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Abstract: This article presents the results of the automatic monitoring of the concentrations of gaseous
impurities of sulfur and nitrogen oxides in the ground-level atmosphere of the urban and rural areas
in the Southern Baikal region (East Siberia, Russia). The study was conducted from 2020 to 2023 at the
urban Irkutsk station and the rural Listvyanka station located at a distance of 70 km from each other.
We calculated the main statistical characteristics of the variations in the concentrations of nitrogen
oxides and sulfur dioxide in the ground-level atmosphere and determined a nature of variability in
their concentrations on various time scales: annual, weekly, and daily. Annual variabilities of gaseous
pollutants in the ground-level atmosphere above the Irkutsk city and the Listvyanka settlement were
similar and showed the highest values in winter and the lowest in summer. The daily and weekly
dynamics of the nitrogen oxide concentrations in the urban area clearly depended on the increase
in the road traffic during rush hours (morning and evening). In the rural area, there was no such
dependence. In this area, the daily and weekly variability in the concentrations of nitrogen oxides
and sulfur dioxide mainly depended on natural meteorological processes. The work systematizes the
meteorological parameters at which the largest amount of anthropogenic impurities enters the air
basin of Lake Baikal. The maximum values of acid-forming gas concentrations were observed when
the air masses were transferred from the northwest direction, which corresponds to the location of
sources in the territory of the Irkutsk-Cheremkhovo industrial hub—the largest concentration of
anthropogenic objects in the Irkutsk region.

Keywords: air pollution; sulfur dioxide; nitrogen oxides; seasonal variations; the Baikal natural
territory; Siberia; anthropogenic sources of emissions

1. Introduction

Sulfur dioxide (SO,) and nitrogen oxides (NOXx) are among the most widespread
gaseous pollutants in the air and have a significant impact on the regional and global air
quality, human health, environmental conditions, and climate change [1-5]. The high-
temperature combustion of organic fuels (coal and oil) and biomass [6-8], as well as thun-
derstorm activity [9] and the microbial N-cycle [10,11], are the main sources of NOy (NOx
=NO + NO,). NO; is involved in the nitrogen cycle in the “air-water—soils” system [12],
which affects the intensity of oxidation processes in the air [13] and, in the presence of
volatile organic compounds in the air, leads to the formation of ground-level ozone [14,15].

The main SO, sources are volcanic activity, the combustion of organic fuels, and the
purification of sulfide ores [16,17]. Volcanic SO, is emitted into the air at high altitudes
above the atmospheric boundary layer (ABL). Anthropogenic SO, emissions from thermal
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power and industrial facilities enter mainly within the ABL. Nitrogen and sulfur oxides in
the ground level of the atmosphere participate in many physicochemical reactions. During
the oxidation, nitrogen dioxide reacts with ammonia, leading to the formation of ammo-
nium nitrate aerosol. Sulfur dioxide is oxidized in the reactions with the hydroxyl radical,
ozone, or hydrogen peroxide, producing sulfate aerosols. This contributes to air pollution
by particulate matter with an aerodynamic diameter <2.5 um (PMj 5) [18-21], possessing
a serious risk to human health [22-24], reducing the meteorological visibility [25,26], and
affecting the weather and climate through direct radiative forcing and indirect changes in
cloud formation and optical properties [27,28].

Elevated concentrations of SO, and NOy in the air increase the risks of respiratory and
oncological diseases and negatively affect the reproductive systems of organisms [29-33].
Nitrogen and sulfur oxides are generally recognized as acid gases that contribute to the
occurrence of acid rain, leading to the acidification of water bodies and soils, which
possesses a serious threat to biodiversity, especially for plants [34]. High concentrations
of nitrogen oxides have a negative impact on agricultural crops because they reduce the
efficiency of plant growth, resulting in a decrease in yields.

The atmospheric air in the Southern Baikal region is subject to constant pollution by
various impurities due to the large concentrations of industrial enterprises in the cities of
the region that are located close to each other. Enterprises of the fuel and energy complex,
chemistry and petrochemistry, metallurgy, woodworking, and pulp and paper production
play a leading role in the industrial structure.

In 2022, the emissions of air pollutants from anthropogenic sources in the Irkutsk
Region amounted to 739,000 tons per year. Of them, 40% entered the atmosphere from
the enterprises situated in a relatively small area in the Angara River valley (Irkutsk—
Cheremkhovo industrial hub). This is 3 times higher than the emissions from the anthro-
pogenic sources in the Republic of Buryatia (107,000 tons per year) and 12 times higher
than the emissions from the anthropogenic sources located in the Central Ecological Zone
of Lake Baikal [35-37] (Figure 1).

Opverall, the pollutants entering the air in the Southern Baikal region account for about
100 items, among which fuel combustion products (nitrogen and sulfur dioxides and carbon
oxide) predominate in the amount of the annual influx to the atmospheric air. Emission
plumes from large regional coal-fired thermal plants can reach the water area and the
watershed basin of Lake Baikal, the world’s deepest lake, with a large volume of fresh
water. Previous studies indicated the impact of technology-related emissions from the
industrial complexes of the Sothern Baikal region on air pollution in the southern basin
of Lake Baikal. The authors [38—40] revealed a change in the aerosol composition, the
acidification of precipitation, and the other natural environments in the southern basin of
Lake Baikal.

Air pollution monitoring, determining the qualitative and quantitative composition of
air pollutants both in the source cities and on the lake shore, identifying pollutant transport
mechanisms, and studying the patterns of pollution field formation are among the most
important tasks of environmental protection in such a unique place as Lake Baikal.

This study aims to analyze the spatiotemporal distribution of gaseous pollutants, such
as nitrogen oxide and sulfur oxide, in the ground-level atmosphere of urban and back-
ground areas of the Southern Baikal region and to determine the sources and relationships
with meteorological conditions in the region.
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Figure 1. Layout of the Irkutsk (IRK) and Listvyanka (LSTV) monitoring stations and the main
sources of air pollution in the study region.

2. Sampling and Analysis Methods

In this article, we present the analysis results of the measurement data on the ground-
level concentrations of sulfur dioxide, nitrogen dioxide, and nitrogen oxide in the urban
(Irkutsk city) and rural (Listvyanka settlement) areas of the Southern Baikal region. The
experimental data cover the period between January 2020 and December 2023. The Irkutsk
station is located on a hill in the southwestern part of the city. The sampling was conducted
at the Limnological Institute (LIN) SB RAS (52.248, 104.260, altitude 496 m a.s.l.) at an
altitude of 12 m above ground level. At the Listvyanka station, measuring devices are
installed on the top of a coastal hill, 1 km northeast of the Listvyanka settlement (51.847,
104.893, altitude 656 m a.s.l.). The difference in altitude between the station and the
settlement is 205 m. Figure 1 shows the schematic map of the layout of the observation
stations and the main stationary sources of air pollution in the Southern Baikal region. The
location and number of coal-fired boiler facilities in the Central Ecological Zone of Lake
Baikal are indicated according to [41].

To measure the concentrations of sulfur dioxide (SO;) and nitrogen oxides (NO and
NO3), chemiluminescence method-based SV-310 and Z-310 gas analyzers from OPTEK
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(St. Petersburg, Russia) were used. These devices were verified annually in the OPTEK
laboratory (St. Petersburg, Russia). The permissible measurement error limit in the range
from 0 to 2000 pg m3 is +25%.

The meteorological parameters (wind speed and direction, air temperature) were
measured at the Listvyanka station using the Sokol M1 meteorological station (Kazan,
Russia). The vertical temperature stratification of the atmosphere was examined using
the MTP-5 meteorological temperature profiler (Central Aerological Observatory, Russia)
and the atmospheric radiosonde data obtained at the Angarsk station (52.48; 103.85) are
available on the University of Wyoming website (https://weather.uwyo.edu/upperair/
sounding.html, (accessed on 4 July 2024)).

The measured data were collected in real time using the LIN SB RAS server. For this
purpose, a server with an installed database running PostgreSQL was organized, as well as
a program that receives data from the stations via the Internet, performs primary processing,
and records measurements in the database (DB). The DB structure allowed us, through
SQL queries, to select data from gas analyzers either jointly or separately, with averaging
and filtering. Network access to the DB allows the prompt provision of data to interested
parties, including interested departments at the regional level. The freely distributed BI
platform, Grafana, was used for the prompt access, analysis, and display of the measured
data. The dashboard shows several analytical curves from the two monitoring stations
grouped by gases (Figure 2). The left half depicts the data from the Irkutsk station and the
right half represents the data from the Listvyanka station.

Concentration at the «Irkutsk» station Concentration at the «Listvyanka» station
NO, NO,
60 . B
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@] s 2 o Z
I » P Ay | \ L
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Figure 2. An example of the accumulation of online monitoring data in the Grafana system on the
LIN SB RAS server (Irkutsk).

3. Results and Discussion

Here, we present the results of 4-year continuous measurements of the SO,, NO, and
NO, concentrations averaged over 20 min and discuss the features of these pollutants at
the levels of monthly, weekly, and daily characteristics.

Figure 3 shows graphs displaying the frequency distributions of gas concentrations
at the monitoring stations for the heating (October to April) and non-heating (May to
September) seasons. The histograms demonstrate a unimodal distribution with an obvious
right-hand asymmetry and a large excess. The frequency decreases rapidly as the con-
centrations increase. During the heating season, the frequency distribution expands at
both the urban and rural stations. Notably, during the heating season, there are cases of
concentration increases above 85 ug m3 with a frequency of 4-6%, depending on the gas
and the station. Regardless of the season, the nitrogen oxide concentrations mainly range
from 0 to 15 pg m3 in Irkutsk and from 0 to 5 pg m? in Listvyanka, and the sulfur dioxide
concentrations range from 0 to 15 pug m3 in both areas. This indicates that both stations are
exposed to a major external source of air pollution and, in most cases, reflect an overall air
pollution level in these areas.


https://weather.uwyo.edu/upperair/sounding.html
https://weather.uwyo.edu/upperair/sounding.html

Appl. Sci. 2024, 14, 8327

50f19

60% - 50% 30%

@ Irkutsk (OCT - APR) s | ® Irkutsk (OCT - APR) i ® Irkutsk (OCT - APR)

o 2 m Irkutsk (MAY - SEP 9 o Irkutsk (MAY - SEP

0% ( ) lao% ® Irkutsk (MAY - SEP) |70 ( )

40% . 20% 1

30%

30% 25% 15%

X 20% ,

20% 15% 10% .

10% 10% { 5% mmﬂ_‘ﬂ_‘ H-I

5% H] H_'

0% I-I—IH:I”]HE‘I—L[—L“—”—"UL“—"L"‘ 0% ﬂ]ﬂ]rtlnjﬂ:mn_n_mn_mmmm 0% L an
monmgunoMnouanNgueLgLyY momongoueonsMgueng LYY PSRN YILILRILAI8RLgsyg
cedddigdlidadedddt|  <a2lZfLIIIiIII0dA0%]  Ce2dRgEdiididedidn

Concentration SO,, pg/m? Concentration NO, pg/m? Concentration NO,, pg/m?
50% ] 80% :
- B Listvyanka (OCT - APR) T [m] Llstvyanka (OCT - APR) _ (] Llstvyanka (OCT - APR)
0, . .
40% ® Listvyanka (MAY - SEP) | 207° ® Listvyanka (MAY - SEP) 0% ® Listvyanka (MAY - SEP)
° 1
30% 60%
40%

20% 40%

10% ”-‘ 20% 20% ‘”

0% H-II—L\[_LFLH [ =TI = W, 0% rﬂn—. 0% n-ln-I’Ln nonon
dIIIIT2ITIL2rTITxIA SITTITTTIIILTITIITIZIN STTTITTYITINDITIRER

hdbhdhdh hdbhdhdhDA hdhdbdhobdhdbdhd A hdbhdhdhdbdhdhdhdA
Concentration SO,, pg/m’ Concentration NO, pg/m? Concentration NO,, pg/m?

Figure 3. Frequency distribution graphs of 20-minute averaged concentrations of SO, NO, and NO,
at the Irkutsk and Listvyanka monitoring stations during the heating (blue) and non-heating (red)
seasons. The ordinate axis shows the recurrence of the concentrations within a certain range. The
abscissa axis shows the pollutant concentration ranges. The data are averaged for 2020-2023.

The graph of the nitrogen dioxide (NO,) concentrations in the urban area has a clear
two-modal distribution during the heating season, which likely reflects the influence
of several large air pollution sources emitting this gas. Taking into account that motor
transport and thermal power plants [42] are the main sources of NO, emissions, we can
assume that this graph reflects the influence of these sources on the air above Irkutsk in
winter. In the winter months, there is a high atmospheric pressure zone (Asian Anticyclone)
over East Siberia, when the frequency of calm weather conditions increases, leading to
the formation of evening and night temperature inversions. The presence of a heat island
above the city contributes to the formation of several inversion layers: ground-level in
the atmospheric layer of 0-24 m and elevated layer at an altitude of ~90-180 m. The total
recurrence of the inversions in winter at night and in the morning is 85-93%. The highest
recurrence occurs in December and January. In summer, temperature inversions occur only
at night [43]. Based on the radio sounding data, the maximum capacity of inversions can
reach 2 km in summer, and over 3 km in winter. This, in turn, leads to a deterioration
in the conditions for the dispersion of pollutants and an accumulation of the latter in the
ground-level atmosphere.

3.1. Seasonal Variability of Gaseous Pollutants under Urban and Rural Conditions

Table 1 presents the statistical processing data on gaseous pollutants (5O,, NO,, and
NO), which we used for the comparative analysis of their concentration in the air at the
Irkutsk and Listvyanka stations. As shown in the table, the highest concentrations of
sulfur and nitrogen oxides were recorded in the air of the Southern Baikal region during
the heating season, from October to April. Analysis of Figures 4-7 revealed that the
concentrations of sulfur and nitrogen oxides were correlated between each other (the
Pearson correlation coefficient was 0.97). Taking into account that most sulfur dioxide
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emissions in the region result from the combustion of solid organic fuel [44], it is logical
to assume that the thermal power industry is the main source of sulfur dioxide and
nitrogen oxides in the air above the Listvyanka station. The winter maximum is most likely
associated with the operational intensity of the thermal power plant, depending on the
ambient temperature. A strong negative linear correlation between the average monthly air
temperatures near large sources of air pollution (Irkutsk) and the concentrations of sulfur
and nitrogen oxides in the air confirms this. The Pearson correlation coefficient was —0.93
for SO, and air temperature and —0.97 for NO, and air temperature.

Table 1. Comparison of the 20-min gas concentrations (ug m?) at the urban and rural stations from
2020 to 2023. In the numerator—June-September-October—April; in the denominator, the average for
all the observation periods.

pg m3 “Irkutsk” Station (Urban) “Listvyanka” Station (Rural)

Avg. Time = 20 min SO, NO NO, SO, NO NO,
Avera 7.0-19.8 7.8-19.3 14.9-28.3 7.2-22.1 14-1.3 3.3-8.1
verage 12.2 13.6 21.6 16.4 1.3 5.7
Maximum 224.6-237.7 206.0-503.0 114.3-150.4 289-754 34-82 94.4-94.8
sD 10.1-25.8 12.6-32.6 14.5-20.8 9.0-37.8 2.6-3.8 4.8-11.1

19.3 26.5 194 23.4 3.2 8.0
Median 4.5-9.0 3.6-7.0 10.1-26.7 4.5-9.2 0.0-0.0 1.4-3.0
5.7 5.3 17.1 6.8 0.0 2.2
150 Median (Q,)
—— 25th Percentile (Q;) 75th Percentile (Q3)
Minimum (Q, — 1.5IQR) , Maximum (Q;+ 1.5IQR)
: Interquartile Range (IQR)
100 | : I - Irkutsk
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g ; !
& o :
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Figure 4. Intra-annual variability of sulfur dioxide (SO,) concentrations at the Irkutsk and Listvyanka
stations from 2020 to 2023, without atypical values (outliers). The ordinate axis shows the concentra-
tions (ug/ m?); the abscissa axis shows the month. The diagram shows the median (bold line), the
first quartile (lower boundary of the box), and the third quartile (upper boundary of the box).
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Figure 5. Intra-annual variability of nitrogen dioxide (NO,) concentrations at the Irkutsk and
Listvyanka stations from 2020 to 2023, without atypical values (outliers). The ordinate axis shows
the concentrations (ug/ m3); the abscissa axis shows the month. The diagram shows the median
(bold line), the first quartile (lower boundary of the box), and the third quartile (upper boundary of
the box).
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Figure 6. Intra-annual variability of nitrogen oxide (NO) concentrations at the Irkutsk and Listvyanka
stations from 2020 to 2023, without atypical values (outliers). The ordinate axis shows the concentra-
tions (1g/m3); the abscissa axis shows the month. The diagram shows the median (bold line), the
first quartile (lower boundary of the box), and the third quartile (upper boundary of the box).
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hour

Figure 7. Weekly and daily variations in the concentrations of nitrogen and sulfur oxides in the
heating (October to April, blue) and non-heating (May to September, red) seasons. Shading shows
the 95% confidence intervals of the mean value.
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Analysis of Table 1 indicated that the concentrations of gaseous pollutants both at
the Irkutsk station and the Listvyanka station were widely scattered. If the distribution
median is used as an average, the absolute value decreases. This means that there are
many atypical values, the so-called outliers, which distort the overall pattern towards the
overestimation of gas concentrations, especially at the rural station. Moreover, the data
analysis (Table 1) identified the maximum values exceeding the average gas concentrations
by one or two orders of magnitude, which was likely due to the influx of smoke plumes
from the thermal power plant when the weather conditions affecting the dispersion of the
pollutants changed. After selection, we attempted to estimate the frequency and seasonal
distribution of these cases (Table 2). The table shows that such episodes most often occur in
December, January, and February and account for about 8% of all the observations.

Table 2. Number of episodes with elevated SO, and NO, concentrations at the “Listvyanka” station,

n—total numbers of measurements.

Avg. Time=1h I II III v \% VI VII VIII IX X XI XII
50, > 85 ug m?3 219 205 68 1 8 0 0 0 2 16 67 238
n 2924 2329 2519 2097 2152 2329 2030 1952 2093 2089 2341 2777
NO; > 35 ug m?3 209 180 33 7 5 2 1 45 6 48 158 260
n 2787 2119 2129 1959 2146 1927 1781 2680 2234 2564 2401 2669

Based on the average and median estimates (Table 1), the sulfur dioxide (SO;) concen-
trations at the remote rural Listvyanka station exceed the values recorded at the Irkutsk
station. Lower SO, values at the urban station are associated with its location on an ele-
vated relief in one of the “clean” forest zones of the city, away from the main direction of
the smoke plume transport from the city’s largest thermal power plant, with smoke stacks
over 150 m high and a plume rise height exceeding 500 m above ground level [45]. At the
200-500 m altitudes, hot SO, emissions from this thermal power plant are carried beyond
the city and are not recorded in the ground layer of the atmosphere at the Irkutsk station.
However, the level of air pollution measured at the Rosgidromet (Federal Service for Hy-
drometeorology and Environmental Monitoring) stations in the other Irkutsk districts (the
stations are located at an altitude of 2 m above ground level) are twice as high [46,47].

Analysis of the nitrogen oxide concentrations (Table 1) in the air above the stations
indicated significant differences between them. In the city, the nitrogen oxide concentrations
(NO and NO,) were 5-10 times higher than at the Listvyanka station. At the same time, at
this station, NO was recorded rather rarely, testifying to the absence or weak influence of
the local sources of air pollution on the atmosphere in this area. Because the NO lifetime is
~2-3 h, we can assume that, at the Listvyanka station, we sometimes recorded episodes
when this gas managed to reach the shores of Lake Baikal from the remote regional sources
of air pollution [48,49], and presented in Section 3.

We examine in detail the average monthly variations of nitrogen and sulfur oxides
in the air above the stations for the entire observation period (Figures 4—6). The ordinate
axis shows the concentration of trace gases (i1g m3), and the abscissa axis shows the month
(time). The diagrams reflect the distribution medians (bold line), the first quartile (lower
boundary of the box, Qp), and the third quartile (the upper boundary of the box, Qz3).
Atypical values beyond the one and a half product of the difference between Q3 and Q,
(so-called outliers) are not given. The figures demonstrate that gaseous pollutants generally
have a similar pattern of intra-annual distribution, with the maximum in February and
December and a depression from June to August. The highest concentrations of gaseous
pollutants in the air were recorded in February. This was due to the combined effect of
some of the factors represented below.

Air temperature and precipitation. The assessment conducted in [50] revealed that
February and March are the coldest months in the year with the lowest precipitation. This
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is also confirmed by data from the Acid Deposition Monitoring Network in East Asia
(EANET) (Table 3). Low air temperatures lead to an increase in the volume of emissions
from heat sources, and the minimum precipitation (7-8 mm on month) weakens the
mechanism for washing out anthropogenic pollutants from the air [51-53].

Table 3. Meteorological statistics at the Listvyanka and Irkutsk monitoring stations, according to
EANET data (https:/ /monitoring.eanet.asia/document/public/index, (accessed on 6 September

2024)).
Month I I I11 v Vv VI VII VIII IX X XI XII
Listvyanka station (rural)
T, °C —144 —15.1 —6.9 1.0 7.0 10.6 13.5 13.1 8.2 2.5 —4.8 —11.7
Precipitation
amount, 18.3 8.4 7.6 16.0 59.3 76.4 122.2 77.2 46.0 22.3 14.2 19.1
mm/month
Mean wind 32 3.8 35 34 33 2.8 26 23 3.0 33 37 43
speed, m/s
Irkutsk station (urban)
T, °C —16.2 —14.8 —4.9 3.8 11.0 16.4 18.3 16.0 94 25 —6.2 —144
Precipitation
amount, 27.3 14.3 6.1 14.6 47.2 88.9 129.9 67.5 43.1 15.5 18.2 19.6
mm/month
Mean wind 1.6 1.7 2.0 2.0 2.0 1.6 15 14 17 1.8 1.7 14
speed, m/s

ABL thickness. According to [54], in the winter months, the ABL height decreases
to 500-700 m at the Listvyanka station, which is 1.5 times lower than in the transitional
seasons (spring and autumn). A thinner ABL at this time is associated with an increase in
the thermal stability of the lower atmospheric layers, which also weakens the processes
of the natural dispersion of pollutants, increasing the concentrations of the latter in the
air [55-57].

Wind regime character. In addition to the amount of emissions from the thermal power
plant, the frequency of air mass transport from large pollution sources and the wind regime
character affect the state of the air basin above the investigated areas. During the cold season
of the year, with a high-pressure area above most of East Siberia, weak winds prevail in the
lower 500 m of the atmospheric layer. As the anticyclone disintegrates, the character of the
weather conditions changes. In summer, due to the development of the cyclonic activity,
wind speeds increase dramatically. On the contrary, in the higher atmospheric layers,
minimum wind speeds are recorded in July, and the maximum recorded in November and
December [58]. Although the northwesterly direction is predominant for air mass transport
in the region (on average 60-70% per year) [59], orographic features determine the wind
direction in the ground-level atmospheric layer. As shown in [60], the number of cases
of transport from high-altitude air pollution sources situated in the cities of the Irkutsk
agglomeration varies significantly from month to month. In January 2022, we recorded the
maximum number (84%) of plume transport from the regional thermal power plants to
the southern basin of Lake Baikal. This, together with other factors, explains the frequent
occurrence of the winter concentration maxima of sulfur and nitrogen dioxides at the rural
Listvyanka station.

In spring, the wind regime changes in the region: the ABL grows (to 800-1000 m) [54]
and the amount of precipitation increases (more than by a factor of 2—4) [50]. Noteworthy
is that the frequency of northwesterly transport does not always lead to an increase in the
concentrations of gaseous pollutants at the Listvyanka station. In certain winter months
and in summer, the frequency of northwesterly transport may be the same, but an increase
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in the air temperature in the warm season decreases the emissions from heat sources and,
hence, decreases the pollutants in the air. Therefore, SO, and NOy concentrations are
approximately 4-5 times lower in summer than in the winter months.

Despite the similar nature of the relative intra-annual distribution of nitrogen oxides
at the stations, the absolute values differed significantly. For example, the monthly NO,
concentrations at the Irkutsk station were 3-12 times higher than at the Listvyanka station,
and the NO concentrations were 2-15 times higher, which was due to the large volume
of emissions from motor vehicles into the air above Irkutsk, the pollution from which
was largely distributed near its source [42,61]. Irkutsk is the large industrial center with a
population of >600 thousand people. In 2015, >200 thousand motor vehicles were registered
in the city [62], the number of which has only increased in recent years. The Listvyanka
settlement is the large tourist center at Lake Baikal. On weekends, >2.5 thousand cars per
day can visit it [63], which is much lower than the car traffic in Irkutsk. Another feature
is that NO2 in Listvyanka is much higher than NO. This is due to the transformation of
nitrogen oxide into dioxide resulting from reactions with atmospheric ozone during the
transport from anthropogenic sources in the Irkutsk agglomeration to the southern basin of
the lake [64].

3.2. Weekly and Daily Variations of SO,, NO, and NO,

Figure 7 shows the data on the daily and weekly variability of the concentrations
of sulfur and nitrogen oxides in the air. As known from the literature, the intensity and
nature of the emission sources, as well as the spatiotemporal dynamics of ABL, affect these
indicators [65,66]. Because ABL is closely related to the heating of the surface by solar
irradiance, it has a typical daily variability. If we compare the data from the two stations,
we can notice significant differences in the daily and weekly variations (Figure 7).

At the Irkutsk station, there are two typical increases in the nitrogen oxide concentra-
tions, which occur from Monday to Friday in the morning (8 to 10 a.m.) and in the evening
(6 to 7 p.m). The morning peak in nitrogen oxide concentrations in Irkutsk is associated
with an increase in automobile traffic and the minimum depth of ABL. After 11 a.m. to
12 p.m., when the ABL depth increases, the air pollutants dissipate faster, and the nitrogen
oxide concentrations decrease at the station (see Figure 7). The second daily peak (6 to
7 p.m.) is also associated with the evening rush hour in the city. From 9 p.m. to 6 a.m., the
nitrogen oxide concentrations decrease to background urban values.

Analysis of the weekly dynamics of gaseous pollutants in the air at the Irkutsk station
demonstrates a so-called “weekend effect.” The assessment of fluctuations in air pollutants,
depending on the day of the week, revealed that the road traffic affects the concentration
of nitrogen oxides in the air of urban areas. On Saturday and Sunday, the nitrogen oxide
concentrations decrease by 20-30% compared with weekdays [67-69]. The difference
between the pollution on weekdays and weekends varies, depending on the season. It is
the most obvious in the cold season of the year due to the increase in the volume of fuel
burnt to warm up the engine and the interior of the cars.

Daily cycles of nitrogen dioxide in the air above Irkutsk have one broad peak between
12 and 6 p.m. Unlike nitrogen oxides, morning and evening peaks are not typical of nitrogen
dioxide in the daily and weekly cycles of concentrations, indicating that the main source of
this gas entering the urban air is the combustion of coal by thermal power plants.

Analysis of the data on the concentration of gaseous pollutants in the air at the
Listvyanka station revealed that the daily variations in the sulfur dioxide concentrations
are generally similar to the variations in the nitrogen dioxide concentrations and have a
unimodal distribution, with a peak in the morning from 6 to 11 a.m. However, during
the heating season, a second peak appears in the distribution of nitrogen dioxide, in the
evening or at night, which begins at about 6 p.m. In the weekly variations, there is a slight
increase in the NO concentrations on weekends. Daily variations of the sulfur dioxide
concentrations are generally similar and have a unimodal distribution, with a peak in the
morning from 6 to 11 a.m. However, during the heating season, a second peak appears
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in the distribution of nitrogen dioxide, in the evening or at night, which begins at about
6 p.m. This may be due to the increase in the number of cars in the settlement on weekends.
There are no large industrial enterprises in the settlement; the heating sources are the boiler
facility and house stoves. The number of residents in the settlement is small (less than
2000 people in 2021). The regional transport of the polluted air from the cities of the Baikal
region and the motor vehicles that contribute to air pollution all year around are likely the
main sources of air pollution by nitrogen oxides near the Listvyanka settlement.

4. Dependence of Air Pollution at the Listvyanka Station on Meteorological Parameters

To systematize the meteorological data and gain insight on how the wind speed and
direction affect changes in the concentrations of acid gases in the air of the southern basin
of Lake Baikal, we used a nonparametric wind regression (NWR) model, described in more
detail in [70]. As input data, we used the 20-min average concentrations of SO,, NO,, and
NO, as well as the resulting wind speed and direction, measured at the Listvyanka station.
Figure 8 shows the results of the NWR analysis for each season. This figure indicates that
the highest concentrations of all the investigated gases were observed with northwesterly
winds. As can be seen in Figure 1, this direction corresponds to the locations of large
industrial centers in the Irkutsk region.

NWR
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Figure 8. NWR analysis for the 20-min concentrations of SO,, NO,, and NO at the Listvyanka station
in the polar coordinate system from January 2020 to December 2023.
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The highest concentrations of acid gases (>100 pg/m? for SO, and >25 pug/m? for
NO;) were recorded in air mass transport from two directions. Azimuths of the first wind
direction range from 310 to 340 degrees, with a wind speed from 10 to 12 m per second.
The second direction has azimuths ranging from 280 to 295 degrees, with a wind speed
from 6 to 9 m per second. The direction of the first peak corresponds to the location of the
air pollution sources in the Irkutsk-Cheremkhovo industrial hub, the largest centralization
of anthropogenic objects in the Irkutsk region (Figure 1). The overall air emissions from
these sources exceed 289,000 tons per year, of which 52% are sulfur dioxide (SO,) emissions
and 14% are nitrogen dioxide (NOx) emissions. The direction of the second peak also
corresponds to the location of the emission sources in the Irkutsk agglomeration. However,
the shift of the peak to the western azimuth may indicate that, in winter, emissions from
a municipal boiler facility in the Listvyanka settlement can contribute to emissions from
large remote air pollution sources. This increases the level of air pollution at the station.
With winds of the southerly and southeasterly sectors (from the water surface of the
lake), the concentrations of gaseous pollutants decreased to regional background values.
The distribution of nitrogen monoxide (NO) concentrations differed from SO, and NO;.
Figure 8 demonstrates that, in spring, summer, and autumn, the concentrations of nitrogen
oxide increase in air masses brought to the station from the lake. This may be due to
the onset of navigation and the influx in the emissions to the air above the station from
numerous ships in Listvennichny Bay.

Figure 9 shows an example of severe air pollution at the rural station resulting from
air mass transport from anthropogenic sources in the Irkutsk agglomeration. This episode
occurred in the second decade of December 2023. At that time, there was anticyclonic
weather characterized by weak winds, no precipitation, and an air temperature of 11-17 °C
below the climatic norm for December. Such conditions led to an increase in the emissions
from thermal power facilities and a decrease in the atmospheric dispersion potential.
Figure 9a—c shows the temperature stratification of the atmosphere above the city of
Angarsk on December 13 and 14, 2023. Based on radiosonde data, a temperature inversion
formed and persisted above Angarsk at an altitude from 138 to 349 m above ground level.
To confirm the area where the polluted air masses form, we used the HYSPLIT model,
which is commonly applied to analyze air mass pathways [71-73]. The calculation revealed
that air masses from the pollution sources of Irkutsk, Angarsk, and Shelekhov moved to
the southeast (Figure 10). At the same time, the main emissions from the air pollution
sources in the city of Shelekhov were transported 10-15 km southwest of the Listvyanka
station, emissions from the Angarsk sources were transported 20-30 km northeast of
the station, and emissions from the Novo-Irkutsk Thermal Power Plant (Irkutsk) were
drawn along the valley of the Angara River. Three hours after the emission, plumes from
the Irkutsk thermal power plant reached the southwest coast of Lake Baikal near the
Listvyanka station (Figure 10a). We recorded this as an increase in the concentration of
sulfur dioxide on December 13, 2023, at 8 a.m. (Figure 9a). Simultaneously, we recorded
a temperature inversion at the station, with a thickness of 200-300 m and a temperature
difference of up to 5-6 °C, which weakened the possibility of pollutant dispersion in the
atmosphere (Figure 9b). The highest average hourly concentrations at the Listvyanka
station on December 13, 2023 were recorded between 4 and 11 a.m. and amounted to
~600 pg/m?, with instantaneous values of 1107 pg/m3 (Figure 10a). On the evening of
December 14, 2023, the emissions from anthropogenic sources of the Irkutsk-Cheremkhovo
industrial hub dispersed southwest of the Listvyanka station, as evidenced by calculations
using the HYSPLIT model (Figure 10b). This led to a decrease in the concentrations of
gaseous pollutants to average winter values (Figure 9a).
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Figure 9. Episode of severe air pollution at the Listvyanka station on 13 and 14 December 2023:
(a) variability of the 20-min concentrations of gaseous pollutants (SO,, NO,, NO); (b) vertical profiles
of the air temperature at the Listvyanka station; (c—f) temperature stratification at the Angarsk station
based on radiosonde data (the dotted line reflects the altitude of the temperature inversion boundary).
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Shelekhov calculated using the HYSPLIT model: (a) 13 December 2023 (6 a.m.) and (b) 14 December
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5. Conclusions

This study analyzes the behaviour of gaseous pollutants, such as nitrogen and sulfur
oxides, in the ground-level atmosphere in the urban (Irkutsk station) and background
(Listvyanka station) areas of the Southern Baikal region and determines their sources and
relationship with the meteorological conditions in the region.

Analysis of continuous monitoring of 4-year measurements of nitrogen and sulfur
dioxide concentrations in the air at two stations, located 70 km apart in the Southern
Baikal region, revealed similarity in their annual variability with maximum values in the
winter months and minimum values in the summer. Both stations showed the highest
concentrations of gaseous pollutants in February. Thermal power plants and motor vehicles
are the main sources of air pollution with nitrogen and sulfur oxides in the Southern
Baikal region.

Meteorological parameters of the atmosphere, such as air temperature, precipitation,
boundary layer thickness, and wind speed and direction, have a direct impact on the con-
centrations of gaseous pollutants. An increase in precipitation in the warm season decreases
the concentrations of sulfur and nitrogen oxides in the air, whereas a high number of calms
and temperature inversions in the winter dramatically increases these concentrations.

We determined the daily variations in gaseous pollutants at the monitoring stations,
which differed in time scale. There was a clear dependence of the increase in the nitrogen
oxide concentrations at the urban station with the increase in road traffic during rush hours.
In the morning and evening hours, the nitrogen dioxide concentrations were 3 times higher
than at night. The highest sulfur dioxide concentrations in the air above the city were
observed in the evening. In the rural area, the highest concentrations were recorded at night,
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which was likely due to the increase in the frequency of the transport of the pollutants from
their sources through the system of low-level jet streams.

Using the nonparametric wind regression (NWR) model, we classified the meteoro-
logical conditions, under which acid gases enter the atmosphere of the southern basin of
Lake Baikal. The highest concentrations of nitrogen and sulfur oxides were recorded on the
west coast of the southern basin of Lake Baikal, with westerly and northwesterly winds
and wind speed ranging from 6 to 12 m per second. This corresponds to the locations of
the large industrial centers in the Irkutsk region. The distribution of nitrogen monoxide
measured at the station differed from the above gases. In spring, summer, and autumn,
nitrogen monoxide concentrations had an additional maximum with southerly winds,
which is likely due to the emissions from numerous ships in Listvennichny Bay.

The transport pathways of the anthropogenic air masses can be predicted from synop-
tic maps and confirmed using the HYSPLIT modelling of air mass back trajectories. This
study revealed that westerly and northwesterly winds prevailing in the lower boundary
layer above the southeast of Siberia transported plumes directly to the water area of Lake
Baikal. Therefore, this study provided information on the characteristics and transport of
trace gases and allowed us to understand their potential impact on air quality near the
southern basin of Lake Baikal.
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