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ABSTRACT. In 2015−2019, we studied the concentrations of mineral forms of nitrogen (NO3-, NO2-and
NH4+) in the waters of the Krestovka River and the streams Kamenushka, Bolshaya Cheremshanka
and Malaya Cheremshanka as well as in the snow cover of their basins and precipitation of the
Listvyanka settlement (southwest coast of Lake Baikal). Towards Lake Baikal the concentrations of
the investigated compounds increase as a result of water pollution with domestic wastewater from the
Listvyanka settlement. The highest concentrations of nitrates and nitrites are found in the estuary of
the Malaya Cheremshanka, and those of ammonium – in the Kamenushka. Nitrate concentrations in
the watercourses beyond the Listvyanka settlement have increased compared to the 1950s, which is
due to climate change and air pollution. During the study period, the average annual concentrations of
nitrates in precipitation and snow cover increased. The maximum concentration of nitrogen compounds
in the snow cover is confined to lower parts of these streams. Thus, the snow cover of the Bolshaya
Cheremshanka showed the highest nitrate concentrations. We have revealed that nitrate concentration
in precipitation increases in the cold season due to air pollution with nitrogen oxides of anthropogenic
origin. We indicate that nitrate concentrations in the waters entering Listvennichny Bay are an order of
magnitude higher than in Lake Baikal, which can have a negative effect on the Baikal ecosystem
Keywords: surface waters, snow cover, precipitation, mineral forms of nitrogen, the Listvyanka settlement, Southern
Baikal

1. Introduction

Our study deals with the area of the Listvyanka
settlement. There are a large number of hotel complexes
in the settlement, including illegal ones. All hotels
have faecal containers, which are often overfilled, and
the only sewer is worn out. A large Krestovka River
as well as several streams, Bolshaya Cheremshanka,
Malaya Cheremshanka and Kamenushka, flow through
the area of the settlement. In the 1950s, K.K. Votintsev
carried out the first studies of rivers near Listvyanka
(Votintsev et al., 1965). Further studies were continued
due to the eutrophication threat to the Listvennichny
Bay (Naprasnikova et al., 2007; Zagorulko et al., 2014;
Alekseeva et al., 2016; Yanchuk, 2016; Vorobyova et
al., 2017).
In our study, we took water samples in the
monitoring regime from the small rivers of the Listvyanka
settlement to determine anthropogenic and natural
factors in the formation of the chemical composition
of water. Moreover, we investigated the chemical
composition of the snow cover on the watersheds of the
river and streams as well as atmospheric precipitation
in the settlement to identify the impact of air pollution
on the composition of surface water.

Lake Baikal is a unique natural site assigned
to the World Heritage Sites, which currently acquires
strategic importance as the largest source of drinking
water on the Earth. At present, climate change becomes
evident for every resident of our planet. Every year its
consequences cause ever greater economic damage and
often entail irreversible environmental impacts. Climate
change at Lake Baikal is more active than throughout
the globe; its secular temperature trend is two-four
times higher than the temperature trend in the Northern
Hemisphere (Shimaraev et al., 2002; Shimaraev and
Troitskaya, 2018). Industrial development leads to an
increase in pollutant emissions into the atmosphere.
Ultimately, an intensive technogenic migration of
chemical elements in some cases is comparable to their
transfer resulted from natural geological processes.
Sustainable development of the region, and especially
the tourism sector, increases a local anthropogenic
impact on the ecosystem of the lake. In this regard, the
study of small rivers and watercourses in the territory
of active tourism at Lake Baikal is special relevance.
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2. Materials and methods
In 2015-2019, the sampling of water from
small rivers located on the west coast of the Southern
Baikal near the Listvyanka settlement was carried
out every month. The surface water samples were
taken from sites not subject to anthropogenic
impact (beyond the settlement) as well as from
estuarine sites of the Krestovka River and the streams
Bolshaya Cheremshanka, Malaya Cheremshanka and
Kamenushka, with the nearby highway. At sites of the
surface water sampling in late winter (February), the
samples of snow cover were taken as an indicator of
air pollution of the study area. Precipitation samples
were taken at a year-round atmospheric monitoring
station in the Listvyanka settlement (51о84’ N, 104о89’
E) using the US–320 automatic precipitation collector
during the warm season and plastic containers during
the cold season according to the manual (Technical
Document… , 2000). Fig. 1 shows a map of surface
water sampling stations near the Listvyanka settlement.
Mineral nitrogen compounds in surface waters,
snow cover and precipitation were determined in
the Laboratory of Hydrochemistry and Atmosphere
Chemistry at Limnological Institute SB RAS according
to the methods [GOST 33045–2014, RD 52.24.383–
2005, PND F 14.2: 4.209-05, RD 52.24.186-89, RD
52.04.333-93].

Fig. 1. Schematic map of the study area (Listvennichny
Bay, Lake Baikal). Surface water sampling stations: 1 –
the Kamenushka stream (beyond the settlement); 2 – the
Kamenushka stream (estuary); 3 – the Krestovka River
(beyond the settlement); 4 – the Krestovka River (estuary); 5
– the Malaya Cheremshanka stream (beyond the settlement);
6 – the Malaya Cheremshanka stream (estuary); 7 – the
Bolshaya Cheremshanka stream (beyond the settlement); 8 –
the Bolshaya Cheremshanka (estuary)

mostly dissolved and represented by nitrites, nitrates,
ammonia, and ammonium ions (Nikanorov and Ivanik,
2014).
Nitrates. In natural water, nitrate ions result
from the mineralization of organic nitrogen-containing
substances induced by nitrifying bacteria under
anaerobic conditions (Nitrates…, 1978; Toxicological
profile…, 2017). Nitrate ions as the most stable form
of nitrogen prevail in all watercourses during the study
period, with an average annual ratio ranging from 82
to 98%.
Table 1 shows the data on the average annual
concentration of mineral nitrogen in the watercourses
of the Listvyanka settlement for the period of 2015–

3. Results and Discussion
3.1 Surface water

Nitrogen-containing compounds are important
for aquatic ecosystems. Their lack in the water delay
growth and development of aquatic vegetation. On
the contrary, their excess lead to the development
of eutrophication of aquatic ecosystems and the
deterioration of water quality. In surface water,
there are two main nitrogen groups: inorganic
nitrogen compounds (mineral) and organic nitrogen
compounds. Mineral nitrogen in aquatic ecosystems is

Table 1. The average annual concentrations of mineral nitrogen and standard deviation in the watercourses of the Listvyanka
settlement in 2015−2018 (mg/dm3)
Water sampling stations

Indicator

NO3

–

NO2–

NH4+

The Krestovka River (beyond the settlement)

0.31±0.19

0.004±0.003

0.023±0.055

The Krestovka River (estuary)

0.98±1.47

0.005±0.006

0.032±0.075

The Kamenushka stream (beyond the settlement)

0.99±0.64

0.004±0.006

0.012±0.023

The Kamenushka stream (estuary)

4.79±3.79

0.037±0.055

0.323±0.57

The Bolshaya Cheremshanka stream (beyond the settlement)

1.64±0.97

0.003±0.004

0.021±0.030

The Bolshaya Cheremshanka stream (estuary)

9.23±4.68

0.033±0.043

0.111±0.267

The Malaya Cheremshanka stream (beyond the settlement)

0.47±0.38

0.006±0.004

0.022±0.038

The Malaya Cheremshanka stream (estuary)

9.49±12.27

0.044±0.104

0.092±0.138
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2018. The nitrate concentration in the surface waters
of the studied watercourses varies significantly. The
nitrate concentrations in rivers beyond the settlement
are minimum and result from the natural biochemical
processes in the water bodies. In the estuarine areas
of the rivers, there is a significant increase in the
nitrate concentrations. Thus, the average annual
nitrate concentrations in the Krestovka River and
the streams Kamenushka, Bolshaya Cheremshanka
and Malaya Cheremshanka are 3, 5, 6, and 20 times
higher than the background (beyond the settlement)
values. The comparison of the level of nitrate
pollution in the estuarine areas of the watercourses
indicates that the Krestovka River has the minimum
concentration, and the Bolshaya Cheremshanka – the
maximum one. In Listvennichny Bay of Lake Baikal,
the nitrate concentration varies from 0.08 to 0.90 mg/
dm3 (Kravtsova et al., 2012). Therefore, the nitrate
concentrations, inflowing to the lake together with
river waters, exceed tenfold the maximum (0.90 mg/
dm3).
The maximum permissible concentration (MPC)
of nitrates in water for drinking, domestic and amenity
needs is 45 mg/dm3 (Hygienic standard GN 2.1.5.1315–
03). Only in December 2018, we identified the excess
of MPC in the Bolshaya Cheremshanka (68.65 mg/
dm3). However, L.P. Alekseeva and co-authors (2016)
studied the groundwater from 21 boreholes and 18
wells along the Krestovka River. Of them, nine wells
and one borehole showed the MPC excess for nitrates
and one more borehole – for ammonium ion. The
MPC excess for nitrates varied from a small value (1.1
times) to threatening one (5.9 times). In the Krestovaya
valley, the nitrate concentration in the surface water is
relatively small, but the groundwater is highly polluted,
which can also increase the nitrite concentration in
surface water. The increase in nitrate concentration is
due to the influence of such anthropogenic factors as the
operation of improperly equipped septic tanks and the
lack of a centralized sewage system in the settlement.
To assess the influence of natural factors on the
change in the concentrations of nutrients, in Fig. 2 we
show the seasonal variation of nitrate concentrations in
river water beyond the settlement in the modern period
and the 1950s according to K.K. Votintsev (Votintsev,
1965). During 2015–2019, there were significant
seasonal fluctuations in nitrate concentrations in the
watercourses of Listvyanka. The Krestovka River in
the modern period revealed two peaks. The first spring
maximum was during the flood period, and the second
– during the winter period, in November. In the 1950s,
there were also two peaks. The first one was during
the flood period in April, and the second winter peak
was in January. In general, the seasonal fluctuations in
nitrate concentrations are similar in different years, but
in the modern period there is no summer decrease in
the concentration. The high nitrate concentrations in
winter are likely due to the decomposition of organic
substances and transition of nitrogen from organic to
mineral forms as well as the lack of nitrogen consumers
in the water (aquatic vegetation and phytoplankton).
In the spring, the concentration of nitrates normally

Fig. 2. Seasonal fluctuations in nitrate concentrations
(mg/dm3) in the 1950s and modern period: 1 – the Krestovka
River; 2 – the Kamenushka stream; 3 – the Bolshaya
Cheremshanka stream; 4 – the Malaya Cheremshanka stream

decreases in the water due to their consumption by
aquatic vegetation. The summer maximum (JulyAugust) is visible, but it is significantly lower than the
winter maximum.
We have identified the maximum for the
Kamenushka and Malaya Cheremshanka watercourses
during the spring flood in March as well as an increase
in nitrate concentrations in January. In comparison with
the 1950s, nitrate concentrations have increased in all
watercourses, except for the Bolshaya Cheremshanka,
where the spring flood is poorly visible, and the
maximum nitrate concentration, like in the 1950s, is
observed in winter.
The Krestovka River, being the largest in the
Listvyanka settlement, is the most studied. Table 2
shows the results obtained in different observation
periods. In 2015−2019, there was a fourfold growth
in nitrate concentrations compared to the 1950s or
twofold growth compared to the beginning of the 21st
century. According to the 2007-2012 data, nitrate
concentrations have tripled. Nitrate concentrations
have also tripled in comparison with the data on the
beginning of the 21st century and are close to the results
obtained in 2001−2002. Ammonium ion concentrations
have decreased in the modern period. This temporary
change in concentrations of nitrogen compounds is
likely due to an increase in their inflow not only from
the watershed basin but also the atmosphere.
Nitrites. Nitrites are unstable compounds that
form in surface waters as a result of biochemical
ammonium oxidation or during the nitrate reduction.
Their
increased
concentration
indicates
the
contamination of the water body (Khan and Ansari,
2005; Eutrophication…, 2011; Nikanorov and Ivanik,
2014). Seasonal dynamics of nitrites in the investigated
watercourses shows their increased concentrations
during the spring flood. As a rule, nitrite concentration
also increases in water by the end of summer, and in
the autumn and winter periods there is a decrease to
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Table 2. Concentrations of mineral forms of nitrogen in the surface water of the estuary of the Krestovka River (mg/dm3) in

different observation periods

Indicator
NO2–

NH4+

Period

N/A

N/A

[Votintsev et al., 1965]

0.01-2.39
0.40

0-0.020
0.002

0.04-0.69
0.27

2001-2002 (our data)

0.11–1.00

<0.001–0.030

0.008– 0.155

0.17

0.011

0.17

(0.24–3.12)
0.98

<0.003–0.019
0.006

<0.020–0.189
0.039

NO3

–

0-0.62
0.22

2007–2012
[Zagorulko et al., 2014]
2011
[Kravtsova et al., 2012]
2015–2018 (our data)

Note: the minimum and maximum values are shown above the line, and the average value – below the line.

minimum values.
Nitrite concentrations in water samples taken
beyond the settlement are minimal. In the estuarine
sections of watercourses, their concentrations are much
higher due to the intake of domestic wastewater. In
the estuaries of the streams Kamenushka, Bolshaya
Cheremshanka and Malaya Cheremshanka, the average
annual concentrations of nitrites are 9, 11 and 7 times
higher than the background concentrations (see Table
1). Nitrite concentration in the Krestovka River beyond
the settlement and its estuary slightly differs. We
detected maximum nitrite concentrations in the estuary
of the Malaya Cheremshanka. During the study period,
the watercourses showed no MPC excess of nitrites (3.3
mg/dm3) for water bodies of drinking, domestic and
amenity needs (Hygienic standard GN 2.1.5.1315–03).
Ammonium. Ammonium nitrogen is a decay
product of nitrogen-containing organic substances
of animal origin. In natural water, nitrifying bacteria
oxidize ammonium to nitrites and nitrates (Toxicological
profile…,
2004).
The
increased
ammonium
concentration in the water indicates deterioration in the
sanitary state of the water body. MPC of ammonium ions
for the sites of drinking, domestic and amenity needs is
1.5 mg/dm3 (in terms of nitrogen) (Hygienic standard
GN 2.1.5.1315–03). Municipal wastewaters containing
a significant amount of ammonium compounds, which
can penetrate the groundwater or be washed away by
surface runoff into the water bodies, are the sources
of ammonium in the aquatic ecosystems. Moreover,
ammonium enters surface waters with precipitation
as a result of dry and wet deposition (Brimblecombe
and Dawson, 1984; Asman et al., 1998; Toxicological
profile…, 2004; Behera et al., 2013).
Ammonium concentrations in the watercourses
beyond the settlement are low, except for the Malaya
Cheremshanka and Bolshaya Cheremshanka. The
estuarine sections of the watercourses had the maximum
concentrations in December, March, April, and July.
At the estuaries of the Krestovka River as well
as the streams Kamenushka, Bolshaya Cheremshanka
and Malaya Cheremshanka, the average annual
concentrations of ammonium ions are 1,4; 27; 5 and 4

times higher the background values (see Table 1). The
minimum ammonium concentration was in the estuary
of the Krestovka River. The maximum concentration was
in the estuary of the Kamenushka, where background
values were exceeded over the entire study period (the
average annual value of 0.323 mg/dm3) with maximum
values in December (0.660 mg/dm3). The obtained
results indicate the presence of a stable pollution source
of this watercourse within the settlement.

3.2 Snow cover
Sources of nitrogen compounds in the
atmosphere are denitrification processes in the soil;
forest fires; fuel combustion; lightning discharges,
during which NO monoxide is formed, then oxidized to
NO2 (Brimblecombe,1986).
Nitrates. Investigations of the chemical
composition of the snow cover have revealed rather
high nitrate concentrations in the basin of the studied
tributaries in the Southern Baikal. The average
concentrations of this element in 2016-2019 were 2.38
mg/dm3, varying from 2.0 to 2.9 mg/dm3 (Table 3).
The highest average nitrate concentrations were in the
basin of the Bolshaya Cheremshanka. The maximum
was in 2016. The basin of the Krestovka River showed

Fig 3. Average (2016-2019) concentrations of nitrates
and ammonium in the snow cover beyond the settlement (1)
and in the estuarine areas (2) of the studied watercourses.
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Table 3. Concentrations of mineral forms of nitrogen in the snow cover of the Listvyanka settlement in 2016-2019 (mg/
dm3)
Snow cover sampling stations

NO3

The Kamenushka stream (beyond the settlement)

NH4+

1.89-3.28
2.39

0.001-0.007
0.004

0.04-0.45
0.020

1.50-2.53
2.07

0.001-0.007
0.003

0.03-0.24
0.18

1.44-2.92
2.27

The Kamenushka stream (estuary)
The Krestovka River (beyond the settlement)
The Krestovka River (estuary)
The Malaya Cheremshanka stream (beyond the settlement)
The Malaya Cheremshanka stream (estuary)
The Bolshaya Cheremshanka strem (beyond the settlement)

0.001-0.011
0.005

1.51-2.53
2.09

0.002-0.051
0.017

2.50-3.07
2.84

0.001-0.006
0.003

1.73-2.41
1.97
1.93-4.08
2.69
1.73-3.60
2.89

The Bolshaya Cheremshanka stream (estuary)

Indicator
NO2–

–

0.001-0.002
0.002
0.002-0.007
0.004
0.002-0.032
0.015

0.12-0.38
0.029
0.18-0.84
0.51
0.10-0.33
0.19
0.26-0.40
0.31
0.06-0.87
0.48

0.28-0.90
0.50

Note: the minimum and maximum values are shown above the line, and the average value – below the line.

In the inter-annual dynamics from 2016 to
2019, there was an increase in nitrate concentrations
in the basins of all studied watercourses, except for
the upper reach of the Bolshaya Cheremshanka (Fig.
4). The concentrations mostly increased (twice) in the
snow cover at the estuary of this stream. Concerning
ammonium ions, over the study period their
concentration significantly reduced (6−13 times) in
the snow beyond the settlement. In the estuarine area
of the Kamenushka and the Malaya Cheremshanka,
a decrease in the concentrations was less significant
(1.5−3 times). The concentrations of this element
increased only in the basins of the estuarine area of
the Krestovka and the Bolshaya Cheremshanka (2−3
times). (Fig. 5).
Nitrites. The snow cover of the Krestovka estuarine
area showed the maximum nitrite concentrations in
2019. In general, the concentration of this element is
low; the average value for the study period is 0.006
mg/dm3, which is almost by an order of magnitude
lower than the maximum value (0.051 mg/dm3). The
minimum of the concentration was in the snow cover

the minimum nitrate concentrations (Fig. 3).
Ammonium. The long-term average concentration
of ammonium ions in the snow water is 0.34 mg/dm3.
The highest average concentration of this compound
was in the snow cover from the estuarine area of the
Krestovka River. The maximum was in 2019 at the
estuary of the Bolshaya Cheremshanka. The minimum
was in the snow cover from the upper reaches the
Krestovka River (beyond the settlement).
A comparison of the concentrations of nitrates
and ammonium in the snow cover beyond the settlement
and the estuarine sections of the watercourses reveals
higher values mainly in the estuarine areas, where the
anthropogenic impact is more obvious. The exception is
the Kamenushka stream, where nitrate concentrations
near the ski lodge (beyond the settlement) in the past
two years are higher than near the Baikal Museum (at
the estuary). The difference in concentrations of this
compound in different parts of the Krestovka River
basin is also small. The Malaya Cheremshanka basin
shows the greatest differences in nitrate concentrations,
and the Krestovka River– in ammonium ions (Fig. 4-5).

Fig. 4. Interannual dynamics of nitrate concentrations (mg/dm3) in the snow cover beyond the settlement (a) and in the
estuarine areas (b) of the studied watercourses.
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Fig. 5. Inter-annual dynamics of ion ammonium concentrations (mg/dm3) in the snow cover beyond the settlement (a) and
in the estuarine areas (b) of the studied watercourses.

near the Malaya Cheremshanka (beyond the settlement).
The distribution of nitrite concentrations in the snow
cover along the channel of the watercourses is the same
as that of ammonium ions, i.e. nitrite concentration is
higher (up to 6 times) in more polluted estuarine area
of the watercourse basins.

snow cover of the Listvyanka settlement is due to air
pollution in the Irkutsk Region with nitrogen oxides
resulted from an increase in the fuel combustion by
thermal power enterprises during the heating season,
growth of vehicles both in the Region and on the lake
coast as a result of the rapid development of tourism
business at Baikal.
According to the data (On the state and
environmental protection..., 2018), in the Irkutsk
Region, there has been an increase in emissions from
the stationary sources by 10.5%; NOx emissions varied
in 2014-2017 within 99−103 thousand tons. In
2017, nitrogen dioxide was 1.2 and 1.1 times higher
than the permissible concentrations in Irkutsk and
Angarsk cities, respectively. In such cities as UsolyeSibirskoye, Cheremkhovo, Shelekhov, Angarsk, and
Irkutsk, one-time maximum concentrations of nitrogen
dioxide were 1.8-6.7 times higher than MPC, and those
of nitrogen oxide were 1.4-3.1 times higher than MPC
(On the state of Lake Baikal…, 2018).
From 2005 to 2014, the number of personal cars
per 1000 people increased almost twice in the Region.
In 2017, there were 836 thousand cars, which is 1.4%
higher than in 2016 (The official website…, 2019). In
the same year, there was an increase in air pollution
near highways due to vehicle emissions, from 0.6% of
samples exceeding MPC in 2015 to 2.2% − in 2017.
From 2011 to 2017, the number of tourists in the Region
almost doubled. The number of tourists in Listvyanka is
increasing every year. Hence, the number of automobile
and water transport is also increasing, which affects the
state of the atmosphere in the settlement (On the state

3.3 Precipitation
Sources of nitrogen compounds in the atmosphere
are denitrification processes in the soil, forest fires, fuel
combustion; lightning discharges result in formation of
NO monoxide, which is then oxidized to NO2 dioxide
(Brimblecombe, 1986).
A study of concentration levels of mineral
nitrogen compounds and the characteristics of their
seasonal distribution in the precipitation of the
Listvyanka settlement has revealed the following.
Nitrates.
The
average
annual
nitrates
concentration for 2015-2018 was 1.95 mg/dm3,
varying within 1.69−2.19 mg/dm3, and from 2015 to
2018, like in the snow cover, it gradually increased. For
comparison, in Irkutsk, the average annual content of
this component was lower (1.80 mg/dm3) and varied
within 1.72-2.00 mg/dm3. The proportion of nitrates in
ion composition of the snowfall averaged 21%, whereas
that of rainfall did not exceed 13%. The maximum was
in February and the minimum – in August (Fig. 6а).
The average long-term nitrate concentration in snowfall
(3.36 mg/dm3) is three times higher than in rainfall and
1.4 times higher than in the snow cover.
High nitrate concentration in snowfall and

Fig. 6. Seasonal dynamics of mineral nitrogen concentrations in precipitation of the Listvyanka settlement in 2015−2018.
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concentration of ammonium ions is 30 times higher
than the background concentration.
In the study period, there was an increase in the
average annual concentration of nitrates in precipitation
and snow cover. The maximum nitrate concentrations
in precipitation were in the cold season as a result of
the intensive operation of thermal power enterprises
during the heating season. The maximum nitrate
concentration in the snow cover was in the basin of the
Bolshaya Cheremshanka stream, the minimum – in the
basin of the Krestovka River. In the snow cover, like in
surface water, nitrate concentrations increase towards
the estuarine areas of the watercourses.

of the sanitary-epidemiological..., 2018; On the state of
Lake Baikal..., 2018).
The stably high (2.50-3.54 mg/dm3) and slightly
varying (C var.=12%) nitrate concentrations in the
snow cover, which we sampled along the IrkutskListvyanka highway in 2019, indicate the effect
of automobile transport on the composition of the
atmosphere.
Ammonium. Ammonium is the predominant form
(%) of mineral nitrogen in precipitation. The average
annual concentration of ammonium ions ranged from
0.32 to 0.75 mg/dm3. From 2015 to 2018, there was
a decrease in the concentrations of this nutrient. The
highest concentrations (on average 0.47 mg/dm3) were
in rainfall. This is due to the presence of numerous
natural and anthropogenic sources of this compound
during the warm season, such as annual wildfires,
bacterial decomposition of soil organic matters, the
disintegration of animal urine, and the introduction of
nitrogen fertilizers into the soil (vizlit.ru). The spring
maximum of ammonium ions in March and April is due
to their entry to the atmosphere when the snow cover is
melting. Despite the maximum in March and April, the
average concentrations of ammonium ions in snowfall
(0.33 mg/dm3) are lower than in rainfall (Fig. 6а). The
concentrations of ammonium ions in precipitation of
the cold season are close to those in the snow cover.
Nitrites. The average annual concentrations of
nitrites are 0.006-0.007 mg/dm3. The maximum is in
October and the minimum – in the summer months
with the greatest amount of precipitation, contributing
to the cleansing the atmosphere from impurities (Fig.
6b).
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