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Abstract

:

During 2020–2021, a comprehensive experiment was conducted to study the composition of near-surface atmospheric aerosol in Moscow. The paper considers the experimental data together with synoptic and meteorological conditions. Attention is focused on six episodes of extremely high aerosol mass concentration values: in March and October 2020, as well in March, April, May and July 2021. In all these cases (and only in them), the average daily mass concentration of PM10 aerosol exceeded the Maximum Permissible Concentration (MPC) value (according to Russian standards, 60 μg/m3). The origin of the aerosol during these periods of extreme pollution is revealed, which is the main result of the work. It was shown that the July episode of 2021 was associated with a local intensive anthropogenic source that arose as a result of the active dismantling and demolition of multistory industrial buildings. The remaining spring and autumn episodes were caused by atmospheric transport of both smoke aerosol from various regions with strong biomass fires and dust aerosol from arid zones of the south of European territory of Russia (ETR) with dust wind storms. The cases of atmospheric pollution transport to Moscow region from the other regions are confirmed with the help of air mass transport trajectories (HYSPLIT 4 model) and MERRA-2 reanalysis data on black carbon and/or dust distribution in the atmosphere over ETR. Differences in the elemental composition of the near-surface aerosol of Moscow air during periods with extremely high aerosol concentrations are analyzed in comparison with each other and with unperturbed conditions for the season.






Keywords:


atmosphere; long-range and regional transport; near-surface aerosol; particulate matter (PM10); sources; mass concentration; elemental composition; enrichment factor












1. Introduction


The study of composition and quality control of the air of cities has been one of the most pressing problems for all countries and regions in recent years [1]. Aerosol–the most active and dynamic component of the atmosphere–serves as an indicator of ecosystem state and also indicates possible sources of pollution. The main sources of natural aerosols in cities and industrial areas are the soil and, to a lesser extent, sources of bio-aerosols. Primary anthropogenic aerosols are released into the atmosphere by industrial enterprises, heat power industry and transport. Secondary aerosols, which are mostly the particles of a fine (submicron) fraction, are formed during microphysical and photochemical processes involving water vapor, organic compounds and various precursor gases [2].



The mixing of anthropogenic and natural emissions in near-surface air creates a heterogeneous field of pollutants, which changes rapidly due to the mobility of air masses, the influence of meteorological conditions and active chemistry of gases and aerosols in urban conditions. In addition, large cities are characterized by specific features: heterogeneity of urban development, the presence of recreational landscapes, complex natural and anthropogenic orography, a special wind regime, the impact of “heat island”, the different types of local anthropogenic sources, etc. All these aspects influence strongly in spatial and temporal variability of urban aerosols (their size distribution and chemical composition) and create difficulties for studying atmospheric composition in metropolis.



Currently, the attention of the scientific community is focused on so called climate significant atmospheric components, including, in addition to greenhouse gases and ozone, such aerosol components as dust and black carbon (BC) [3,4]. These components change optical properties and radiation parameters of the atmosphere. Further, in high concentrations, they affect negatively the health of urban people [2,5,6,7,8,9,10,11,12]. Under stable conditions, local anthropogenic and natural sources should create more or less stable average level of aerosol atmospheric pollution in the city (“background”, different for each season) less than Maximum Permissible Concentration (MPC) value for residential territories. However, dust and smoke aerosol emissions can be transported in the atmosphere up to the distances of several thousand kilometers [9,10,11,12,13,14,15] and can make a significant contribution to urban atmosphere pollution [16]. In such cases, in city air, an extremely high aerosol pollution is formed, the various components of which are of natural and/or anthropogenic origin, as well as having local and/or remote sources.



Elevated or extremely high values (in comparison with the average characteristics and MPC values) of mass concentrations of BC and PM10 and PM2.5 aerosols are occasionally recorded (within a few days) in the near-surface air of Moscow [17,18,19,20,21,22,23,24,25,26,27]. In most cases, this is due to the atmospheric transport of air masses containing pollutants from natural fires or anthropogenic biomass burning on neighboring or more remote territories, as well as from dust storms in remote semiarid areas of the south of European territory of Russia (ETR). The extremely hot and dry summer of 2010 can serve as a striking example of such pollution of the atmosphere in the region of Moscow [23,28,29]. At that time, numerous forest and peat fires broke out in the center of the ETR, and a steady (for almost a month) anticyclone accumulated and mixed air impurities over almost the entire territory of the ETR except for the northernmost regions. Another example of long-range atmospheric transport of fire aerosols to Moscow was connected with the eastern air mass transport from the wildfires in the southern regions of Western Siberia to the west, up to Moscow and further to Europe in 2016 [22,30].



It should be noted that in recent years, scientists around the world have paid increased attention to studying the sources and properties of fire aerosols, conditions and processes of their transport, as well as the assessment of their impact on the composition of the atmosphere, urban ecosystems and the climate of the Earth (for example, [7,8,13,14,15,16,17,18,19,20,21,22,23,30,31,32,33,34,35]). In particular, various markers of combustion products [31,32], the contributions of various sources to carbon-containing aerosols [33], the influence of meteorological conditions on the composition and transport of smoke aerosols [34,35,36,37,38,39] were studied with the help of numerical modeling, laboratory experiments, satellite and ground-based observations [15,16,31,32,33,34,35,36,37,38,39,40,41,42,43].



Another significant climate component of aerosols, dust, has also been studied in detail at present. As is known [12,44,45], the main natural sources of dust aerosol are the arid and semi-arid regions of the globe, the largest of which are located in North Africa, the Arabian Peninsula and the Middle East, and Central and East Asia. A number of published works are devoted to the transatlantic transport of Saharan dust to North and South America [46,47,48,49,50], as well to Europe [51,52,53,54,55,56,57]. Assessments of radiation forcing from dust aerosols of various source regions to climate characteristics of the global atmosphere have been carried out [58,59,60,61,62,63,64]. A more detailed review of literary sources on this theme is presented in [27].



However, there is practically no work on atmospheric transport of dust from arid and semi-arid regions to the middle latitudes of Eastern Europe and ETR. However, the results of studies (including those considered in this article) show that in the absence of fire impacts (in particular, in the cold season), significant air pollution with dust can be observed at the latitude of Moscow during atmospheric transport from remote territories [27]. The amplitude of such impacts is comparable to the impact of local sources associated, for example, with active traffic, intensive work on the destruction/construction of buildings, repair and reconstruction of courtyards and streets, etc. [65]. Estimates [66,67,68] of the probabilities of long-range atmospheric transport of natural silicates (the basis of dust aerosol in Moscow and its suburbs) from various source regions to Moscow region showed that the most likely sources are situated in the Aral Sea region and arid areas of the Russian coast of the Caspian Sea (Kalmykia and Astrakhan region). The average duration of aerosol transportation from these regions to Moscow is 3–5 days. The impacts of such powerful sources of dust aerosol as the deserts of Northern Africa, the Middle East and the South of Central Asia are much weaker due to their remoteness and the rarity of air mass transport from them to the Moscow region.



This study examines the results of continuous two-year observations of the near-surface aerosol composition in Moscow. Special attention is paid to episodes of high aerosol concentration (more than MPC value for particles PM10) in the urban air in different seasons of the year. The sources of extreme aerosol pollution of various origins are discussed. The variability of mass concentration and elemental composition of atmospheric aerosol is analyzed during these episodes and in their absence.




2. Materials and Methods


2.1. Object, Place and Means of Observation


Moscow is the largest metropolis in Europe (area > 2.5 million km2, population > 12.5 million people), located in the central part of the European Territory of Russia (ETR). It is characterized by all the specific features inherent in the largest cities in Europe. The development of urban infrastructure has trends similar to the development trends of large modern cities. The administrative, business and shopping centers are concentrated in the central part of the city. The main anthropogenic sources of air pollution in the central district of Moscow are transport, thermal power plants, food industry and household services. Enterprises of various industries are located in industrial areas at a distance from the center [69,70,71,72].



The observation point is located at A.M. Obukhov Institute of Atmospheric Physics (IAP) RAS (Pyzhyovskiy Pereulok, 3, Moscow, Russia), in a zone of dense administrative and residential development with sealed asphalt-concrete landscapes, at a distance from major highways and railways (Figure 1). The experimental measuring complex is located in a separate standing building (55.74° N; 37.62° E) in the courtyard of the Institute.



The objects of research were the physicochemical characteristics of submicron and micron sized aerosol particles in near-surface layer of the atmosphere: microphysical parameters, elemental composition, morphological structure and mass concentration.



During 2020–2021, a comprehensive seasonal experiment was conducted, including:




	-

	
measurement of the distribution of the number of aerosol particles by size (the number distribution) by aerosol spectrometers, in continuous automatic mode with a time resolution of 5 min;




	-

	
daily (for 35–40 days in each season) sampling for analytical aerosol filters using an aspiration sampler for gravimetric and elemental analysis of the samples obtained;




	-

	
seasonal sampling by a 6-cascade impactor to determine sized distributions of mass concentration and elemental composition of aerosols.









The experimental complex is described in more detail in [26,65].



Explanations to the scheme of Figure 1. An intensive local source (the construction place of an elite residential complex on the site of dismantled and demolished scientific and industrial buildings and services) is located in the immediate vicinity of IAP observation point, 150–300 m in a NW direction. The Balchug weather station is located 800 m in a NE direction from IAP. The Spir MEM point is located 2900 m in a NW direction from IAP, in the courtyard of a multi-storey residential building, close to roads with medium and low traffic loads. The Sukhar MEM point is located 3900 m in a NNE direction from IAP, in close proximity to a busy highway (Garden Ring road) in the center of Moscow with high traffic of vehicles.




2.2. The Methods to Studying Aerosols


To determine the microphysical characteristics of the surface aerosol, we used laser and optoelectronic aerosol spectrometers. These devices continuously measure the distribution of the number of particles by size (the number distribution) [2] (p. 353, paragraph 8.1.1) in the diameter range of 0.15–10 µm. Simultaneously with the registration of the number of particles in automatic mode, the distribution of particles by volume (the aerosol volume distribution) is calculated and recorded according to the algorithm embedded in the software of the device [2] (p. 356, formula 8.6). The distribution of aerosol mass by particle size (aerosol mass distribution by size) in the range of 0.15–10 microns was determined by a well-known formula [2] (formula 8.8).



Separately, the total aerosol mass concentration was determined by the gravimetric method, which consists of depositing aerosol particles on the filter from a certain volume of air, determining the filter weight and calculating the mass concentration value (in µg/m3), knowing the volume of pumped air.



For gravimetric and elemental analysis, samples were taken by aerosol AFA (Kimry, Russia) filters [73]. These are standard filters made of fibrous material-Petryanov’s filtering cloth (PFC). They are designed for highly efficient capture of aerosol of various chemical and sized composition. The capture efficiency is high: the slip coefficient in AFA filter is 0.1% for particles of 0.1 µm in size. In our experiment, AFA filters with a working surface area of 20 cm2 and at pumping speed of 110–140 L/min were used as part of aspiration samplers.



Our equipment takes aerosol samples daily at a height of about 2 m above the surface, the filter being changed at 9 a.m. Moscow time.



Elemental composition of aerosol particles was studied by laboratory analytical methods: inductively coupled plasma mass spectrometry (MS-ISP), inductively coupled plasma atomic emission spectrometry (NPP-ISP) and X-ray fluorescence analysis (XFA) [74,75,76]. We analyzed more than 60 chemical elements of various genesis–elements of global distribution, including rare earth and radioactive elements, heavy metals and metalloids, in near-surface aerosol in Moscow.



For interpreting the experimental data obtained, we used open Internet resources [77] and archives of meteorological data [78,79] from weather station Balchug, the closest station to the observation point IAP (for the position of it, see in Figure 1). To analyze long-range atmospheric aerosol transport to Moscow, we calculated the backward trajectories of air mass transport with the help of the HYSPLIT model [80,81] on the website of Air Resources Laboratory (ARL) NOAA (College Park, MD, USA) [82]. For each daily aerosol sample, eight trajectories of 72 h duration starting every 3 h at altitudes of 100 and 250 m have been calculated. The analysis of the fire situation was carried out according to Internet resources [83,84]. The spatial distributions of dust and black carbon (BC) in near-surface air over ETR were analyzed according to MERRA-2 reanalysis data (version 2) [85]. The results of our experiment at IAP in Moscow are compared continuously (daily) with the data of the network stations of the State Research and Development Institution “Mosecomonitoring” (MEM) [86] measuring the mass aerosol concentrations of PM10 and PM2.5 particles near-surface aerosol at different points of Moscow (Figure 1).



The experiment was methodically constructed in such a way that for two years of observations, continuous data series were obtained on particle number and mass concentrations of submicron and micron aerosol particles in a range of 0.25–10 microns in near-surface air of Moscow atmosphere. In addition, intensive complex observations (IntObs) were conducted every season for 35–40 days, for which the total aerosol mass concentration (up to 30–40 μm in size) was additionally determined by gravimetric method. Moreover, the elemental composition of near-surface aerosol was also studied during IntObs from the daily aerosol probes collected using aspiration samplers. The first results of our complex experiments were published in [26,65,87,88].





3. Results and Discussion


3.1. Episodes of High Atmosphere Aerosol Pollution, Background Conditions, Seasonal Variations


Figure 2 shows the average daily values of mass aerosol concentration for the particles of smaller than 10 µm (PM10) and less than 2.5 µm (PM2.5) during continuous two–year observations in Moscow (IAP)-from the end of 2019 to November 2021. As mentioned above, the observation point is located in the city center, but away from the most intense and major highways, which makes this point representative for describing a stable background level of atmospheric pollution in the city. Figure 2b shows the data of IAP observation station with similar results obtained at two MEM stations closest to it, Spiridonovka (Spir) and Sukharevskaya (Sukhar), also located in the city center (Figure 1). The location of the station Spir MEM is similar to the IAP station, in alleys, at a distance from active highways. Sukhar MEM is located on a street with heavy car traffic and provides data on the composition of the air in a more urbanized area of the center of Moscow. Despite these differences, the two-year series of daily measurements of mass concentration of PM10 and PM2.5 aerosol particles at all three stations are very close. The values of correlation coefficients of the values of the average daily concentration of PM10 for all qualitatively homogeneous data for two years were 0.87 (between IAP and Spir) and 0.66 (between IAP and Sukhar).



As can be seen from Figure 2a, for two years the PM2.5 aerosol concentration was below the MPC value (35 µg/m3, according to Russian standards; 25 µg/m3, according to World Health Organization (WHO) standards) all the time. For PM10 aerosol, this was almost always, except for a few episodes with average daily aerosol concentrations significantly above the MPC level (60 µg/m3, according to Russian standards; 50 µg/m3, according to WHO standards [89]). The total number of such days was 33 for two years, i.e., no more than 5%. In this paper, we will consider in detail six episodes with a PM10 mass concentration higher than 60 μg/m3 (MPC value) (see Table 1 and the yellow squares in Figure 2a) in Moscow during these two years–in terms of the conditions of their occurrence and the sources of the urban atmosphere pollution in these cases.



Table 1 allows us to compare the considered episodes of increased aerosol air pollution by their level of PM10 mass concentration with each other and with the background conditions of the month. In particular, a comparison with the background level shows that the air at the MEM stations was also exposed to pollution, as in the IAP observation point, during five episodes (Nos. 1–5). During episode No. 6, the air was extremely polluted only at IAPa, which confirms the locality of the pollution source in this episode.



Since fluctuations in the aerosol concentration values of both fractions consistently occur within the MPC (except for rare extreme episodes), we propose to estimate the background (slightly disturbed) levels of PM10 and PM2.5 aerosol concentrations for each month and season in Moscow as average values for, respectively, 1 or 3 months, excluding the days when the concentrations of PM10 particles exceeded the MPC value. This should be done separately for each season, since meteorological conditions and the state of the underlying surface are important factors forming the aerosol field in near-surface atmosphere, and the background level should depend on the season. The results of such estimates for PM10 and PM2.5 mass concentrations are shown in Figure 3.



The value of mass concentration of fine aerosols PM2.5 changes a little throughout a year. In winter, the intensity of the city’s energy complex is the highest, and the mass of submicron aerosol particles in the air is slightly greater than in other seasons (Figure 3a), especially in the season of 2020–2021, compared to the warm winter of 2019–2020 [90]. Seasonal variations in the city aerosol pollution are manifested in changes of a larger, micron fraction of aerosol particle concentration PM10 (Figure 3b). This is due to the seasonal differences in the natural conditions forming the aerosol field in near-surface atmosphere. Here we can list, for example, the differences in the following processes: aerosol emissions from the surface, conditions and rate of aerosol particle deposition onto the surface, meteorological characteristics of the atmosphere (temperature, pressure, humidity and wind speed), temperature inversions in near-surface layer of the atmosphere, etc.




3.2. Meteorological Conditions


The analysis of meteorological conditions revealed some characteristic features shared between episodes of high aerosol pollution and meteorological parameters. Table 2 shows the values of the main meteorological parameters (air temperature, relative humidity and atmospheric pressure at the station level) in different seasons of the year during the episodes under consideration and also for long-term averages. The analysis used archives of meteorological data for the years from 2007 to 2021 at Balchug station (see Figure 1) obtained from the Internet resource [78]. The meteorological characteristics in the Table 2 are compared with the values of PM10 aerosos mass concentration (±STD). The background (BG) conditions were calculated through the IntObs periods without taking into account the days of the episodes or according to the weekend data from 18 July 2021 for the summer of 2021 (episode No. 6).



As can be seen from the Table 2, episodes of high aerosol pollution in spring and autumn are characterized by concentrations of PM10 CEPI > (CBG + 3 * STDBG). They are accompanied by increased values of temperature and pressure, as well as reduced humidity in near-surface air. The meteorological parameters of episode No. 6 practically do not differ from the monthly average values and from the average background values (indexed BG) outside the episode.



Figure 4 shows wind roses calculated for months with episodes of extreme aerosol pollution in comparison with long-term (2007–2019) average ones. The top four diagrams (Figure 4a) refer to episode 1, then two down-episodes 2 (Figure 4b), 4 (Figure 4c) and 6 (Figure 4d). All episodes of high aerosol concentration in near-surface air of Moscow occurred in months with wind roses differed from the long-term average one, with the exception of episode 6, when air pollution depended on a close local anthropogenic source, and not on meteorological conditions. It is also interesting to note that in the months with increased air pollution, the percentage of calm conditions was higher than the long-term average one, especially in October 2020.



The wind speed in the atmosphere near the surface in the center of Moscow rarely exceeds 3 m/s in single measurements. The average daily value of wind speed is usually 1–2 m/s. Comparing the percentage of calm in certain months of 2020 and 2021 with the long-term average ones (Figure 4), we can suppose that the probability of calm conditions in the center of Moscow has increased in recent years.



The study of the dependence of the aerosol PM10 mass concentration on atmospheric air pressure in the near-surface atmosphere in Moscow showed that an increase in atmospheric pressure accompanies not only episodes of high aerosol pollution. In undisturbed (BG) conditions, outside of the episodes of extreme increase in aerosol concentration, PM10 aerosol mass concentration in the near-surface atmosphere also increases (Figure 5). This may be caused by anticyclonic conditions with descending air flows (and aerosols in them), as well as with a weakening of aerosol, which sink onto the surface due to a decrease in air humidity, often accompanied by an increase in pressure. The PM10 aerosol mass concentration in near-surface atmosphere also increased when the air temperature goes up, during the transition seasons (spring and autumn). The simplest mechanism of this connection may be an increase in soil/dust emissions into the atmosphere when the underlying surface dries at a higher air temperature.




3.3. Spring Episodes of Maximum Air Pollution Due to Atmospheric Transport of Biomass Burning Aerosols from the Regions with Biomass Fires to Moscow


All cases of exceeding the MPC level by the values of PM10 concentration in the air of Moscow (Figure 3) are associated with aerosol transport from remote (episodes No. 1–5) or local sources (episode No. 6) to the observation point. The situation usually worsens and the concentration of aerosols increases under high atmospheric pressure, as well as with temperature inversions in the surface layer of the atmosphere. As a rule, the end time of the episode is associated with a change in the synoptic situation: a change in the direction of air mass transport and/or air cleaning with increased in humidity and precipitation.



The episode No. 1 of extremely high aerosol pollution (Figure 2 and Table 1) was in the days of air mass transport to Moscow from the regions with intensive biomass burning around Moscow and from the other mid-latitudinal regions. The examples of such transport are shown in Figure 6 on the distribution maps of fire centers (from [83]), as well as in Figure 7a,b—on the maps of BC mass concentration distribution (as an indicator of biomass burning) in the surface atmosphere, according to MERRA-2 reanalysis data [85].



Figure 6 and Figure 7 shows examples of air mass transport trajectories to the IAP observation point in Moscow constructed using the NOAA HYSPLIT model [80,81,82] for episodes No. 1 (25–29 March 2020) and No. 4 (11–15 April 2021), see Figure 2 and Table 1.



During these episodes, aerosol particles were transported in the atmosphere from nearby areas with numerous biomass burning points. They could be landfills burning after winter, last year’s tops and grass burned in the fields, etc. Moreover, the spring of 2020 was unusual early (after an unusual short, warm and low-snow winter–see the Table 2 and [90]); therefore, significant fires in the region began in March. According to the results of long-term studies [91,92], the characteristic seasonal maxima of PM10 and PM2.5 concentrations for Moscow region is observed in April, as it happened in 2021 (Figure 3a). As can be seen from Figure 7, the sources of biomass burning aerosols may be located closer or farther from Moscow, from different sides of it. On some days, in accordance with the atmospheric circulation regime, these impurities are transported by air advection in Moscow, fundamentally changing the level of city air pollution, so that the concentration of PM10 particles exceeds the MPC value.




3.4. Episodes of Maximal Air Pollution during Atmospheric Transport of Dust and Sand to Moscow from the Regions with Dust Storms


In addition to fire aerosols, the reason for the increase in aerosol concentration in near-surface atmosphere of Moscow, as mentioned above, may be the long-range transport of dust and sand from the areas of dust storms in the south-east of the ETR, on the Caspian Sea coast, and in western Kazakhstan [27]. An example of such an impact on the composition of the Moscow air is episode No. 2 (5–15 October 2020)–Figure 2 and Table 1. The trajectories of long-range air mass atmospheric transport to Moscow and the distribution of dust in the surface atmosphere during this period are shown in Figure 8. During the days of high PM10 aerosol concentration in Moscow, air masses moved to the city from arid and desert areas near the Caspian Sea, in Kalmykia, and in the lower reaches of the Volga River.



In general, the process of spreading aerosols to Moscow from the areas of dust storms in the south-east of ETR and in western Kazakhstan is a rather rare phenomenon. Estimates of the works [66,67,68] show that the probabilities of such air mass transport in different seasons until 2017 did not exceed 5%. However, during the two years of observations considered in this paper, such episodes of varying duration occurred regularly in spring and autumn. Even in winter, at the beginning of December 2020, we found a steady (longer than a week) aerosol transport from these areas to Moscow. As a result, there was an increase in PM10 aerosol mass concentration up to the levels close to the MPC value in Moscow [90]. Analysis of the statistics of these phenomena, as well as the dynamics of atmospheric processes that cause and accompany them, is still to be done. As possible explanations, it can be assumed, for example, that in recent years, due to climate changes on the planet, dust storms in the Caspian semiarid and arid zones have become more frequent and more powerful. So far we have not been able to find literature on the statistics of dust storms in the Caspian region. This is also possible due to changes in atmospheric circulation processes in such a way that the air mass transport from arid and desert areas of the Caspian Sea to the ETR center has become more frequent. This assumption should be verified by analyzing long-term (including recent years) data on the ways of air mass transport to Moscow. The simplest reason for the lack of publications about such a phenomenon may be that two years ago there were only few episodic and sporadic measurements of aerosol composition in Moscow, and such rare extreme episodes could not get into them.



Figure 9 shows the situations that developed during the short and not too strong episodes of increasing aerosol pollution–No. 3 (15–19 March 2021) and No. 5 (17–19 May 2021). In May 2021 (Figure 9a), for a short episode, aerosols of arid origin from the desert east of the Caspian Sea arrived in Moscow. The concentration of PM10 aerosols exceeded the MPC value for one day. Mixed cases of long-range aerosol transport to Moscow from fire and dust areas in the southeastern part of ETR are also possible (Figure 9b,c), as it was in March 2021.



The pictures of Figure 9 show that the air masses moving towards Moscow could capture impurities from the areas of biomass burning both near the city itself, and in the north-west of the Caspian Sea or in Kalmykia (Figure 9c). At the same time, aerosols formed in places of dust storms east of the Caspian Sea could enter into the same air masses (Figure 9b). As such, mixed arid and smoke aerosol was apparently registered in Moscow. Unfortunately, this episode was short and did not coincide with the intensive monitoring of the aerosol composition in Moscow in the spring of 2021, when the elemental composition of the aerosol was measured.




3.5. Extreme Air Pollution under the Influence of the Local Anthropogenic Source


A record increase in the concentration of ground-level aerosol was recorded at IAP observation point in episode No. 6 from 14 July to 23 July 2021 (Figure 2 and Figure 10 and Table 1). However, as can be seen in Figure 2b, this episode did not affect the measurements of Spir. MEM and Sukhar. MEM stations in any way, in contrast to the episodes associated with the long-range transport of aerosol to Moscow. These days, the dismantling and demolition of buildings and structures for scientific and industrial purposes was carried out on the territory located in 100–300 m to the west-northwest from the observation point. During this episode, the maximum single and average daily mass concentration of PM10 aerosol at IAP observation point repeatedly exceeded MPC value (by 2–5 times), and the amount of mass concentration at Spir. MEM (by 3–9 times) [65]. The synoptic situation (the influence of a high blocking anticyclone) and unfavorable meteorological conditions (high and record air temperature in Moscow, calm or quiet wind) contributed to accumulation of aerosol particles in near-surface layer of the atmosphere and increased the effect of local aerosol pollution near the IAP observation point. It should be noted that at the same time, the concentration of PM2.5 particles changed slightly (Figure 2a), which fits well into the picture of atmospheric pollution by larger particles formed during the destruction of buildings.



Here is an approximate estimate of the power of a local anthropogenic source of dust aerosol. A detailed description of the calculations is presented in [65]. Initial data: the distance from the source to the observation point is 300 m, the wind speed is 1 m/s in the direction from the source to the observation point, the measured concentration of PM10 aerosol at the observation point is 300 µg/m3, the height of the mixing layer H = 100 m. Assuming that the removal of impurities from the atmosphere is carried out by dry deposition to the surface and is described by an exponential dependence on time, the mass of the aerosol in the air above the source area of 1 m2 is 31.4 mg. The emission of dust aerosol into the atmosphere from 1 m2 of such a local surface source ranges from 0.56 to 0.80 kg/day/m2 at 5–7 h of operation per day. This substance is dispersed around the source, depending on the variability of wind direction and speed, at distances up to 3–5 km (at an aerosol deposition rate of about 3 cm/s for particles up to 10 µg in summer dry time). When the source turns off, the air near the source will be purified to the level of 10–40% only after 50 min or more, to the level of MPC value in 0.5–1.5 h. Of course, these rough estimates in the city may be somewhat overstated due to the complexity of the relief of urban development. However, the opposite cases are also possible-due to the formation of urban street canyons with increased wind speed. In addition, the uneven distribution of the impurity in height in the near-surface atmosphere, complex mixing processes of the impurity at heights exceeding the heights of neighboring buildings, vertical convection, spreading of the impurity flow horizontally and other processes significantly complicate calculations.



In general, the analysis of episode No. 6 and its comparison with other episodes reviewed above show that an intense local anthropogenic source may be comparable in duration and amplitude of the impact with the effect of dust storms in the arid regions, the aerosol from which is sometimes recorded in the Moscow region. During the period of 2 years of continuous observations at IAP, this episode was characterized by extreme aerosol pollution of near-surface atmosphere of the center of the metropolis, and the daily concentration of near-surface aerosol, regardless of weather and meteorological conditions, strongly depends on the operating mode and power of the local source.




3.6. Elemental Composition of Near-Surface Aerosol during the Periods of High Atmospheric Aerosol Pollution in Moscow


The elemental composition of aerosol particles is the most important parameter of an aerosol, not only affecting the chemical composition and chemical activity of the atmosphere, but also being a marker of aerosol sources of various origin [93]. However, the study of the elemental composition is a very time-consuming process that requires a high degree of purity of the experiment and is also associated with a very expensive analysis of aerosol samples. Apparently, this is why there are few publications in the world literature about the elemental composition of aerosols, especially in cities. It is possible to name individual articles devoted to the study of aerosol elemental composition in different regions of Russia, for example, [94,95,96,97] and the world, for example, [98,99,100,101,102,103,104,105,106,107,108]. As for the atmosphere of the Moscow region, studies of elemental composition were carried out there only sporadically, and there are few published works on this topic, in particular, [25,26,27,87,88,109,110].



In this paper, the aerosol elemental composition is analyzed during the considered episodes with an abnormally high aerosol concentration in Moscow, taking into account background (conditionally introduced by us) geochemical profile of the elements for each episode. Background for elemental concentrations is calculated in the same way as for PM10 and PM2.5 mass concentrations (see above, Section 3.1) from the data excluding the episode. In total, 65 chemical elements (from Li to U) were determined in aerosol daily samples in different seasons. For a convenient presentation of the results, we consider 33 elements representing four groups of elements in accordance with known classifications [111,112,113,114,115,116]: elements of global distribution, heavy metals and metalloids of terrigenous and/or anthropogenic origin, and radioactive elements.



In Figure 2a at the top, the green segments highlight the periods when, once in each season (for 35–40 days), a comprehensive monitoring of aerosol composition was carried out with aerosol sampling to analyze the concentrations of chemical elements included in it. Three episodes related to the long-range atmospheric transport of aerosols to Moscow from the areas of fires and sandstorms–the episodes Nos. 1, 2 and 4 (Figure 2a)–have the data on elemental aerosol composition, as well the data on the total aerosol mass M. Besides the absolute values of an element X concentration CX, we will analyze its enrichment factors EFX relative to the composition of the Earth’s crust (average composition of the Earth’s crust from [116], reference element La), calculated as follows:


EFX = (CX/CLa)AER/(CX/CLa)CRUST.



(1)







Figure 11a,b shows the concentration and EF profiles for selected 33 elements under consideration. These distributions are similar not only for background conditions, but also for episodes of high atmospheric pollution in the city, which is explained by the overall regional content of the elements in question in the atmosphere above ETR. The more subtle differences manifested mainly for the elements of local origin, including anthropogenic elements in the city.



Usually, the elements for which EF > 10 are considered as non-terrigenous, and the rest are of terrigenous or of mixed terrigenous/anthropogenic origin. Based on this criterion, non-terrigenous elements in Moscow include S, Cu, Zn, Mo, Cd, W, Hg, Pb, As, Se, Sn, Sb and Bi. Since the absolute values of elemental concentrations and enrichment factors may differ by several orders of magnitude (logarithmic vertical scale in Figure 7a,b), consider the relative excess ΔC in concentration of element C during the episode CEPI compared with the background level of its concentration CBG (outside the episode) for the same monitoring period:


ΔC = (CEPI − CBG)/CBG.



(2)







Let’s compare these indicators for three episodes under consideration (Figure 12).



The profiles of excess elemental concentrations for background levels in the springs of 2020 and 2021 are not similar to each other, as one would expect. This may be explained by different natural weather conditions in the cold seasons of these years, which were discussed above. Moreover, these profiles are in some sense opposite, as indicated by the negative sign of the correlation coefficient in variations from element to element between these seasons −0.38. Analysis of long-range air mass transport to Moscow during abnormally high aerosol air pollution in the fall of 2020 showed (Figure 8) the effect of dust storms in the southeastern desolate areas of ETR on the aerosol composition in the city. Figure 1 also includes a diagram of the profile of excess elemental concentrations for the aerosol of Kalmykia compared to the background level of elemental concentrations in Moscow in the autumn of 2020. The elemental composition of Kalmykia aerosol was determined from the samples taken during field expedition at the end of July 2020. Figure 12 shows that the profiles of aerosol elemental composition in Moscow in the fall 2020 and in Kalmykia correspond well to each other, especially for terrigenous elements. The correlation coefficient of these element concentration profiles is equal 0.82. This shows the relationship between Moscow aerosol composition and Kalmykia aerosol composition during the episode in Moscow in October 2020.



Figure 13 shows the geochemical profiles of elements in the composition of a surface aerosol during an episode of extreme aerosol pollution in July 2021 under the influence of close local source. Geochemical profiles are presented in relative units (Formula (2))—the relative excess in the element mass concentration ΔC in the days with the highest intensity of the local source compared to CBG on Sunday 18 July 2021 (chosen as a background, in undisturbed conditions, with a non-working local source).



The analysis of elemental composition of near-surface aerosol in Moscow during episode No. 6 in July 2021, under the intense influence of local anthropogenic source, showed that the average daily mass concentration of calcium exceeded the MPC (10 µg/m3), and the concentrations of Fe and Al were slightly below their MPC levels (40 and 10 µg/m3, respectively) [117]. High concentrations of a number of individual chemical elements of terrigenous and technogenic genesis, in particular, Ni, Cd and Hg, were also recorded on individual days.





4. Conclusions


In this paper, the study of the composition of near-surface aerosol in Moscow was carried out based on the results of 2 years of complex field observations in 2020–2021. It was found that during these two years, the average daily mass concentration of aerosol particles PM2.5 did not exceed the MPC value (35 µg/m3, according to Russian standards) and shows insignificant fluctuations regardless of the season (with only a slight maximum in winter), meteorological conditions or features of natural and anthropogenic sources of pollutants. Noticeable seasonal variations in aerosol pollution in Moscow atmosphere with a maximum in the spring-summer period were manifested in the variability of the mass concentration of a larger, micron fraction of aerosol particles, which is part of the aerosol PM10. Such difference between PM10 and PM2.5 aerosols isassociated with seasonal features of aerosol forming conditions in the near-sourface atmosphere. These may be due to differences in the following processes: aerosol emissions from the surface, conditions and rate of its deposition onto the surface, meteorological characteristics of the atmosphere (temperature, pressure, humidity and wind speed) and the surface, temperature inversions in near-surface layer of the atmosphere, etc.



Several episodes of unusual high mass concentration of PM10 particles were recorded, which exceeded the daily MPC value (60 µg/m3, according to Russian standards) by 3 STD for the period of observations. The total number of such days of extreme aerosol pollution for two years was no more than 5%.



All cases of extremely high aerosol pollution in near-surface air in Moscow were differentiated into six episodes depending on the sources and composition of aerosol particles, taking into account weather and meteorological conditions. The analysis of each of the episodes revealed the following sources of increased aerosol concentration in Moscow:




	-

	
regional transport of aerosols from the areas with numerous biomass fires in the spring;




	-

	
long-range transport of dust aerosol from arid areas of the south of ETR with intense dust and sand storms;




	-

	
mixed transport of fire and dust aerosols from the areas with fires and dust sources under certain weather conditions;




	-

	
local powerful anthropogenic source of anthropogenic dust (for example, the process of demolition of industrial buildings).









Episodes of extremely high aerosol concentrations associated with atmospheric transport of pollutants to Moscow from other regions were accompanied by an increase in pressure and temperature, weak wind and frequent calm in near-surface air of the city.



Based on the results of complex studies, the elemental composition of near-surface aerosol in Moscow was determined during the episodes of extremely high aerosol pollution and in background conditions through the days outside the episode. The enrichment factors of chemical elements in Moscow aerosol in comparison with the composition of the Earth’s crust were calculated. The non-terrigenous origin of such elements as S, Cu, Zn, Mo, Cd, W, Hg, Pb, As, Se, Sn, Sb and Bi in Moscow has been established. The profiles of elemental mass concentrations, as well of the enrichment factors are similar not only for background conditions, but also for episodes of maximum atmospheric pollution in the city. This is associated with the general regional content of the elements under consideration in the atmosphere above ETR. The differences relate mainly to elements of local origin, including anthropogenic elements in the city.



Profiles of excess concentration of chemical elements in episodes with extreme aerosol pollution above background levels are calculated. The correlation of these profiles for the spring periods of 2020 and 2021 (with the regional transport of fire aerosols) is weak and negative (the correlation coefficient is equal to −0.38). This may be due to different natural weather conditions in the cold seasons of these years, as well as different types of burnt biomass and other features of sources of aerosol pollution.



For the autumn episode of 2020 (long-range dust aerosol transport), the profile of mass concentrations in near-surface aerosol in Moscow was compared with the profile of the elemental mass concentrations of arid aerosol in Kalmykia. A significant correlation between them has been established, especially for terrigenous elements. The correlation coefficient of the profiles of excess elemental concentrations over the background was 0.82. It shows a reliable relationship between the compositions of Moscow aerosol and Kalmykia one during the episode in October 2020 in Moscow.



In July 2021, under the intense influence of a local anthropogenic source, there was a significant increase in concentrations of the most chemical elements compared to background conditions (in the absence of a local source) in Moscow. At the same time, the average daily mass concentration of Ca exceeded its MPC value, and the concentrations of Fe and Al were slightly below their MPC levels. Additionally, on some days, high concentrations of a number of technogenic chemical elements were recorded, in particular, of Ni, Cd and Hg.



In general, the analysis of all episodes of abnormally high aerosol pollution of near-surface air in Moscow showed that an intensive local anthropogenic source is comparable in duration and impact intensity with the effect of dust storms in the arid regions of the south of ETR. During two years of continuous observations at IAP, this episode was characterized by extreme atmospheric aerosol pollution in the center of the metropolis. The daily course of near-surface aerosol concentration, regardless of weather and meteorological conditions, strongly depends on the mode of operation and the power of the local source.
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Figure 1. Location of the IAP observation point (asterisk), local anthropogenic source (1), Balchug meteorological station (2), station Spiridonovka (Spir) of the State Research and Development Institution “Mosecomonitoring” (MEM) (3) and station Sukharevskaya (Sukhar) MEM (4) in the center of Moscow. 
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Figure 2. Average daily values of PM10 and PM2.5 particles mass concentration in near-surface air in Moscow during two years of continuous monitoring: (a) (upper figure)-selection of episodes for analysis (yellow squares 1–6), green segments at the top–periods of intensive monitoring with determination of aerosol elemental composition; (b) (lower figure)-comparison with the results of monitoring at the MEM stations (Spiridonovka and Sukharevskaya). Dashed lines are the daily MPC value for PM10 particles in the air of residential areas. 
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Figure 3. Intra-annual changes in the average (All) and background (BG) values of the aerosol concentration of PM10 and PM2.5: (a) by month; (b) by season (on average for two years of observations). 
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Figure 4. Wind roses: on the left–the average for the month; on the right-the average for the same month for 2007–2019. The percentage of calm conditions is indicated on each picture. The series of diagrams (a–d) refer to the episodes 1, 2, 4, 6 (Table 1 and Figure 1), respectively. 
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Figure 5. The dependence of the PM10 aerosol concentration on the air pressure in the surface atmosphere in Moscow during periods of intensive observations through the days outside the episodes of maximum air pollution (Table 2): (a) spring 2020; (b) autumn 2020; (c) spring 2021. R2—the reliability coefficient of the linear relationship (straight lines) between variables. 
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Figure 6. Examples of fire distributions in near-surface atmosphere over ETR territory (according to the data [83]) and trajectories of air mass transport (black dots) to Moscow (blue flyer) for 26 March 2020 (a) and 28 March 2020 (b) of the episode No. 1 of high aerosol pollution. 
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Figure 7. Examples of BC distributions (as an indicator of fire emissions) in near-surface atmosphere over ETR territory (according to MERRA-2 reanalysis [81]) and trajectories of air mass transport (black dots) to Moscow (asterisk) for individual days from episodes No. 1 (a,b), No. 4 (c–e). The color scales of BC concentration on the maps are different, kg/m3. 
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Figure 8. The development of the episode No. 2 (5–15 October 2020): examples of dust propagation (as an indicator of dust storm emissions) over the territory of the southern half of ETR (according to MERRA-2 reanalysis [81]) and air mass transport trajectories (black dots) to Moscow (asterisk) for individual daysfrom 6 to 14 October 2020 (the dates are shown in the pictures). The color scales of dust concentration on the maps are different, kg/m3. 
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Figure 9. Long-range air mass transport to the Moscow region on 17 May 2021 (a) or 16 March 2021 (b,c). Distributions of dust (a,b) or BC (c) in near-surface atmosphere on the maps correspond to the MERRA-2 reanalysis data [81]. The color scales of BC and dust concentrations on the maps are different, kg/m3. 
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Figure 10. The average daily mass concentration of PM10 particles and the total aerosol mass (M) in the summer of 2021 before, during and after episode No. 6 of extreme aerosol pollution (according to observations by IAP and MEM). The green line indicates the MPC value for daily PM10 mass concentration. 
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Figure 11. Comparison of elemental composition of near-surface aerosol for three episodes of high aerosol air pollution in Moscow (spring 2021, spring 2020 and autumn 2020) associated with atmospheric transport of pollutants from other areas: (a,b)–concentration C (μg/m3) and enrichment factor EF (formula 1) of elements under background and episode conditions, respectively. Black dashed lines are the level of EF = 10. 
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Figure 12. The relative excess of elemental mass concentrations ΔC (formula 2) compared to the background (BG) level (see the text) during three episodes, as well the relative excess of elemental concentration for Kalmykia arid aerosol [27] compared to the background elemental concentrations for autumn 2020 in Moscow. 
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Figure 13. The relative excess of elemental mass concentrations ΔC (formula 2) for the different days of episode No. 6. 
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Table 1. Selected episodes with extreme aerosol air pollution in Moscow—at IAP, Spir MEM, and Sukhar MEM. Background–undisturbed level: the average monthly value for the days outside the episodes Nos. 1–5, and the value for Sunday 18 July 2021 without working of the source—for the episode No. 6.
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Episode

	
Period

	
PM10 (Max), µg/m3

	
PM10 (Background), µg/m3




	
IAP

	
Spir, MEM

	
Sukhar, MEM

	
IAP






	
1

	
27–29 March 2020

	
118

	
82

	
178

	
13




	
2

	
10–14 October 2020

	
290

	
141

	
137

	
19




	
3

	
17–19 March 2021

	
90

	
109

	
138

	
13




	
4

	
11–15 April 2021

	
237

	
120

	
87

	
25




	
5

	
17–19 May 2021

	
119

	
68

	
55

	
28




	
6

	
14–23 July 2021

	
305

	
34

	
38

	
37
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Table 2. Meteorological conditions and aerosol PM10 concentration (±STD) in different seasons: comparison of episodes of extremely high aerosol pollution in near-surface air in Moscow with other periods, the average values through specified periods. The BG conditions were calculated through a period of IntObs excluding the days of the episode or, for the Summer 2021 (episode No. 6), from weekend data of 18 July 2021.
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Season

	
Period

	
PM10, µg/m3

	
T, °C

	
P, hPa

	
U, %






	
Spring 2020

	
March–May

	
23 ± 17

	
6.9

	
997

	
62




	
IntObs

(25 March–3 May 2020)

	
23 ± 23

	
6.1

	
997

	
54




	
Episode No. 1

(27–29 March 2020)

	
90 ± 28

	
9.5

	
1010

	
36




	
BG conditions

	
18 ± 11

	
5.8

	
996

	
56




	
Long-term average meteo-data for March 2007–2019

	
–

	
−0.4

	
998

	
69




	
Autumn 2020

	
September–November

	
39 ± 43

	
9.0

	
1005

	
72




	
IntObs

(1 October–10 November 2020)

	
53 ± 58

	
9.2

	
1004

	
71




	
Episode No. 2

(10–14 October 2020)

	
128 ± 73

	
13.5

	
1008

	
59




	
BG conditions

	
29 ± 20

	
7.8

	
1004

	
75




	
Long-term average meteo-data for October 2007–2019

	
–

	
7.1

	
1002

	
76




	
Spring 2021

	
March–May

	
32 ± 34

	
6.9

	
998

	
62




	
IntObs

(25 March–5 May 2020)

	
40 ± 43

	
7.3

	
998

	
61




	
Episode No. 4

(11–15 April 2021)

	
156 ± 59

	
13.3

	
1005

	
44




	
BG conditions

	
28 ± 13

	
6.7

	
998

	
63




	
Long-term average meteo-data for April 2007–2019

	
–

	
7.1

	
1000

	
60




	
Summer 2021

	
July 2021

	
70 ± 67

	
24.1

	
998

	
51




	
Episode No. 6

(14–23 July 2021)

	
154 ± 70

	
24.5

	
996

	
53




	
18 July 2021

without local source

	
37

	
26.2

	
994

	
56




	
BG conditions

	
36 ± 10

	
23.9

	
1001

	
50




	
Long-term average meteo-data for July 2007–2019

	
–

	
21.9

	
997

	
60
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