in the atmosphere have a significant impact on the air quality, climate, and occurrence of heterogeneous chemical reactions [1,2,15,16,17,18]. Their properties, including their chemical composition, vary widely over time and space. A detailed study of the properties and patterns of variability in the chemical composition of atmospheric aerosols is possible with continuous monitoring of the environment at fixed stations. This provides estimates of the accumulation and transit of anthropogenic pollutants in the atmosphere.



The Listvyanka station and the Listvyanka settlement are part of the Irkutsk region. Taking into account that the station is situated on the route of the dominant transport of air masses from the industrial zone of the Irkutsk region, air emissions from stationary sources are the main cause of air pollution. Vehicles also contribute significantly to air pollution [19]. In recent years, the intensity and duration of wildfires have increased [20]. Figure 2 shows the interannual variability in median values of the concentrations of the sum of ions in the aerosols measured at the Listvyanka station from 2000 to 2020, with gross emissions of pollutants into the atmosphere of the Irkutsk region from stationary and mobile sources, as well as with the average area of one wildfire [19,21,22]. With a relatively stable gross flow of substances into the atmosphere from stationary and mobile sources, and growth in the average areas of burned-out forests from 2014 to 2020, the median values of the total concentrations of ions decreased in the aerosol composition.



The high median value of the sum of ions in the aerosols was observed between 2000 and 2004 (4.73 ± 0.84 μg·m−3). The greatest variability in the concentrations of the sum of ions was observed from 2005 to 2009 (1.97 ± 0.67 μg·m−3), as evidenced by the high standard deviation. During this period, there was almost a 2.4-fold decrease in the median value of the sum of ions in comparison with the initial period of the study. One of the causes of this was the change in climate indicators in the southern part of the Irkutsk region. The thermal regime also changed, with an increase in the amounts of precipitation, humidity, and wind speed in the region. Annual air temperature changed two times faster than the global average, and the annual amount of precipitation increased by 80 mm [23]. Moreover, in 2005, 70 km from the station, a project was implemented in Irkutsk to merge the branches of thermal power plants—the main sources of air pollution in large cities—into a single heating substation [24]. The sum of ions was the most stable between 2010 and 2017 (1.45 ± 0.23 μg·m−3); nevertheless, it was 3.3 times lower than in the initial period. In 2020, the median concentration of the sum of ions in the aerosol composition corresponded to 0.46 ± 0.40 μg·m−3, and was already an order of magnitude lower than from 2000 to 2004. Such values of the sum of ions are close to the similar data from the Mondy background station located at an altitude of 2000 m above sea level [25]. A high standard deviation indicates a significant seasonal variability in the ionic concentrations in the aerosol composition.



Figure 3 shows seasonal dynamics of ionic concentrations in the aerosol composition at the Listvyanka station in 2020. Seasonal distribution of mean monthly ionic concentrations, with a decrease in the warm season and an increase in the cold season, is typical of continental stations [26,27].



However, no substantial seasonal variation in the total amount of ions was observed at the Listvyanka station. This is due to the absence of large sources of air pollution and the constant purification of the atmosphere near a large body of water from aerosol particles by precipitation during dry deposition. In some observation periods, the ionic concentrations increased in the warm season. The main source of air pollution in the warm season is wildfires, especially in combination with extreme weather events [9,28]. For example, in July and August 2020, the ion concentration in aerosols increased. The peak of wildfires that year took place during the same months (Figure 3) [22,29].



In 2020, NH4+, Ca2+, and SO42− predominated in the aerosol composition. The ionic concentrations, in ascending order, were as follows: NH4+ > Ca2+ > Na+ > K+ > H+ > Mg2+ and SO42− > Cl− > NO3−. The mean monthly ionic concentrations in the aerosol composition are shown in Table 1. It is obvious from the table that in some periods the concentrations of NO3− were below the detection limits. In July and August, the mean concentrations of K+, Na+, Cl−, Mg2+, and SO42− increased in the aerosol composition. The analysis of the back trajectories of air masses—which was carried out for each day from 1 June to 30 August 2020—and satellite images revealed that from 26 July to 16 August, smoke from wildfires came from the northern areas of the Irkutsk region and southern areas of Yakutia (Figure 4) [29]. Depending on the type of biomass burned, Si, Ca, S, K, Al, Fe, Mg, and Cl are inorganic components of ash, while among gases, there are ammonia, and oxides of carbon, nitrogen, and sulphur. In Figure 4, there are obvious smoke plumes from wildfires entering the area of the Listvyanka station [29].



During aging, volatile inorganic components are condensed as chlorides and sulphates into a group of particles enriched in potassium [30,31,32,33]. Chlorides and potassium serve as markers in modelling the transport of plumes from wildfires [34].



Correlation analysis was carried out to identify the relationships between the ionic concentrations. There was a high positive correlation (r > 0.9) between the concentrations of NH4+, Ca2+, and Mg2+ ions with SO42−, Cl−, and NO3− anions. Moreover, the concentrations of NH4+, Ca2+, and Mg2+ were closely related to one another (r > 0.9). This indicates a single source of intake of the substances adsorbed on aerosol particles. In winter, the anthropogenic factor (coal ash) is such a source. In the absence of industrial pollution sources in the Listvyanka settlement, it is important to take into account dominant directions associated with the transport of pollutants with air masses. In the warm season of the year, a high degree of correlation between the concentrations of SO42− and NO3− (r = 0.9) testifies to their formation during photochemical reactions in the atmosphere. Na+, K+, Ca2+, and Mg2+ do not have volatile forms; therefore, their precursors are aerosol particles carried into the atmosphere from the ground surface. Notably, there was no positive correlation between the concentrations of Na+/K+ and other ions, despite a relationship between them (r > 0.8). Smoke plumes can be a likely source of these ions. Previously [9], we have shown that during the transport of smoke plumes with air masses, K+ ions are adsorbed mainly on submicron aerosol particles of 0.3–1.0 μm.



A comparison of the ionic composition of aerosols in 2020, involving similar data from previous years, revealed that NH4+, Ca2+, and SO42− were the dominant ions in the composition of the atmospheric aerosols at the Listvyanka station throughout the entire study period. However, the ratios of their concentrations have changed over the years (Figure 5). While during the initial period of the study NH4+ and SO42− were major ions—with contributions of 32% and 40%, respectively—in subsequent years, the contribution of NH4+ reduced to 24%, and that of SO42− increased to 43%. The role of Ca2+ increased significantly, from 8.0% between 2000 and 2004 to 13% in subsequent periods. The greatest contribution of this ion to the aerosol composition at the Listvyanka station was noted during the cold season of the year. This may indicate an increased local emission of alkaline earth elements into the atmosphere, which is associated with the expansion of infrastructure in tourist and recreational areas. In the aerosols of 2020, there was an increase in ions such as Na+ and Cl−—up to 10.0% and 7.0%, respectively. Since 2010, the contribution of K+ ions has increased, which is likely due to the deterioration of fire hazards in the region in spring and summer. Under the influence of smoke plumes from wildfires, the contribution from the average monthly concentrations of K+ increased to 8–20%.




3.2. Precipitation


Precipitation is one of the most important climatic characteristics. Long-term changes in the chemical composition of precipitation are an important element of information for environmental control. In particular, in the Baikal region, they form the river runoff of most of the rivers in the southern part of the region, which are among the main sources of dissolved substances contributing to the chemical mass balance of Lake Baikal. According to the 2005 data, the proportion of the atmospheric component in the influx of dissolved substances to Baikal water ranged from 2 to 6% [35].



A study of the chemical composition of precipitation collected at the Listvyanka station in 2020 revealed that the total concentrations of ions in precipitation throughout the year varied within the range of 0.6–30.0 mg/L, with a mean value of 6.6 ± 4.7 mg/L. The minimum concentrations of soluble impurities of 0.6 mg/L were determined in rainwater collected on 12 and 13 September. During this period, ~70% of the monthly precipitation (60 mm) fell [36]. Snow that fell on 6 and 7 April had the maximum concentrations of all investigated elements. The sum of ions within the range of 10–15 mg/L was observed in 15% of the total precipitation. As a rule, such precipitation occurred in the driest spring period (March and April), characterized by an increased concentration of aerosol particles in the atmosphere. Precipitation with the sum of ions ranging from 5 to 10 mg/L was the most common, making up 46% of cases. Precipitation with the sum of ions less than 5 mg/L fell in ~37% of cases.



In 2020, the average annual sum of ions in wet deposition at the Listvyanka station (6.6 mg/L) was close to the same value as between 2000 and 2010 (6.7 mg/L). From 2011 to 2019, the average annual sum of ions was 7.3 mg/L, which was 10% higher than in 2020. The decrease in the sum of ions in precipitation in 2020 compared to the period from 2011 to 2019 is likely due to an increase in the amount of wet deposition in recent years, and improvement of the ecological conditions in the region resulting from COVID-19 restrictions. According to [36], an increase in the amount of precipitation in the Listvyanka settlement has been observed since 2019, and in 2020, it increased by 34% in comparison with the average interannual value in the period 2011 to 2019.



There is a relationship between the average monthly sum of ions in precipitation and the amount of precipitation (Figure 6). For example, the maximum precipitation in 2020 at the Listvyanka station was recorded in August and September; the lowest concentrations of the average monthly sums of ions were also found during this period. The highest sum of ions was observed in April, with the smallest amount of precipitation (4 mm).



Seasonal variability of the sum of ions in precipitation at the Listvyanka station is more obvious than that in atmospheric aerosols. In November–April, the sum of ions was twice as high as that in the warm period (May–October). This is primarily due to the greater air pollution in the cold season, associated with the transport of emissions from the thermal power industry of the Irkutsk region. However, in some years, seasonal differences in the chemical composition of precipitation at the station were less obvious [37].



Table 2 shows the ionic composition of precipitation sampled in 2020. Large values of root-mean-square deviations, as with aerosols, indicate significant variability in the ionic concentrations in the precipitation composition.



The comparison of the average annual concentrations of ions in precipitation in 2020, involving the same data from previous years, is shown in Table 3. In precipitation, the concentrations of Na+, K+, Mg2+, and Cl− increased with a simultaneous decrease in the concentrations of Ca2+, NH4+, SO42−, NO3−, and HCO3−. Interestingly, a comparison of interannual ionic concentrations in the aerosol composition of 2020 also revealed an increase in the concentrations of Na+, K+, and Cl−, as well as a decrease in NH4+, SO42−, and NO3−.



SO42− and Ca2+ were major ions that made the greatest contribution to the mineralisation of wet depositions at the Listvyanka station in 2020. The average annual relative concentrations of ions in snow can be arranged in descending order as follows: Ca2+ > NH4+ > Mg2+ > Na+ > H+ > K+ and SO42− > NO3− > Cl− > HCO3−.



In rainfall at the station, the fractional contribution from calcium ions decreased significantly, and the contributions from ammonium ions and hydrogen ions increased. Hydrogen ions were major cations in precipitation during the warm season. This was facilitated by an eight-fold excess of precipitation in the warm season compared to the cold season, as well as by a decrease in ash components in the atmosphere due to the termination of the heating season. The arrangement of ions according to the ratio of their fractional contributions to the composition of rainwater was as follows: H+ > NH4+ > Ca2+ > Mg2+ > K+ > Na+ and SO42− > NO3− > Cl− > HCO3−.



Correlational analysis revealed a good relationship of the SO42− concentrations with all other ions (r = 0.6–0.8), except for K+ and H+. NO3− ions were most correlated with Ca2+ (r = 0.9), Na+ (r = 0.8), and Mg2+ (r = 0.7), while Cl−ions were most correlated with Na+ (r = 0.8). There was also a close relationship between the concentrations of Ca2+, Mg2+, and Na+, indicating a common source—most likely soil erosion—of their input in precipitation (r = 0.7–0.9). There was no relationship between hydrogen ions and strong acid anions.



An elevated acidity and the absence of bicarbonate ions in most of the discrete samples are typical of precipitation at the Listvyanka station. The average annual pH value in 2020 was 5.10 ± 0.49, varying within the range of 4.21 to 6.44. Half of the wet depositions had a pH < 5, which testifies to the periodic effect of acid-forming gases (nitrogen oxide and sulphur oxide) on their chemical composition. The maximum frequency of acid precipitation at the Listvyanka station accounted for 67%, which was recorded in 2005 (Figure 7A). In 2020, as in most of the observed period, pH values of 4.5–5.0 were the most frequent. In 2020, the most acid precipitation with pH < 4.5 fell in summer, with SO42− concentrations that were elevated relative to the average annual values, as well as decreased concentrations of Ca2+ and NH4+. Over the past three years (from 2018 to 2020), the maximum acid precipitation (4.0–4.5), as well as precipitation within the pH range of 5.0–5.5, have decreased. At the same time, the amount of precipitation with pH 4.5–5.0 and 5.5–6.0 has increased. No extremely acidic precipitation with pH < 4.0—as recorded in 2006 and 2007—is currently observed at the station (Figure 7A,B).



We studied the seasonal variability of the pH value of precipitation at the station. In 2020, unlike the previous five-year period, there were two pH peaks: in April and October (Figure 8). Both peaks were caused by low precipitation levels (Figure 6). The lowest pH values were observed in May and August 2020, whereas from 2015 to 2019 they were observed in June (see Figure 8).



There is a single annual variation in most of the average monthly total concentrations of ions and pH values. The correlation coefficient of this pair is 0.65, indicating that an increase in the total concentration of ions in wet depositions mostly entails an increase in the acid–base indicator. In annual terms, the pH value tended to decrease between 2000 and 2020.




3.3. Influx of Substances with Atmospheric Deposition (Aerosols and Precipitation) to the Underlying Surface of the Listvyanka Station


3.3.1. Influx with Aerosols


Long-term data (from 2000 to 2020) on the ionic composition of atmospheric aerosols sampled in the air at the Listvyanka station were used to assess the influx of dry deposition to the underlying surface. To calculate the dry deposition with aerosols, the following well-known formula was used [38]:


D = C V × Δt,








where D represents the substance fluxes, C is the average concentration over the time period (Δt), and V is the deposition rate. In the calculations, we used the deposition rates proposed in [38] for the temperate latitudes of Russia (Table 4).



Figure 9 presents the average annual influx of ions to the underlying surface of the Listvyanka station from 2000 to 2010, and from 2011 to 2020, in comparison with 2020. We calculated the annual flux of substances, which was averaged over the selected periods. Obviously, the bulk of pollutants was deposited by aerosols in the first decade of the 21st century. In 2020, the total influx of substances (34 mg·m−2·year−1) was on average 5.8 times lower than between 2000 and 2004 (196 mg·m−2·year−1). The fluxes of sulphates and nitrogen compounds (NH4+ and NO3−) were predominant. In 2020, the fluxes of NH4+ and NO3− decreased, and the influx of Na+, K+, Ca2+, Cl−, and SO42− became predominant.



Seasonal variability can be traced in the influx of substances to the underlying surface (Table 5). The fluxes of the sum of ions to the surface increase from April to June when, with intense solar irradiance, turbulent heat transfer and convection processes in the atmosphere intensify. Increased fluxes of substances persist throughout the entire warm season. They decrease in the cold autumn and winter seasons, when cyclogenesis processes are activated during the restructuring of the Earth’s baric field from the summer to winter. From January to April, Lake Baikal is covered with ice; thus, dust particles are easily transported over long distances, without deposition onto the water surface, which acts as a kind of filter during their transport [39]. In July and August 2020, the fluxes of substances increased. As noted above, during this period, smoke aerosols from wildfires entered the area of the southern basin of Lake Baikal.




3.3.2. Influx with Precipitation


Table 6 shows the values of monthly depositions of the investigated elements to the underlying surface in the area of the Listvyanka station via precipitation, based on the 2020 data. Analysis of the data in Table 7 indicates that the highest fluxes of the sum of ions were observed during periods of high precipitation from May to September, with the maximum in August, which coincides with the maximum value of precipitation in 2020 (Figure 6). As mentioned above, in July and August, there were smoke aerosols in the atmosphere above the southern basin of Lake Baikal. The origin of ions that made the greatest contribution to the total flux was mostly associated with gas-phase reactions in the atmosphere, and the washing-out of solid particles.



A study of year-long ion fluxes in 2020 and their comparison with previous years revealed a decrease in the bulk of ions in the depositions. For instance, compared to the data on the first decade of the 21st century, in 2020, a decrease in the deposition of Ca2+, NH4+, and NO3− was the most significant (35–42%). From 2011 to 2019, the decrease ranged from 21 to 29%. At the same time, the deposition of hydrogen, sodium, and potassium ions increased (by 16–45%) (Table 7). Over 20 years of monitoring, there has been a 1.4-fold decrease in the deposition of the sum of ions via precipitation.




3.3.3. Influx of Acid-Forming Elements


An important criterion of the ecological conditions is the assessment of the influx of sulphur and nitrogen to the underlying surface. Sulphur and nitrogen fluxes coming from the atmosphere with aerosols and precipitation were recalculated for nitrogen from nitrates and ammonium ions, as well as for sulphur from sulphates. The acidification of precipitation was the most likely adverse consequence of the influx of sulphur and nitrogen to Lake Baikal, leading to a shift in the balance of major ions in the waters of the tributaries in the southern basin of Lake Baikal [35].



The average interannual fluxes of sulphur and nitrogen via aerosols and precipitation were different; the sulphur fluxes were higher than the nitrogen fluxes (Table 8). From 2000 to 2020, the nitrogen influx with aerosol decreased by a factor of 35, and the sulphur influx decreased by a factor of 5. The decrease in the fluxes of nitrogen and sulphur with precipitation has been less significant: 1.3-fold for sulphate sulphur and 1.6-fold for mineral nitrogen. In 2020, the influx of nitrogen with aerosols accounted for ~1% of the total influx with precipitation, and that of sulphur was ~10%.






4. Conclusions


Based on the 2020 data compared to the data from previous years, we studied the chemical composition of atmospheric aerosols and precipitation at the Listvyanka station situated on the southwest coast of Lake Baikal. The station is located 200 m above the lake’s level, which excludes the influence of the activities in the settlement of the same name, and allows the tracing of high-altitude regional and global transport of air pollution. The chemical composition of aerosols and precipitation at the Listvyanka station testify to the impact of both natural and anthropogenic factors on their formation.



The average annual concentration of ions in the aerosol composition varied from 4.73 μg·m−3 between 2000 and 2004 to 1.45 μg·m−3 between 2010 and 2017, and currently (2020) accounts for 0.46 μg·m−3. A decrease in the total concentration resulted both from the changes in climate indicators in the southern part of the Irkutsk region, and from the improvement of the ecological conditions as a result of environmental protection measures. NH4+, Ca2+, and SO42− were the predominant ions in the composition of atmospheric aerosols at the station, the concentrations of which varied significantly throughout the observation period. In 2020, despite the low concentrations, the contributions of Ca2+, Na+, and Cl− to the aerosol composition increased to 13%, 10%, and 7%, respectively. Although wildfires are episodic, the contribution of K+ ions—one of the markers of smoke aerosols—has increased since 2010.



In 2020, the total concentration of ions in precipitation at the station averaged 6.6 mg/L. Precipitation prevailed, with the sum of ions ranging from 5 to 10 mg/L. The seasonal variability—with the maximum in April and the minimum in September—was more obvious for the ionic concentrations in the precipitation composition than in the atmospheric aerosols, corresponding to the annual variation in the amount of precipitation. Mineralisation of wet depositions decreased by 10% in 2020 compared to the period from 2011 to 2019. Sulphates and calcium were major ions in precipitation. During the cold season, the contribution of nitrates increased, while in the warm season, ammonium and hydrogen increased. The average annual acid–base indicator in wet depositions near Listvyanka accounted for a pH value of 5.1. The most frequent pH values in precipitation ranged from 4.5 to 5.0. pH values tended to decrease from 2000 to 2020.



The fluxes of the sum of ions in aerosols increased from April to June and, as with the ion fluxes with precipitation, remained the highest during the warm season of the year. In the deposition of ions via precipitation, which prevailed in summer, ammonium, sulphates, and hydrogen were at their maximum in August. In comparison with the data from previous years, the deposition of most ions—especially calcium, ammonium, and nitrates—decreased in 2020. The deposition of hydrogen, sodium, and potassium ions increased. The influx of nitrogen and sulphur—the main elements affecting the acidification of the environment—decreased both in aerosols and in precipitation. In 2020, the influx of nitrogen with aerosols amounted to ~1% of the total influx with precipitation, and that of sulphur was ~10%. Research over the past 20 years has revealed that the ecological conditions at the Listvyanka station have generally improved. This research is of great importance, because the role of the atmosphere in assessing the state of the environment of Lake Baikal has been increasing in recent years.
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Figure 1. Map of Lake Baikal and its ecological zones, and location of the Listvyanka station [10]. Photo by V.A. Obolkin. 
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Figure 2. Interannual variability in gross emissions into the atmosphere in the Irkutsk region from stationary and mobile sources (thousand tons per year), the average area of one wildfire (ha), and the median values of the concentration of the sum of ions in the atmospheric aerosols at the Listvyanka station from 2000 to 2020 [19,21]. 
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Figure 3. Seasonal variability in the sum of ions at the Listvyanka station in 2020 compared to the mean monthly ionic concentrations in periods from 2000 to 2004, from 2005 to 2009, and from 2010 to 2017. 
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Figure 4. Satellite images with smoke plumes from wildfires, 8 August 2020 [29]. 
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Figure 5. The fractional contribution of ions to the formation of the chemical composition of atmospheric aerosols at the Listvyanka station during different observation periods. 






Figure 5. The fractional contribution of ions to the formation of the chemical composition of atmospheric aerosols at the Listvyanka station during different observation periods.



[image: Atmosphere 12 01357 g005]







[image: Atmosphere 12 01357 g006 550] 





Figure 6. Interannual variability of the average monthly sum of ions (mg/L) and the amount of precipitation (mm) at the Listvyanka station in 2020. 
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Figure 7. Frequency of different pH values in precipitation at the Listvyanka station from 2005 to 2009 (A), and from 2014 to 2020 (B). 
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Figure 8. Seasonal dynamics of precipitation: weighted average pH values in precipitation at the Listvyanka station. 
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Figure 9. The average annual flux of ions entering the underlying surface of the Listvyanka station via atmospheric aerosols (mg·m−2year−1). 
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Table 1. Mean monthly concentrations and standard deviations of the ionic concentrations in atmospheric aerosols at the Listvyanka station in 2020 (µg· m−3).
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	Month
	Na+
	NH4+
	K+
	Mg2+
	Ca2+
	Cl−
	NO3−
	SO42−





	January
	0.04 ± 0.03
	0.18 ± 0.16
	0.012 ± 0.014
	0.003 ± 0.004
	0.05 ± 0.04
	0.02 ± 0.02
	0.014 ± 0.017
	0.63 ± 0.42



	February
	0.04 ± 0.02
	0.07 ± 0.06
	0.008 ± 0.010
	0.002 ± 0.001
	0.06 ± 0.02
	0.02 ± 0.01
	0.011 ± 0.021
	0.44 ± 0.18



	March
	0.03 ± 0.01
	0.11 ± 0.07
	0.005 ± 0.009
	0.002 ± 0.002
	0.09 ± 0.07
	0.04 ± 0.04
	0.043 ± 0.086
	0.35 ± 0.06



	April
	0.05 ± 0.03
	0.02 ± 0.03
	0.015 ± 0.027
	0.003 ± 0.003
	0.04 ± 0.02
	0.05 ± 0.01
	0.024 ± 0.046
	0.22 ± 0.10



	May
	0.02 ± 0.01
	0.00 ± 0.00
	0.000 ± 0.000
	0.002 ± 0.001
	0.03 ± 0.02
	0.02 ± 0.01
	0.012 ± 0.017
	0.20 ± 0.11



	June
	0.03 ± 0.03
	0.07 ± 0.05
	0.003 ± 0.006
	0.001 ± 0.000
	0.03 ± 0.02
	0.01 ± 0.01
	0.000 ± 0.000
	0.14 ± 0.07



	July
	0.14 ± 0.18
	0.17 ± 0.11
	0.216 ± 0.266
	0.002 ± 0.003
	0.09 ± 0.14
	0.08 ± 0.08
	0.000 ± 0.000
	0.52 ± 0.51



	August
	0.09 ± 0.08
	0.08 ± 0.04
	0.032 ± 0.072
	0.004 ± 0.006
	0.05 ± 0.04
	0.08 ± 0.05
	0.000 ± 0.000
	0.42 ± 0.25



	September
	0.03 ± 0.01
	0.06 ± 0.06
	0.007 ± 0.013
	0.002 ± 0.001
	0.04 ± 0.02
	0.02 ± 0.01
	0.000 ± 0.000
	0.17 ± 0.07



	October
	0.02 ± 0.01
	0.05 ± 0.03
	0.000 ± 0.000
	0.001 ± 0.000
	0.02 ± 0.01
	0.01 ± 0.01
	0.000 ± 0.000
	0.11 ± 0.02



	November
	0.01 ± 0.01
	0.03 ± 0.02
	0.045 ± 0.094
	0.001 ± 0.001
	0.02 ± 0.01
	0.02 ± 0.02
	0.005 ± 0.006
	0.13 ± 0.06



	December
	0.21 ± 0.32
	0.23 ± 0.45
	0.379 ± 0.092
	0.001 ± 0.000
	0.03 ± 0.03
	0.06 ± 0.04
	0.047 ± 0.041
	0.44 ± 0.27
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Table 2. Mean monthly volume-weighted ion concentrations in atmospheric precipitation, and their standard deviations, at the Listvyanka station in 2020.
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	Month
	HCO3−
	SO42−
	NO3−
	Cl−
	Na+
	K+
	Ca2+
	Mg2+
	NH4+





	January
	0 ± 0
	1.68 ± 0.65
	3.13 ± 0.92
	0.42 ± 0.21
	0.21 ± 0.04
	0.15 ± 0.06
	0.90 ± 0.18
	0.12 ± 0.04
	0.21 ± 0.10



	February
	0 ± 0
	2.57 ± 1.27
	3.86 ± 0.98
	0.19 ± 0.04
	0.27 ± 0.03
	0.16 ± 0.03
	1.28 ± 0.55
	0.17 ± 0.05
	0.20 ± 0.09



	March
	0.7 ± 1.0
	3.39 ± 1.41
	3.15 ± 1.32
	0.36 ± 0.07
	0.39 ± 0.17
	0.35 ± 0.15
	1.49 ± 0.77
	0.21 ± 0.08
	0.46 ± 0.25



	April
	0.6 ± 0.4
	5.96 ± 4.22
	3.24 ± 3.34
	0.44 ± 0.33
	0.58 ± 0.53
	0.27 ± 0.18
	2.03 ± 1.13
	0.37 ± 0.16
	0.88 ± 1.00



	May
	0.1 ± 0.3
	1.37 ± 1.52
	0.75 ± 1.66
	0.22 ± 0.17
	0.09 ± 0.07
	0.16 ± 0.21
	0.41 ± 0.75
	0.09 ± 0.19
	0.14 ± 0.32



	June
	0.3 ± 0.4
	3.10 ± 1.11
	0.85 ± 0.38
	0.14 ± 0.07
	0.10 ± 0.05
	0.70 ± 0.56
	0.66 ± 0.37
	0.18 ± 0.14
	0.32 ± 0.17



	July
	0 ± 0
	1.21 ± 0.74
	0.54 ± 0.82
	0.14 ± 0.10
	0.09 ± 0.07
	0.13 ± 0.16
	0.23 ± 0.22
	0.04 ± 0.05
	0.19 ± 0.25



	August
	0.04 ± 1.27
	1.09 ± 0.60
	0.34 ± 0.26
	0.07 ± 0.08
	0.07 ± 0.07
	0.06 ± 0.32
	0.08 ± 0.19
	0.02 ± 0.07
	0.20 ± 0.27



	September
	0 ± 0
	0.74 ± 1.91
	0.24 ± 0.74
	0.04 ± 0.12
	0.06 ± 0.07
	0.05 ± 0.13
	0.09 ± 0.41
	0.02 ± 0.09
	0.12 ± 0.34



	October
	0.6 ± 0.0
	1.04 ± 0.00
	0.98 ± 0.00
	0.15 ± 0.00
	0.17 ± 0.00
	0.17 ± 0.00
	0.49 ± 0.00
	0.08 ± 0.00
	0.24 ± 0.00



	November
	0.3 ± 0.8
	2.31 ± 1.18
	1.54 ± 0.34
	0.27 ± 0.08
	0.23 ± 0.03
	0.35 ± 0.20
	0.74 ± 0.13
	0.22 ± 0.15
	0.55 ± 0.42



	December
	0.2 ± 0.3
	2.21 ± 0.87
	2.72 ± 1.32
	0.41 ± 0.26
	0.34 ± 0.17
	0.11 ± 0.04
	1.33 ± 0.53
	0.16 ± 0.10
	0.28 ± 0.07
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Table 3. Interannual variability of the ionic concentrations in the composition of precipitation at the Listvyanka station (in the numerator—mg/L; in the denominator—%).
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	Period
	HCO3−
	SO42−
	NO3−
	Cl−
	Na+
	K+
	Ca2+
	Mg2+
	NH4+
	H+





	2000–2010
	     0.43   2.4     
	     2.49   28.1     
	     1.85   16.0     
	     0.25   3.1     
	     0.16   3.2     
	     0.16   1.6     
	     0.80   19.1     
	     0.11   4.4     
	     0.42   10.8     
	     0.008   10.9     



	2011–2019
	     0.32   1.7     
	     2.92   28.4     
	     2.04   14.3     
	     0.23   3.4     
	     0.16   3.2     
	     0.19   2.2     
	     0.96   19.1     
	     0.13   4.4     
	     0.42   11.4     
	     0.008   10.6     



	2020
	     0.23   1.6     
	     2.41   26.1     
	     1.80   13.5     
	     0.25   4.0     
	     0.20   4.5     
	     0.24   3.3     
	     0.78   17.5     
	     0.14   5.1     
	     0.38   10.9     
	     0.008   10.9     
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Table 4. Rates of deposition of substances on the surface [38].
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	Month
	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December





	Rate, cm/s
	0.1
	0.1
	0.1
	0.2
	0.3
	0.3
	0.3
	0.3
	0.3
	0.2
	0.2
	0.1
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Table 5. The average monthly sum of ions entering the underlying surface of the Listvyanka station via atmospheric aerosols (mg·m−2·month−1).
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	Period
	January
	February
	March
	April
	May
	June
	July
	August
	September
	October
	November
	December





	2000–2010
	10.5
	10.0
	10.3
	28.7
	27.0
	25.9
	17.4
	21.0
	14.7
	14.4
	8.0
	8.3



	2011–2019
	6.0
	5.3
	5.2
	10.1
	8.5
	10.1
	9.9
	9.0
	5.4
	6.0
	4.0
	4.6



	2020
	2.5
	1.5
	1.5
	2.0
	2.2
	1.7
	8.4
	6.4
	1.9
	0.8
	1.1
	3.6
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Table 6. Monthly wet depositions of ions and their sums (∑ions) at the Listvyanka station in 2020 (mg·m−2·month−1).
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	Month
	∑ions
	HCO3−
	SO42−
	NO3−
	Cl−
	Na+
	K+
	Ca2+
	Mg2+
	NH4+
	H+





	January
	74
	0
	18.1
	33.8
	4.5
	2.3
	1.6
	9.8
	1.3
	2.3
	0.16



	February
	47
	0
	13.9
	20.8
	1.1
	1.4
	0.8
	6.9
	0.9
	1.1
	0.05



	March
	91
	6.1
	29.5
	27.4
	3.1
	3.4
	3.1
	12.9
	1.8
	4.0
	0.05



	April
	56
	2.2
	23.2
	12.6
	1.7
	2.3
	1.1
	7.9
	1.5
	3.4
	0.01



	May
	170
	4.1
	70.7
	38.4
	11.4
	4.6
	8.3
	21.2
	4.5
	7.0
	0.66



	June
	130
	6.7
	63.2
	17.4
	2.9
	2.1
	14.2
	13.4
	3.6
	6.5
	0.40



	July
	175
	0
	82.2
	36.9
	9.2
	6.4
	8.9
	15.3
	2.8
	13.1
	1.09



	August
	253
	5.8
	140.1
	43.1
	8.9
	8.4
	8.1
	10.2
	2.6
	25.7
	2.66



	September
	120
	0
	65.8
	21.8
	3.5
	5.6
	4.2
	7.6
	1.4
	10.3
	1.27



	October
	4
	0.6
	1.1
	1.1
	0.2
	0.2
	0.2
	0.5
	0.1
	0.3
	0.00



	November
	31
	1.6
	11.1
	7.4
	1.3
	1.1
	1.7
	3.6
	1.0
	2.7
	0.02



	December
	73
	1.5
	20.8
	25.6
	3.8
	3.2
	1.0
	12.5
	1.5
	2.7
	0.03
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Table 7. Wet depositions of ions at the Listvyanka station during different periods (mg·m−2·year−1).
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	Period
	SO42−
	NO3−
	Cl−
	Na+
	K+
	Ca2+
	Mg2+
	NH4+
	H+





	2000–2010
	712 ± 151
	493 ± 205
	65 ± 23
	36 ± 27
	37 ± 20
	182 ± 164
	26 ± 11
	125 ± 37
	6.2 ± 1.7



	2011–2019
	629 ± 192
	387 ± 208
	53 ± 26
	31 ± 32
	35 ± 12
	153 ± 149
	21 ± 7
	117 ± 58
	5.5 ± 1.9



	2020
	537
	288
	52
	41
	54
	120
	23
	80
	6.4
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Table 8. Average interannual fluxes of sulphur and nitrogen entering the surface of the Listvyanka station via aerosols and precipitation (mg·m−2year−1).






Table 8. Average interannual fluxes of sulphur and nitrogen entering the surface of the Listvyanka station via aerosols and precipitation (mg·m−2year−1).





	
Period

	
Aerosol

	
Precipitation




	
2000–2010

	
2011–2019

	
2020

	
2000–2010

	
2011–2019

	
2020






	
N

	
31.5

	
11.1

	
0.9

	
209

	
179

	
127




	
S

	
34.1

	
16.4

	
6.5

	
235

	
207

	
177
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