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Abstract: The article analyzes the chemical composition (ions, elements, and polycyclic aromatic
hydrocarbons) of the atmospheric aerosol in the near-water layer of the atmosphere above Lake Baikal
during wildfires in Siberia. Aerosol deposition affects the aquatic environment of the watershed basin
and the lake itself. The current law on Lake Baikal limits the activity of the permanent stationary
anthropogenic sources of the aerosol in the central ecological zone, and they do not have a significant
negative impact. Wildfires can have a much greater impact on the environment. Smoke emissions
entering the area of Lake Baikal due to wildfires change the chemical properties of the atmospheric
aerosol and increase its mass and number concentration. The concentrations of NH4

+, K+, NO3
−,

and SO4
2−, which enter with submicron aerosol fraction, increase in the ionic composition of the

aerosol. The composition of polyaromatic compounds changes, and their concentrations increase.
Elevated concentrations of B, Mn, Zn, As, Sr, Cd, and Pb in the composition of aerosol indicate the
influx of air masses from the areas prone to wildfires. Despite the sporadic effects of these natural
factors, they affect the pollution of various Baikal ecosystems, especially small tributaries of the lake,
whose main supply is atmospheric.

Keywords: aerosol; Baikal; elements; ions; mass and number concentrations of aerosol; polycyclic
aromatic hydrocarbons; wildfires

1. Introduction

The problem of air pollution has become extremely serious and acute in recent decades, and is an
increasing concern for people. The impact of pollutants in the air on the human body and environment is
the main criterion for establishing standards to assess air quality. It is widely recognized and scientifically
substantiated that approximately 60% of all emissions are the anthropogenic air pollution [1,2].
Much attention is currently paid to the negative impact of anthropogenic pollution on human
health [3,4]. The aerosol of urbanized areas is one of the main constituents of the anthropogenic
aerosol. The article by [5] provides a modern overview of environmental solid particle pollution from
various sources in certain regions of the world. Transport, industry, and biomass combustion in low-
and middle-income countries are important contributors to the formation of fine particles in cities.
Such studies are relevant to the integration of information about the distribution of emission sources.
Prioritizing solutions that can reduce air emissions will complete the progress pattern towards a
healthier and more sustainable environment. However, not only anthropogenic but also natural sources
negatively affect the state of the air. Dust storms are a serious and increasing environmental problem.
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Dust plays an important role in the climate system, affecting radiation balance [6], biogeochemical
cycles [7], air quality, and human health [8]. Due to climate change, dust is becoming one of the main
sources of air pollution in the atmosphere of the Northern Hemisphere. For example, in recent decades,
dust storms have been increasing in China and Mongolia [9–11]. Dust storms are so powerful that
during five–seven days, dust travelling through the Korean Peninsula, the islands of Japan and the
Pacific Ocean can reach the shores of North America [12].

Wildfires also play an important role in air pollution, the number of which is increasing every
year [13]. Climate change characterized by long-term droughts contributes to their spread in various
regions of the planet [14,15]. Wildfires destroy large forest areas, which threatens disruption of the
ecological stability of natural ecosystems. Wildfires also pollute air, soils, surface and ground waters,
and cause a significant decrease in biodiversity. Atmospheric emissions of various harmful substances
of the burnt material and CO2 from large fires, as well as large areas of burnt forests, accelerate the
global warming of the planet. Soot is one of the indicators of air pollution by combustion products,
which is a factor affecting not only the climate but also human health [16–19]. International statistics
on wildfires distinguishes some regions that are most prone to this event. These is the USA, Canada,
Portugal, France, Spain, Brazil, Australia, and Russia [2].

In Russia, Siberia and the Far East are the most fire-prone regions. According to the Avialesokhrana
monitoring department, in Russia, the area of fires in 2018 was 8 million 674 thousand hectares
(2.5 times greater than in 2017). In 2019, wildfires in Siberia were record-breaking over recent years,
occurring in remote areas in the north of the Krasnoyarsk Territory, the Irkutsk Oblast, the Republic of
Sakha (Yakutia), and the Transbaikal Territory and amounting to ca. 15 million hectares [20]. They are
among the world’s most severe wildfires which have occurred over the past 10 years [21].

Lake Baikal is the main orographic unit of Siberia. Lake Baikal is the world’s largest freshwater
lake located in the center of the Asian part of Russia, stretching from the southwest to the northeast
for 636 km. The width of the lake ranges from 25 to 80 km. Mountain ranges surround its basin.
On the west coast, their height is from 1000 m in the southern part of the lake to 1600–1700 m in the
central part and above 2000 m in its northern part. The east coast in the northern part of the lake
is limited by ridges with a maximum height of up to 2840 m, which are replaced by low-mountain
blocks with heights of 900–1000 m. The southern part of the east coast of Lake Baikal is limited by
the Khamar-Daban Ridge with the highest point above 2300 m. In the zones of the intermountain
junctions of Baikal mountain ranges, there are areas with lowered landforms, which are occupied with
plains and large river valleys. The northern margin of Lake Baikal represents vast deltas of the Upper
Angara and Kichera rivers. The area of the Selenga River delta is the largest gap in the mountainous
margin of the east coast of Lake Baikal. The only river flowing from Lake Baikal, the Angara River,
is located in the southwestern part of Lake Baikal. In morphological terms, the Baikal depression
has three individual basins: southern, central, and northern. The basins are clearly defined by the
steepness of the supra-aquatic slopes [22].

High-mountain areas have a great impact on the moving air and dynamics of seasonal baric
formations. The southern part of East Siberia, where Lake Baikal is located, due to its considerable
distance from oceans and seas, has a sharply continental climate with long cold winters and relatively
warm summers. During the warm seasons, cyclonic activity intensifies with the influx of continental
and Atlantic air masses from the west. Continental Central Asian dry and warm air currents come from
the south and south-west. In the second half of the summer, southern cyclones activate, bringing humid
air masses through Northern Mongolia [22].

By the decision of the 20th session of the UNESCO World Heritage Committee of 5 December
1996, Lake Baikal was included in the natural World Heritage List. The influx of substances from the
atmosphere with the aerosol during dry deposition and with precipitation can have a substantial effect
on various ecosystems of the lake basin, including the formation of the water composition in the Baikal
tributaries, as shown in [23]. To protect the unique ecological system of the lake, ecological control
over the state of its natural environment is carried out. At present, climate warming in the Baikal
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region is faster than in other Russian regions, which leads to a decrease in the amount of precipitation,
moistening of the area and water runoff of the rivers flowing into the lake [24]. With these changes,
there is an increase in the number of wildfires at the local level near the lake coast. Thus, during
wildfires in 2015, 2016, and 2019 in the south (the Bolshoye Goloustnoye area and Peschanaya Bay),
the centre (Olkhon Island), and the north (Elokhin Cape, Davsha, and Sosnovka Bay), hundreds of
hectares of various steppe and forest landscapes burned out.

This study aims to show the effect of wildfires on the state of the atmosphere in one of the world’s
cleanest places, Lake Baikal. The results of aerosol investigations above the water area of Lake Baikal,
which were carried out in 2019, involving the data on previous years, were source material for the
analysis. This research is important for assessing the influx of substances from the atmosphere with
aerosol particles during dry deposition and with precipitation involved in the formation of the water
composition in Lake Baikal and its watershed basin.

2. Materials and Methods

Comprehensive studies of the spatiotemporal distribution of aerosol impurities in the near-water
atmospheric layer above Lake Baikal were carried out from 24 July to 4 August 2019 onboard the
research vessel (RV) «Akademik V.A. Koptyug» (Figure 1A). Figure 1B shows the RV route in the cruise
and sites of the main stops. The total length of the route was ~1700 km. From 24 to 25 July, research
was under way into the atmosphere in Southern Baikal with a stop in the Baikalsk town on the east
coast of Southern Baikal. From 25 to 28 July, the RV route was along the west coast towards the north
with a stop near Elokhin cape. From 27 to 28 July, the RV was in the northern margin of the lake with
moorings in the Severobaikalsk town and the Nizhneangarsk settlement. When the RV was under way
in the opposite direction along the east coast from 29 July to 2 August, it stopped in Chivyrkuy Bay
and Barguzin Bay, near the Turka settlement and delta of the Selenga River. Then, the RV followed on
Southern Baikal to the Listvyanka settlement with a stop in the Bolshiye Koty settlement.

Aerosol samples were taken using a high volume sampler (Andersen Instrument Inc., New York,
NY, USA) on the Whatman-41filters with a size of 203 × 254 mm and a flow rate of 250–300 L/min.
To exclude the influence of exhaust gases and aerosol emission of the RV engine, the sampler was
installed on the upper deck, at a height of ca. 9 m above the water surface (see Figure 1A). An acoustic
meteorological complex owned by the center of shared facilities «Atmosphere» (V.E. Zuev Institute of
Atmospheric Optics, Siberian Branch of the Russian Academy of Sciences) was also installed there.
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Figure 1. The research vessel (RV) «Akademik V.A. Koptyug» (A) and scheme of the RV route (B),
sites of the main stops.

The chemical composition of the aerosol was studied using high-tech equipment that meets
generally accepted world standards. To determine ions, the impurities were extracted with
deionized water in an ultrasonic bath for 30 min. The solutions were filtered through cellulose
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acetate membrane filters with a pore size of 0.2 µm. The concentrations of the Na+, K+, Mg2+,
Ca2 +, and NH4

+ cations, as well as Cl−, NO3
−, Br−, and SO4

2− anions, were measured in the
filtrate using the ICS-3000 Ion Chromatography System (Dionex Corporation, Sunnyvale, California,
USA) with an accuracy of 2–6%. Li, Be, B, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr,
Mo, Ag, Cd, Sn, Sb, Ba, W, Pb, U, and Tl were analyzed by inductively coupled plasma mass
spectrometry on an Agilent 7500ce mass spectrometer (USA). To prepare samples for analysis,
we used the technique proposed in [25]. It involved the extraction of the impurities collected on the
filter with concentrated nitric acid. The concentrations of 18 polyaromatic hydrocarbons (PAHs):
naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene,
pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene Benzo[e]pyrene,
benzo[a]pyrene, perylene, indeno [1,2,3-c,d]pyrene, and benzo[g,h,i]perylene, dibenzo[a,h]anthracene,
in aerosol were measured by the method of internal standards with the addition of phenathrene-d10,
chrysene-d12 and perylene-d12 solutions [26]. The prepared samples were analyzed on an Agilent,
GC System 7890B, 7000 CGC/MSTripleQuad gas chromatography-mass spectrometer (Agilent Scientific
Instruments, Santa Clara, CA, USA).

The quality of analyses has been repeatedly confirmed by the participation in the interlaboratory
intercalibrations according to international programs under the auspices of the World Meteorological
Organization (WMO) andAcid Deposition Monitoring Network in East Asia (EANET), which was
included in the annual reports of WMO [27] and EANET [28].

To study the total number concentration and the distribution of particles by sizes of the
microdisperse aerosol fraction, a Handheld 3016 IAQ particle counter (Lighthouse, Fremont, California,
USA) was used, which can count particles through six channels (>0.3, >0.5, >1, >2.5, >5, and >10 µm)
and display the differential particle count data. Air was pumped with an internal pump at a speed of
2.8 L/min. The measurement accuracy was 5%. Measurements were carried out every hour along the
RV route.

To determine aerosol sources, three-day back trajectories of air masses arriving from heights of 500,
1000, and 1500 m were analyzed. The data from the National Oceanic and Atmospheric Administration
of the United States based on the HYSPLIT model (Version 2) were used as the source information [29].
The results of the 2019 study were compared with our data obtained in the spring (June) and summer
(July–August) observation periods of past years [30–32].

3. Results and Discussion

3.1. Spatial Distribution of Average Physicochemical Characteristics of the Aerosol above Lake Baikal Based on
the Results of Long-Term Studies

According to the data from Arctic and Antarctic Research Institute [33], from 24 to 27 July 2019,
the Baikal region was under the influence of the cyclone that came from the northwest, with low clouds
and rainy weather at times; the rains cleared the atmosphere. On 23 July, satellite monitoring recorded
a wildfire on the east coast of Lake Baikal near Sosnovka Bay, the smoke of which spread over the water
area of Northern Baikal. From 26 July to 1 August, many fire sites were recorded north of Lake Baikal
(Figure 2) [29]. During the expedition, the total area of wildfires in Siberia reached 3 million ha [20],
the smog from which was recorded in the atmosphere above the entire water area of the lake. It has
been shown many times that the emission of combustion products (gases, soot, and aerosol) into the
atmosphere negatively affects not only the quality but also its optical and microphysical properties [34].

For the determination of the influence of different sources on the formation of the atmospheric
aerosol above the lake, we constructed back trajectories of air mass transport for each day of the
expedition from 24 July to 4 August 2019 (Figure 3) [29]. An analysis of back trajectories revealed
that the smoke from the wildfire from 25 to 27 July near Sosnovka Bay spread over the lake from the
southeast to the northwest. From 28 July to 1 August, air masses came to the lake from the northern
areas of the Irkutsk Region and southern areas of Yakutia were engulfed in wildfires, the smoke
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emission from which spread over Northern and Central Baikal. From 2 to 3 August, the directions of
air currents changed; clean air from Mongolia filled the southern basin of Lake Baikal.
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Figure 4A–D shows the values of meteorological parameters at altitudes of up to 5000 m in the
atmosphere of Central Baikal during the smog above the lake. In the lake basin, we recorded an inverse
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temperature distribution in the lower one-kilometer layer as well as abrupt changes in wind direction
and wind speed, which resulted in a complex pattern of the aerosol distribution [33]. From the evening
on 29 July to the night on 30 July, the smoke aerosol descended to the water surface of the lake and
spread over the water area.
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(weather station in Ust-Barguzin) at 8:00 on 29 July 2019 (A,B) and at 20:00 on 29 July 2019 (C,D) [33].

3.2. Spatial Distribution of the Mass, MA (µg m−3), and Number, NA (cm−3), Concentrations of Aerosol
Particles

Table 1 shows the average mass concentrations of aerosol particles along the RV route in 2019.
At the beginning of the route, we observed the elevated mass concentrations of particles during moorings
of the RV in the area of Southern Baikal, in the Listvyanka settlement and the Baikalsk town (Table 1).

In the absence of the influence of wildfires, the anthropogenic factor mainly affected the increase
in the mass concentration of particles. Along the eastern coast of the southern basin, there are large
settlements with coal-fired boilers and suburban houses with stove heating, and federal highways and
railways pass, polluting the atmosphere in this part of the lake. Complex orography of this area and the
mountainous margin of the Khamar-Daban range with heights above 2300 m do not contribute to the
dispersion of pollutants in the atmosphere. Other areas with the highest mass concentrations of aerosol
were located on the east coast of Northern and Central Baikal on 30–31 July 2019 in Chivyrkuy and
Barguzin bays. In the atmosphere of this area, we observed a smog from wildfires, which spread to the
south along the RV route from Turka to Kharauz (delta of the Selenga River) and to Boyarsk. Background
mass concentrations of particles were recorded along the northwestern coast on 25–27 July (1.5–5.9 µg/m3)
and the northeastern coast of the lake on 28–29 July (1.7–6.0 µg/m3) (see Figure 1B, Table 1).
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Table 1. The average mass concentrations of aerosol particles along the RV route in 2019.

Date Route Average Mass
Concentration (µg/m3)

Concentration Range
(µg/m3)

24 July 2019 Listvyanka (stop) 5.86 3.0–16.7

25 July 2019

Baikalsk (stop) 6.49

1.5–8.3
Baikalsk-Listvyanka 4.50

Listvyanka 1.99

Listvyanka-Buguldeika 2.56

26 July 2019

Buguldeika-Ogoy 3.50

2.7–10.1Ogoy-Khuzhir 2.95

Khuzhir (stop) 6.04

27 July 2019

Khuzhir-Elokhin 4.37

2.9–14.8Elokhin (stop) 3.71

Elokhina-Kotelnikovsky 9.55

28 July 2019

Kotelnikovsky-Severobaikalsk 9.31

2.1–18.3
Severobaikalsk-Nizhneangars

k-Severobaikalsk 14.01

Severobaikalsk (stop) 13.00

29 July 2019
Severobaikalsk-Khakusy 5.17

1.7–23.6Khakusy-Sosnovka 13.36

30 July 2019
Sosnovka-Zmeinaya 36.35

10.6–62.3Zmeinaya-Ust-Barguzin 36.63

31 July 2019

Ust-Barguzin (stop) 41.32

30.5–48.7Ust-Barguzin-Turka 40.89

Turka (stop) 33.07

1 August 2019
Turka-Kharauz 36.20

13.7–40.4Kharauz (stop) 25.54

2 August 2019

Kharauz-Boyarsk 31.53

7.7–42.0Boyarsk (stop) 34.85

Boyarsk (stop) 12.15

3 August 2019

Boyarsk-Baikalsk (stop) 10.09

5.4–15.5Baikalsk-Bolshiye Koty 7.60

Bolshiye Koty (stop) 6.58

4 August 2019 Bolshiye Koty-Listvyanka 9.10 8.2–10.0

The distribution dynamics of the mass concentration of aerosol above Lake Baikal, depending on
the anthropogenic factors, meteorological conditions and wildfires, differs significantly from year to
year. In Table 2, we combined the average mass concentrations of the aerosol above different areas of
the lake, which were measured from 2016 to 2019. The highest aerosol concentrations were recorded
in July 2016 and July–August 2019 during extensive wildfires. In July 2016, in Southern and Central
Baikal, there were local wildfires that engulfed the west coast of the lake; we observed significant air
pollution with smoke. This was also observed (see Figure 2) in July–August 2019 when on the east
coast of the lake near Sosnovka Bay, there was a local fire. Moreover, smoke aerosol was recorded from
extensive sites of wildfires in the northern areas of the Irkutsk Region, the Krasnoyarsk Territory and
the Republic of Sakha (Yakutia). In 2018, there was also some increase in the mass concentration of
aerosol, which was associated both with local anthropogenic sources and regional wildfires [32].
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Table 2. Average mass concentrations of aerosol above the Baikal basins in summers from 2016 to 2019,
µg/m3.

Date Southern Baikal Central Baikal Northern Baikal

July 2016 19.0 ± 8.2 16.9 ± 12.1 7.9 ± 5.5

August 2016 6.3 ± 3.7 6.3 ± 3.5 4.2 ± 2.0

July 2017 2.8 ± 1.2 3.3 ± 1.0 2.7 ± 1.7

July 2018 10.9 ± 5.8 9.2 ± 2.5 5.3 ± 3.0

July–August 2019 9.7 ± 8.7 23.8 ± 16.0 16.2 ± 15.8

The lowest mass concentration of aerosol was recorded in July 2017 when calm sunny weather
without fires prevailed throughout the entire cruise of the RV.

The increase in the mass concentration of particles was correlated well with their number
concentration. Figure 5 shows the dispersed composition of the aerosol. The proportion of submicron
aerosol fraction is predominant and averages 99.1–99.5% of the total number concentration of particles
above the lake.
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The number concentration of particles in July 2016 was elevated throughout the entire route of the
RV and reached the maximum in Barguzin Bay (Figure 5A). In August 2016, an increase in the number
concentration was also recorded in Barguzin Bay (Figure 5B). The number concentration, as well as the
mass concentration, was the lowest in 2017, but on 20 July, we recorded its increase to 101.7 cm−3 near
the delta of the Selenga River (Figure 4C), which was associated with the change in meteorological
situation manifested in the strengthening of wind and the removal of polluted air masses along the
valley of the Selenga River.
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The dynamics of the number concentration of aerosol particles in 2019 indicates that, like in
2016–2017, the changes affected a submicron part of the aerosol (up to 1.0 µm in size) (Figure 5D).
Air carrying mainly small combustion particles entered the lake basin. At the same time, an increase
in the concentration of submicron particles was significant (two-fivefold) and continued from 30 July
to 2 August, until the direction of air currents changed (see Figure 3).

3.3. Spatiotemporal Distribution of Ionic Concentrations in Aerosol above the Water Area of Lake Baikal

Many researchers have indicated the peculiar Baikal landscape surroundings and climate.
The presence of mountain ranges around the Baikal basin leads to the formation of a unique climate
both in seasonal and diurnal changes in the main meteorological characteristics, which long-term
monitoring observations at the network of weather stations rather densely located on the lake coast
confirm [35]. The most pollutant-free atmosphere above the water surface of Lake Baikal is located
above the central abyssal part of the lake. Based on the 2005–2008 data, total ionic concentrations in the
composition of aerosol varied from 0.1 to 0.7 µg/m3. The bulk of dissolved aerosol components was in
the submicron size spectrum, accounting for approximately 60% of the total mass. Heterogeneity in the
distribution of impurities above the surface of Lake Baikal was mainly observed in the estuarine areas
of the large tributaries and bays as well as above Southern Baikal [30]. In Southern Baikal, substances
are removed to the lake along the Angara River valley from the industrial areas of the Southern Baikal
region in the form of poorly dispersed plumes during mesoscale jet stream transport in the atmospheric
boundary layer [36]. Averaging the total ionic concentrations in the aerosols above each Baikal basin
confirmed the previously revealed [37] trend of the latitudinal distribution of impurities with the
highest accumulation above Southern Baikal and the lowest one above Northern Baikal [30].

Recent research (from 2010 to 2019) has indicated the significant variability of the revealed trend
in the distribution of impurities in the near-water atmosphere above Lake Baikal due to climate change
and an increase in wildfires in Siberia (Table 3).

Table 3. Variability of the average concentrations the sum of ions in the atmospheric aerosol of the
near-water atmosphere above Lake Baikal in the warm season from 2010 to 2019, µg/m3.

Period Southern Baikal Central Baikal Northern Baikal

2005–2008 1.47 ± 0.75 0.97 ± 0.64 0.84 ± 0.50

June 2010 2.12 ± 1.09 2.04 ± 0.81 1.27 ± 0.59

June 2012 5.25 ± 1.31 2.30 ± 1.17 2.66 ± 0.44

May 2014 0.62 ± 0.24 0.40 ± 0.16 0.26 ± 0.10

August 2014 0.55 ± 0.17 0.35 ± 0.04 0.62 ± 0.30

May 2015 0.33 ± 0.00 0.78 ± 0.46 0.24 ± 0.08

August 2015 1.62 ± 1.02 2.09 ± 0.77 1.49 ± 0.56

June 2016 2.25 ± 0.73 2.40 ± 0.90 3.18 ± 0.80

July 2016 0.45 ± 0.61 1.80 ± 0.67 2.58 ± 0.57

August 2016 1.08 ± 0.83 0.96 ± 1.13 0.64 ± 0.45

June 2017 0.38 ± 0.09 0.39 ± 0.28 0.21 ± 0.16

July 2017 1.22 ± 0.96 0.77 ± 0.35 0.61 ± 0.16

June 2018 2.90 ± 1.41 2.05 ± 1.84 0.93 ± 0.62

June 2019 0.36 ± 0.24 1.31 ± 0.94 0.82 ± 0.43

July 2019 4.04 ± 1.71 6.49 ± 3.94 2.63 ± 1.22

The frequency of the average ionic concentrations below 1.0 µg/m3 from 2010 to 2019 was
approximately 50%, which corresponds to the natural background. The frequency of the average
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ionic concentrations above 2.0 µg/m3 became more than 30% (Figure 6). Taking into account that
the impact of anthropogenic sources during the study period was relatively constant, wildfires in
Siberia affected significantly the variability of soluble substances in the near-water atmosphere of
the lake. The influence of smoke aerosol increased together with such meteorological events as high
temperature, low humidity, and increased wind speed.
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Thus, abnormally dry windy weather in June 2012 in conjunction with the smoke aerosol increased
the air pollution above the entire water area of the lake (see Table 3) [31]. Wildfires in 2015 and 2016
and especially in 2019 also contributed to the increase in pollutants in the near-water atmosphere
above the lake (see Table 2).

Wildfires in July–August 2019, which engulfed large areas of Siberia, significantly affected the
distribution of impurities in the atmosphere above the lake (see Table 1). Form 24 July to 4 August 2019,
the total ionic concentrations varied from 1.2 to 11.2 µg/m3, and their upper limit was the highest over
the entire long-term observation period. Based on averaged data, the predominant ions in the aerosol
composition were Na+, NH4

+, NO3
−, and SO4

2− in the southern basin and NH4
+, NO3

− and SO4
2−

in the central and northern basins. In the aerosol of Central Baikal, where a local fire was recorded,
the concentrations of K+ ions were higher than in other areas. Among other ions, the concentrations of
Cl− and Ca2+ were increased in aerosol (Table 4).

Table 4. Average values and standard deviations of the ionic concentrations in the composition of
atmospheric aerosol in the near-water atmosphere of Lake Baikal (from 24 July to 4 August 2019).

Element Southern Baikal Central Baikal Northern Baikal

Na+ 0.56 ± 0.75 0.14 ± 0.04 0.12 ± 0.06

NH4
+ 0.89 ± 0.73 2.19 ± 1.32 0.86 ± 0.53

K+ 0.07 ± 0.05 0.19 ± 0.13 0.10 ± 0.07

Mg2+ 0.05 ± 0.03 0.04 ± 0.01 0.04 ± 0.02

Ca2+ 0.21 ± 0.13 0.20 ± 0.07 0.16 ± 0.06

Cl− 0.16 ± 0.25 0.17 ± 0.11 0.19 ± 0.12

NO3
− 0.49 ± 0.39 0.73 ± 0.69 0.36 ± 0.31

SO4
2− 1.60 ± 1.46 2.83 ± 2.07 0.79 ± 0.31

In previous years of measurements, during the periods of smoke-free atmosphere, the major ions in
the aerosol composition were NH4

+, Ca2+, and SO4
2−; under the impact of meteorological factors–Na+,
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K+, Ca2+, Cl−, and SO4
2−; in the atmosphere with smoke from nearby fires–Na+, NH4

+, K+, Ca2+, Cl−,
and SO4

2−; in the atmosphere with smoke from distant fires–NH4
+, K+, Cl−, NO3

−, and SO4
2− [30,31].

Depending on the type of biomass burnt, volatile inorganic elements condense in the form of
chlorides and sulfates into a group of particles enriched in potassium [38–40]. We calculated enrichment
factors for these elements for each sample using the formula from [41].

Ki =
[( Ci

Na+

)
aer

/
( Ci

Na+

)
BW

]
(1)

where K–enrichment factor,
( Ci

Na+
)
-the concentration of ith element relative to Na+ in the aerosol (aer)

and Baikal water (BW) [42].
Enrichment factors for the K+ (K = 2 ÷ 14) and SO4

2− (K = 5 ÷ 25) ions had similar dynamics
and were the highest in the aerosol along the east coast, from Northern (Khakusy Bay) to Southern
(the Boyarsk settlement) Baikal (see Figure 1B), where smog was recorded. We determined the highest
enrichment factors for the Cl− (K = 5 ÷ 26) ions in the aerosol on the west coast during the RV route
along the southern margin of the lake. The recalculation of the ionic enrichment factors relative to
the concentrations of the elements in the Earth’s crust revealed the same pattern as in the calculation
relative to the concentration of ions in Baikal water. At the same time, the enrichment factors of Ca2+

were close to one above the entire water area of the lake. This indicates a predominantly soil origin of
the aerosol affected by the smoke emission.

We carried out a correlation analysis of the ionic composition and the dispersion of the aerosol.
The analysis revealed that the NH4

+ and K+ ions are absorbed mainly on submicron aerosol particles
of 0.3–1.0 µm in size. The correlation coefficients (r) varied from 0.92–0.95 for the particles ranging
between 0.3 and 0.5 µm to 0.82–0.84 for the particles with a size of 0.1 µm. The large particles of 2.5–5.0
µm showed a lower correlation of these ions (r = 0.26–0.42). We also determined a high correlation for
the concentrations of the NO3

− and SO4
2− with the particles ranging from 0.3 to 0.5 µm (r = 0.55–0.66)

and the 1.0 µm particles (r = 0.44–0.54). The concentrations of the Ca2+ (r = 0.25) and NO3
− (r = 0.31)

showed loose correlation with particles of 5.0 µm in size.

3.4. Polyaromatic Compounds (PAHs) in the Composition of the Near-Water Aerosol

Wildfires are considered one of the PAH sources entering natural environments. PAH compounds
resulting from burning natural materials are called pyrogenic. These include compounds with a high
molecular weight. Based on the sum concentrations of fourteen identified PAHs (naphthalene,
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, and
benzo[a]pyrene), we investigated in detail the influence of wildfires on the pollution of the near-water
atmosphere above Lake Baikal in 2015 and 2016. In August 2015, the fire site was a short distance from
on the coast Central Baikal; in 2016, the atmosphere above Lake Baikal was covered with smoke from
regional fires that were spread over time. During the so-called “fresh” fire in August 2015, there were
the highest concentrations of PAHs, in total varying from 1.6 ng/m3 to 152.1 ng/m3. In contrast, in
May 2015, in the absence of fires, the sum of concentrations of PAHs in the aerosol ranged from 0.9 to
2.4 ng/m3. Phenanthrene, the proportion of which varied from 8 to 66% of the sum of concentrations of
PAHs, naphthalene (0.4–66%), fluorene (0–46%), fluoranthene (1–38%), and pyrene (1–24%) dominated
the identified PAHs. According to the published data, these compounds resulted from burning
coniferous and larch forests [43–45]. Their total number reached on average 81% of all determined
compounds, with a predominance of phenanthrene (on average 27%) and naphthalene (on average
26%). Notably, according to [46] naphthalene and phenanthrene also resulted from the combustion of
fossil fuels. The influence of pyrogenic and petrogenic PAH sources can be determined from the ratio of
the fluoranthene/(fluoranthene + pyrene) concentrations. The ratio above 0.4 characterizes the presence
of pyrogenic sources, and that below 0.4–petrogenic sources [47]. In our case, the concentration ratio of
these compounds ranged from 0.41 to 0.64 during the entire cruise, which indicates pyrogenic sources.
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In July 2016, the sum of concentrations of PAHs in the aerosol was lower and varied within a
narrower range from 6.3 to 42.4 ng/m3. The concentrations of individual PAHs, as well as their share,
were lower. In 2016, the set of predominant PAHs in the aerosol differed from its composition in 2015.
Perhaps, the long presence of the smoke aerosol in the atmosphere contributed to the deposition of heavy
molecules. Naphthalene (0.3–82%), chrysene (0–34%), phenanthrene (0.1–27%), pyrene (0–25%), fluorene
(0.0–10.4%), and fluoranthene (0.3–5.6%) dominated PAHs. During almost the entire cruise, the ratio of
the fluoranthene/(fluoranthene + pyrene) concentrations was below 0.4. Only by the end of the cruise,
this ratio changed to 0.47–0.57 near the delta of the Selenga River. An analysis of the variability in the
concentrations of PAHs has revealed that the composition of PAHs in the aerosol coming from distant
(regional) wildfires differs significantly from the PAH composition resulting from the sites of local fires in
the immediate vicinity of the lake.

In 2019, the atmosphere experienced the influence of distant and local fires. Table 5 shows the
variability of PAH concentrations in the aerosol in July 2019.

Table 5. Concentrations of PAHs in the aerosol of the near-water atmosphere above Lake Baikal along
the route of the RV «Akademik V.A. Koptyug» from 24 July to 4 August 2019 (number of samples is
given in parentheses).

No Baikal Route Date The Sum of
PAHs, ng/m3

Range of Sum
PAHs, ng/m3

1
Southern Baikal

Baikalsk (stop) 24–25 July 1.16 (1)

2 Listvyanka-Buguldeika 25 July 0.30 ± 0.09 0.22 ÷ 0.41 (4)

3 Central Baikal Buguldeika-Khuzhir 25–26 July 0.26 ± 0.01 0.25 ÷ 0.27 (3)

4

Northern
Baikal

Khuzir-Severobaikalsk 26–28 July 0.25 ± 0.13 0.11 ÷ 0.42 (4)

5 Severobaikalsk (stop) 28 July 0.29 (1)

6 Severobaikalsk-Sosnovka Bay 28–29 July 0.19 ± 0.05 0.15 ÷ 0.22 (2)

7 Sosnovka Bay-Zmeinaya Base 29–30 July 0.99 (1)

8

Central Baikal

Zmeinaya Base-Ust-Barguzin 30 July 1.29 (1)

9 Ust-Barguzin (stop) 30–31 July 1.66 (1)

10 Ust-Barguzin-Turka 31 July 1.06 (1)

11 Turka (stop) 31 July 2.01 (1)

12 Turka-Kharauz 31 July–1
August 1.43 (1)

13 Kharauz (stop) 1 August 4.62 (1)

14

Southern Baikal

Kharauz-Boyarsk 1–2 August 2.00 (1)

15 Boyarsk (stop) 2–3 August 2.40 ± 0.07 2.35 ÷ 2.45 (2)

16 Boyarsk-Bolshie Koty 2–3 August 0.75 ± 0.24 0.55 ÷ 1.02 (3)

In 2019, the sum of PAHs ranged from 0.11 to 4.62 ng/m3 and were significantly lower than in 2015 and
2016, despite the wider range of various compounds (18 PAH compounds) (Table 6). Among individual PAHs,
acenaphthylene (1.8–10.5%), phenanthrene (12.6–17.9%), fluoranthene (9.4–14.7%), benzo[b]fluoranthene
(5.8–9.8%), benzo[a]pyrene (6.2–7.7%), indeno[1,2,3-c,d]pyrene (2.7–12.2%), and benzo[g,h,i]perylene
(2.4–13.8%) prevailed in the aerosol of Southern Baikal and along the west coast. Most of these
compounds are indicators of the anthropogenic pollution [46,48]. The benzo[a]pyrene/benzo[g,h,i]perylene
ratio below 0.6 indicates emissions from vehicles near the Baikalsk town (Southern Baikal), and that
above 0.6–from the stationary sources in the aerosol sampled along the west coast from Southern to
Central Baikal. The indeno[1,2,3-c,d]pyrene/indeno[1,2,3-c,d]pyrene+ benzo[g,h,i]perylene ratio below
0.5 in the aerosol composition of these areas indicates the combustion of liquid fuel [47]. The
PAH composition changed in the aerosol under the influence of the smog in Northern and Central
Baikal (see Table 6). Phenanthrene (3.4–14.3%), fluoranthene (11.4–24.5%), benzo[b]fluoranthene
(10.7–20.7%), indeno[1,2,3-c,d]pyrene (4.2–11.8%), benzo[k]fluoranthene (3.8–11.7%), pyrene (9.9–15.4%),
and benzo[g,h,i]perylene (3.9–10.4%) were dominant compounds. The diagnostic ratios of the PAH
concentrations indicate mainly pyrogenic sources of these compounds.
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Table 6. Concentrations of individual PAHs in the composition of the aerosol in the near-water layer above Lake Baikal along the route of the RV «Akademik V.A.
Koptyug» from 24 July to 4 August 2019, ng/m3 (the RV route 1–16 see in the Table 5).

PAH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Naphthalene 0.035 0.019 0.013 0.016 0.018 0.011 0.021 0.024 0.027 0.031 0.021 0.012 0.042 0.009 0.023 0.024

Acenaphthylene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Azenaften 0.021 0.024 0.027 0.018 0.018 0.010 0.012 0.013 0.013 0.035 0.030 0.012 0.046 0.016 0.044 0.064

Fluoren 0.067 0.027 0.019 0.014 0.015 0.009 0.018 0.017 0.015 0.032 0.021 0.010 0.027 0.011 0.027 0.029

Phenanthrene 0.138 0.043 0.046 0.039 0.048 0.024 0.072 0.076 0.025 0.111 0.089 0.066 0.157 0.084 0.129 0.100

Anthracene 0.031 0.008 0.014 0.009 0.011 0.004 0.008 0.016 0.018 0.014 0.010 0.004 0.013 0.005 0.007 0.001

Fluorantin 0.123 0.027 0.029 0.035 0.032 0.026 0.115 0.146 0.231 0.259 0.395 0.258 0.783 0.372 0.420 0.159

Pyrene 0.082 0.020 0.025 0.029 0.023 0.017 0.103 0.100 0.157 0.162 0.233 0.160 0.467 0.225 0.237 0.080

Benz [a]
anthracene 0.032 0.008 0.006 0.016 0.010 0.004 0.006 0.022 0.052 0.020 0.013 0.020 0.057 0.029 0.060 0.010

Chrysen 0.033 0.012 0.016 0.021 0.016 0.010 0.033 0.076 0.096 0.081 0.125 0.088 0.355 0.132 0.129 0.042

Benz [b]
fluoranthene 0.081 0.020 0.015 0.037 0.022 0.019 0.170 0.230 0.280 0.109 0.392 0.280 0.994 0.414 0.391 0.099

Benz [k]
fluoranthene 0.074 0.015 0.010 0.031 0.015 0.010 0.116 0.107 0.155 0.040 0.147 0.112 0.299 0.139 0.188 0.033

Benz [e] pyrene 0.047 0.010 0.007 0.024 0.011 0.008 0.084 0.102 0.121 0.047 0.181 0.123 0.476 0.190 0.181 0.042

Benz [a] pyrene 0.083 0.022 0.016 0.038 0.024 0.015 0.033 0.060 0.138 0.026 0.068 0.063 0.202 0.077 0.130 0.018

Perylene 0.009 0.002 0.001 0.006 0.003 0.001 0.003 0.011 0.020 0.003 0.006 0.004 0.014 0.009 0.012 0.000

Indeno [1,2,3-c, d]
pyrene 0.141 0.019 0.007 0.035 0.014 0.010 0.108 0.151 0.174 0.044 0.142 0.115 0.356 0.152 0.215 0.029

Benzo [g, h, i]
perylene 0.159 0.022 0.006 0.035 0.012 0.009 0.088 0.134 0.131 0.041 0.135 0.107 0.333 0.140 0.195 0.025

Dibenz [a, h]
anthracene 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.013 0.000
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The comparison of the 2019 data with similar studies in 2015 and 2016 indicated that the PAH
composition in the aerosol of this period was more identical to the PAH composition in 2016. The low
contribution of the predominant phenanthrene, fluoranthene, and pyrene compounds in the aerosol
indicates the influence of smoke emission from wildfires occurring in distant areas.

3.5. Elemental Composition of the Near-Water Aerosol above Lake Baikal

A detailed analysis of the variability of the concentrations for 26 elements in the aerosol above the
lake revealed several periods during the cruise, in which their concentrations increased relative to the
average values calculated for all the samples obtained (Figure 7, Table 7).
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(stop), 4—the RV route Elokhin-Kotelnikovsky, 5—the RV route Socnobka-Turka (stop), 6—Kharauz
(stop), 7—Boyarsk (stop), 8—the RV route Baikalsk-Djlshie Koty (stop).
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Table 7. Elemental composition of the aerosol in the near-water atmospheric layer above Lake Baikal
along the route of the RV «Akademik V.A. Koptyug» from 24 July to 4 August 2019, ng/m3. (The values
in bold type those exceeding the average values).

Element Background
Study Areas with Elevated Concentrations of the Elements in the Aerosol

(Figure 7)
Overall
Average
ValueNo. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8

Li 0.06 0.20 0.08 0.10 0.11 0.09 0.18 0.10 0.19 0.10

Be 0.06 0.16 0.07 0.09 0.09 0.07 0.09 0.09 0.18 0.08

B 0.18 0.39 0.59 0.80 0.11 0.09 16.83 0.10 0.19 0.53

Al 1.94 9.09 9.05 5.14 5.12 9.32 16.4 3.19 3.51 5.07

Ti 0.18 0.71 0.65 0.48 0.43 0.41 0.48 0.22 0.39 0.34

V 0.07 0.21 0.10 0.13 0.12 0.14 0.24 0.12 0.21 0.12

Cr 0.25 1.32 1.40 0.45 0.29 0.24 0.27 0.24 0.37 0.35

Mn 0.25 1.04 1.04 1.10 0.89 1.50 0.83 0.38 0.43 0.71

Fe 2.91 21.4 13.6 7.55 8.87 7.17 12.8 8.45 5.67 6.71

Co 0.06 0.17 0.08 0.10 0.11 0.08 0.11 0.10 0.18 0.09

Ni 0.13 0.70 1.82 0.75 0.51 0.93 2.43 0.43 0.38 0.56

Cu 0.86 4.61 4.22 1.84 1.14 2.48 1.46 0.94 1.62 1.57

Zn 1.09 5.56 2.60 2.78 2.82 7.23 6.39 2.16 4.36 3.19

As 0.08 0.21 0.10 0.11 0.12 0.25 0.24 0.13 0.22 0.14

Se 0.10 0.22 0.15 0.15 0.17 0.17 0.16 0.17 0.33 0.15

Sr 0.13 0.46 0.61 0.48 0.43 0.50 0.43 0.20 0.39 0.32

Mo 0.07 0.27 0.08 0.09 0.09 0.07 0.09 0.09 0.18 0.09

Ag 0.05 0.15 0.06 0.08 0.08 0.07 0.08 0.09 0.17 0.08

Cd 0.07 0.24 0.09 0.11 0.11 0.21 0.17 0.10 0.24 0.13

Sn 0.06 0.23 0.09 0.10 0.10 0.08 0.10 0.10 0.21 0.09

Sb 0.06 0.24 0.08 0.10 0.11 0.08 0.12 0.11 0.24 0.10

Ba 0.21 3.81 0.78 0.67 0.63 0.73 0.85 0.45 0.54 0.59

W 0.06 0.17 0.08 0.10 0.19 0.07 0.09 0.14 0.21 0.10

Tl 0.05 0.15 0.06 0.08 0.08 0.07 0.08 0.09 0.17 0.08

Pb 0.16 0.71 0.47 0.19 0.22 0.63 0.91 0.31 0.37 0.33

U 0.05 0.15 0.07 0.08 0.08 0.06 0.07 0.09 0.17 0.07

Table 7 shows the average concentrations of the elements for each period defined, from 1 to 8
(see Figure 7), in comparison with the overall average value. The Background column shows the
averaged data for the periods with the minimum concentrations of elements, and the values in bold
type those exceeding the average values (see Table 7). Based on the data averaged for the entire
period, with the concentrations above 1.0 ng/m3, we identified the elements (Fe, Al, Cu, and Zn),
whose contributions varied up to 80.0% of their total amount. The contribution of the elements with
the concentrations ranging within 0.1 ÷ 1.0 ng/m3 was approximately 15.0%; Mn, V, Cr, Ni, Sr, Ti, As,
Se, Ba, Pb, and Cd were most common in this concentration range.

The concentrations of elements in the aerosol during the defined sampling periods (No.1 ÷ No.8
see Table 7, Figure 7) differed in absolute values of the concentrations, which varied upward and
downward. The highest concentrations of elements were recorded in the aerosol collected during the RV
mooring in the Baikalsk town on 25 July 2019 (No. 1, see Table 7). As noted above, the anthropogenic
factor affects more the southern margin of the lake. The area limited by high-mountain ranges and the
northwestern transport of air masses prevailing here contribute to the accumulation of impurities in
the atmosphere.

Along the west coast of the lake, from the Listvyanka settlement to the Khuzhir settlement (No. 2,
No. 3, Table 7), elevated concentrations of elements in the aerosol were mainly of lithogenic origin.
The Southwest coast of Southern Baikal and the area of the Maloye More Strait have weak easily
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decaying soil and vegetation cover with steppe and forest-steppe zones. The northernmost margin of
the lake (No. 4, Table 7), as well as the southern one, experiences the anthropogenic impact due to the
large settlements (the Severobaikalsk town and the Nizhneangarsk settlement) located on the coast.

Of greatest interest was the elemental composition of the aerosol in the influence zone of wildfires
(No. 5). Owing to the studies conducted in different areas of Siberia and the East Kazakhstan Region,
the chemical elements were divided into two groups in terms of the nature of their behavior during
wildfires: the group of active air migrants, including Cd, Pb, As, Sb, Se, Mn, Zn, U, and Sr, and the
group of elements that accumulated in the burned area were Cr, Ni, Co, V, Th, Mg, K, Na, Ca, and
Al [49]. During our studies, when the atmosphere was affected by smoke emissions, the following
elements had elevated concentrations: Ti, V, Mn, Fe, Ni, Co, Cu, Zn, As, Se, Sr, Cd, Ba, and Pb,
from macroelements allocated by K. It is noteworthy that the emissions from industrial enterprises
and soil dust are carried along with plumes from wildfires [50]. The effect of soil dust, emissions
from the industrial enterprises, together with smoke emissions from wildfires was most manifested in
the elemental composition of the aerosol near the delta of the Selenga River (No. 6) and the Boyarsk
settlement (No. 7). With a change in the direction of wind currents at the final sampling site (No. 8),
the elemental composition of the aerosol again showed an increase in the concentrations of almost all
the elements.

The enrichment factors calculated according to the formula 1 relative to Al revealed a significant
enrichment of the aerosol (K > 1000) with Be, B, Zn, Mo, U, Sn, As, W, Tl, Sb, Cd, Ag, and Se, elements of
both lithophilic and anthropogenic origin. Factors in the range 100 < K < 1000 were determined for Ni,
Co, Li, Th, Cu, and Pb. High enrichment factors for the elements were determined during the passage
of the RV at the sites 3–5, 7, and 8 (see Figure 7). At site 6, the most exposed to the smoke emission,
as well as during the passage of the RV from Listvyanka to Buguldeika (site 2), the enrichment factors
for the elements were lower.

Factor analysis was used to identify groups of elements correlating between themselves.
The concentration of each element in an individual sample is considered a result of the joint impact of
some sources (factors) that must be identified during analysis. In other words, such groups are formed
from the elements that have significant loadings on the given factor. Factor loadings are calculated
from the correlation matrix of the elements. To interpret the analysis results, the factors that add up to
the maximum variance in this series of observations are selected in the aerosol (Table 8, Figure 8A).
The first four factors explain 88% of the total variance of the variables. We determined that the soil in
the region is the main source of the aerosol particles in the near-water atmosphere of the lake, but in
each factor, there are additional sources of variability in the concentrations of the elements.
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Table 8. Factor loadings of the analyzed elements in the aerosol of the atmospheric near-water layer
above Lake Baikal along the route of the RV «Akademik V.A. Koptyug» from 24 July to 4 August
2019 (The contribution of the factor to the total variance is indicated in the table below the names of
the factors).

Trace
Elements

Factor I, x Factor II, y Factor III, z Factor IV, t

53.1% 23.8% 7.4% 4.1%

Li 0.93 0.11 0.13 0.30

Be 0.99 0.02 0.07 0.04

B 0.02 0.88 0.05 0.01

Al 0.05 0.50 0.29 0.78

Ti 0.36 0.42 0.65 0.31

V 0.77 0.28 0.08 0.53

Cr 0.31 −0.02 0.82 0.08

Mn −0.10 0.84 0.29 0.26

Fe 0.27 0.31 0.76 0.36

Co 0.95 0.09 0.19 0.08

Ni 0.00 0.31 0.23 0.72

Cu −0.02 0.62 0.68 0.06

Zn 0.06 0.91 0.13 0.32

As 0.31 0.86 −0.03 0.28

Se 0.87 0.38 −0.06 0.05

Sr 0.09 0.83 0.41 0.14

Mo 0.84 −0.03 0.39 0.04

Ag 0.99 0.10 0.07 0.04

Cd 0.48 0.79 0.10 0.19

Sn 0.96 0.06 0.25 0.02

Sb 0.94 0.08 0.21 0.06

Ba 0.30 0.29 0.75 0.19

W 0.63 0.06 0.22 −0.12

Tl 0.99 0.10 0.07 0.04

Pb 0.12 0.62 0.23 0.61

U 0.99 0.04 0.11 0.02

During our measurements, the invasion of the air masses from the northern areas of the Irkutsk
Region and the Krasnoyarsk Territory, which contained smoke from wildfires, was an additional source
of the formation of aerosol particles in the atmosphere above the lake (see Figures 2 and 3). This can be
seen in Figure 8B where Factor I is responsible for the soil aerosol and reflects the contribution of the
sources in the aerosol above Southern and Central Baikal. Factor II marked in red in Figure 8B shows
the contribution of the emission from wildfires in the composition of the aerosol along the east coast of
Lake Baikal.

Using Table 8, we can describe Factor II as the joint contribution of the group of the following
elements in the formation of the elemental composition of aerosol particles: B, Mn, Zn, As, Sr, Cd,
and Pb. This allowed us to use them as markers during the entry of air masses from the areas prone
to wildfires. Aerosol samples are rather well separated in elements in the plane of Factors I and
II (see Figure 8B). Aerosol samples exposed to smoke emission from wildfires are marked in red;
those collected near settlements (Baikalsk, Severobaikalsk, and Nizhneangarsk), are marked in green,
and aerosol collected in clean areas are marked in blue.
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Similarly, we conducted a factor analysis for the ionic (soluble) part of aerosols (Table 9, Figure 9).
Accumulation and dissipation of ions in the soluble part of aerosol occurs differently than in the solid
part due to the constant watering of the particles in the air. Therefore, the distribution of samples on
the plane of the first two factors has shown in this case (Figure 9B) that the first factor is the effect of
the forest fire emissions (the incidence is marked in red), and only the second factor is responsible for
the soil aerosol (marked in blue). Based on Table 9, we can predict that during the influx of smoke air
masses, the soluble part of aerosols is enriched with the NH4

+, K+, SO4
2−, and Li+.

Table 9. Factor loads of the analyzed ions in the soluble part of aerosol in the near-water atmospheric
layer of Lake Baikal along the route of the RV “Akademik V.A. Koptyug” from 24 July to 4 August 2019
(the contribution of the factor to the general dispersion is indicated under the name of the factor).

Ions
Factor I, x Factor II, y Factor III, z

41.0% 22.1% 16.8%

Na+ −0.44 0.41 −0.69

NH4
+ 0.98 0.08 0.01

K+ 0.91 0.17 0.05

Mg2+ 0.06 0.95 0.04

Ca2+ 0.20 0.90 0.01

Cl− −0.03 0.34 0.71

NO3
− 0.49 0.57 −0.31

SO4
2− 0.84 0.12 −0.17

Li+ 0.44 0.22 −0.72
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Figure 9. Ion distribution in the space of the first two factors (A). The distribution of all collected
aerosol samples on the plane of the factors 1 and 2 along the route of RV “Akademik V.A. Koptyug”
from 24 July to 4 August 2019 (B).

4. Conclusions

Based on the studies carried out from 24 July to 4 August 2019, involving the data on previous years,
the impact was reviewed of both natural and anthropogenic factors on the state of physicochemical
parameters of the near-water aerosol above Lake Baikal. Despite the constant influence of the
anthropogenic factors of both local and regional scales, the atmosphere above most of Lake Baikal
remains clean. However, in recent decades, due to climate change in Siberia, the number of wildfires
have been increasing. The smoke from wildfires impenetrate the watershed area of Lake Baikal and its
water areas and have affected significantly the physical properties and the chemical composition of
the aerosol above the lake. The mass and number concentrations of submicron fractions in aerosol
particles, as well as the concentrations of ions and the elements of polyaromatic compounds, increased.
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With the smoke emission in the summer of 2019, the natural background of the sum of ions in
the aerosol above Lake Baikal, which is below 1.0 µg/m3, was on average more than six times higher.
The concentrations of NH4

+, K+, NO3
−, and SO4

2− increased significantly in the aerosol composition.
Factor analysis revealed the association of elements (B, Mn, Zn, As, Sr, Cd, and Pb) whose

elevated concentrations may indicate the influx of air masses from the areas prone to wildfires. We also
determined that the composition of individual PAHs in the smoke aerosol from the nearby wildfires
differed from the composition of PAHs that entered from the distant areas, which may serve as a tracer
for different types of fires.

Despite the short duration of the impact of wildfires on the air basin of Lake Baikal, they contribute
significantly to the change in the properties of the near-water atmosphere above the lake.
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