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Abstract
Long-term investigations (2000-2015) of chemical composition of aerosol and its gaseous precursors were performed at three atmospheric
monitoring sites in Southern Pribaikalye (Irkutsk, Listvyanka and Mondy) within the International EANET Program. For this period, concentrations
of gases NH3 and SO2 increased in the atmosphere of Irkutsk and Listvyanka. In comparison with the earlier period of measurements (19931999), in 2011-2015 we recorded the decrease of concentrations of major ions (NH4+, SO42-, NO3- and Ca2+) in aerosol by 14-55% at site Irkutsk,
by 56-77% at site Listvyanka and by 46-84% at site Mondy. Concentrations of Na+ and Cl- increased in two times at site Mondy. Changes of the
quantitative composition of aerosol caused changes in ratio of ion concentrations in aerosol.

As a result, in comparison with 1993-1999, SO42-, NO3- and NH4+ dominated in aerosol at site Listvyanka and SO42-, NO3-, Cl-, K+ and Na+ at
site Mondy. Statistical analysis of the great amount of the material allowed us to distinguish clouds of data for each of these three sites for cold
(October-March) and warm (April-September) seasons. Ion composition of aerosol in the warm period was mainly affected by a soil-erosion
source, whereas in the cold period it depended on emissions from heat-and-power engineering enterprises. In winter, due to high temperature
gradient between water surface of the lake and the land, the winds transported impurities emitted by industrial enterprises located on the lake
coast towards Lake Baikal.
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Introduction
Studies of the air basin in Pribaikalye performed in the
1970-1980s were mainly devoted to the chemical analysis
of atmospheric precipitation. The researchers assessed the
transport of pollutants with atmospheric precipitation to
the southern area of Lake Baikal, which was more subject to
pollution, and the entire lake [1-4]. The results obtained in this
period presented the first estimates of accumulation of some
components on the underlying surface and determined the role
of precipitation in the chemical balance of Lake Baikal [3,5].
At that time, operation of the Baikalsk Pulp and Paper Plant
(BPPP), the largest local source of pollution, caused another
problem – damage of fir and cedar forests on the northern slope
of the Khamar-Daban Ridge [6]. By the beginning of the 1990s,
the increase of emissions into the atmosphere by industrial
centers in the south of East Siberia caused the appearance
of environmentally unfavorable territories around the cities.
Coniferous forests growing near the cities of Priangarye were
significantly affected by atmospheric emissions [7,8]. The studies
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performed earlier showed a significant role of atmosphere in the
input of substances onto the underlying surface and its effect on
the environment in the Baikal region [1-4,9].

However, these studies focused on the analysis of atmospheric
precipitation, whereas aerosol studies were singular [1011]. The first regular observations of chemical and physical
characteristics of aerosol in the Baikal region started in 1993.
The sites for investigations were chosen according to the level
of anthropogenic impact. The studies of chemical composition
of surface aerosol in 1993-1996 showed preliminary estimates
of accumulation of some components on the underlying surface
at dry deposition [12-13]. In 1998, three sites of continuous
atmosphere monitoring were set for studying gaseous impurities
and chemistry of aerosol and precipitation [14]. In 2001, these
sites were included in the Acid Deposition Monitoring Network
in East Asia [15]. The aims of this work were to analyze longterm dynamics of the dissolved fraction of aerosol and gaseous
impurities in 2000-2015 in connection with climate changes in
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this region and to compare the data obtained with the previous
data (1993-1999). These studies are of practical value as the
impact of atmosphere on chemistry and quality of the water of
Lake Baikal and its tributaries has been increased recently.

Sites and Methods

Figure 1: Locations of sampling sites in Southern Pribaikalye,
ecological zones of the Baikal Natural territory: 1 - Central
zone; 2 - Zone of atmospheric impact; 3 - Buffer zone

The Baikal Natural Territory (BNT) includes Lake Baikal, its
catchment area and the zone of atmospheric impact about 200km
wide (Figure 1). The latter is located to the west and north-west
from the lake [16]. In the zone of atmospheric impact, possible
transport of industrial emissions negatively affects the Baikal
ecosystem and its surrounding areas. Ecological zoning is based
on identification of ecological territories with their equal level
of economic activity. The probability of atmospheric deposition
onto the water area from pollution sources on the territory of
Southern Pribaikalye directly adjacent to Lake Baikal with a
width of 60 km is likely 10 to 100%. This territory is the first
protected zone. The boundary of the second protected zone
is at a distance of 70 km from the boundary of the first zone.
Emissions into the atmosphere basin of Lake Baikal from the
sources in this zone are an order less than in the first zone. The
contribution of sources of the third zone with a length of about
70 km from the boundary of the second zone is less than 0.1%
[17].
In Southern Pribaikalye, there are three monitoring sites
characterizing different conditions of atmosphere pollution:
Irkutsk (52.3оN, 104.4о E) is a site with urban conditions;
Listvyanka (51.9оN, 104.7оE) with rural conditions (760 m
a.s.l.) and Mondy (51.6оN, 101.0оE) with background conditions
(2,000 m a.s.l.).
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Monitoring Sites
Site Irkutsk: The city of Irkutsk, a large industrial center in
the south of East Siberia with the population of about 600,000
people, is located on the western border of the first protected
zone. In the city, there is a large heating plant and heat networks,
including boilers. Moreover, an airport, railroad and motor traffic
are also sources of pollution. The monitoring was performed
within the city and in its southern suburbs. ChipaninaMolozhnikova et al. [18] noted that the north-western quarter of
air mass transport prevails at site Irkutsk (approximately 47%).
Moreover, passing above the Irkutsk-Cheremkhovo industrial
region and Krasnoyarsk Krai, the composition of air masses is
enriched with impurities. Another prevailing direction of air
masses is south-western (up to 28%). Large anthropogenic
sources in this direction are located at significant distances from
the object of investigations.

Site Listvyanka: Site Listvyanka is located in the first BNT
protected zone. The observations were performed at the Solar
Observatory of the Institute of Solar Terrestrial Physics SB RAS
in the settlement of Listvyanka (760m a.s.l.). This settlement is
situated on the south-western coast of Lake Baikal 70 km from
Irkutsk. The atmosphere in Listvyanka is affected by the large
water body (Lake Baikal), point sources of atmosphere pollution
(small boilers and stove heating) and intense pollution from
vehicle emissions whose number has increased recently as
more and more tourists visit this place every year. Like Irkutsk,
the prevailing directions of air masses are north-western and
south-western. Polluted air masses from industrial enterprises
of Pribaikalye are transported to the western coast and water
area of Southern Baikal. For the period of observations, the
air masses were also transported from the south-eastern and
eastern directions, whose frequency was approximately 4%. To
the south-west from Listvyanka, on the opposite coast there is
Baikalsk Pulp and Paper Plant that was shut down in December
2013. The southern part of Lake Baikal is surrounded by
mountains (height of over 2,000 m) and the wind direction either
helps scattering of impurities or promotes their accumulation.
Site Mondy: The background site Mondy is situated on
the territory of the Astronomic Laboratory of the Institute of
Solar-Terrestrial Physics SB RAS on Mount Chasovye Sopki (the
plateau between the East Sayan and Khamar-Daban Ridges) at an
altitude of 2,005m a.s.l. There are no local sources of atmosphere
pollution here, the site is over 300 km away from industrial
centers and surrounded by mountains. The data obtained at this
site reflect the background state of the atmosphere in Southern
Pribaikalye and global transport of atmospheric impurities.

Methods of Sampling and Analysis

Aerosol and gaseous impurities were sampled according
to the methods applied in the international monitoring nets
of EANET (Acid Deposition Monitoring Network in East Asia)
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and EMEP (European Monitoring and Evaluation Program).
According to the EANET manual [19], four types of filters were
used for sampling. The first Teflon filter was installed on the way
of air flow for aerosol trapping. The second polyamide ULTIPOR
filter adsorbed nitric acid, hydrochloric acid, ammonia and
partially sulfur dioxide. The next cellulose filter (ADVANTEC
51A) impregnated with potassium carbonate was used for
neutralization of sulfur dioxide and hydrochloric acid. The fourth
cellulose filter impregnated with phosphoric acid neutralized
ammonia. Pump of membrane type was used to collected
samples. Samples were collected weekly and biweekly (Table 1).
Table 1: Duration of sampling and a number of samples.
Site

Site
classification

Duration

Number of samples
(2000-2015)

Irkutsk

urban

weekly

751

Mondy

remote

biweekly

298

Listvyanka

rural

weekly

700

Water soluble ions were extracted in deionised water using
ultrasonic water bath and then the sample was filtered. Filtrate
was used to estimate the concentration of ions Сa2+, Mg2+, Na+,
K+, NH4+, NO3-, Cl- and SO42- in aqueous extracts of the first filter.
Gaseous impurities NH3, HNO3 and SO2 were estimated from the
corresponding ions determined in the extracts of the 2-4 filters.
To compare our data with the data from other regions of the
world, we analyzed ions using sophisticated analytical methods
used by other researchers and the monitoring nets: atomic
absorption, high performance liquid and ionic chromatography
[19-21]. Taking into consideration that small amount of the
substance and low concentrations of dissolved components
specify strict requirements to the analysis precision, we used
a method for anion measurements in different environmental
objects developed by Baram et al. [22] based on highperformance liquid chromatography (Milichrom A-02, Russia)
with UV-detection.
This method has an advantage in comparison with other
methods: potassium biphthalate as an eluent allows the
determination of anions SO42-, Cl-, NO3-, NO2- and Br– together
with an ion HCO3-. In 2011, additional equipment was used.
Thorough testing of comparable samples of the analysis showed
that the discrepancy in values of recurrence and precision was
within the uncertainty of measurements. Measurements were
carried out on an atomic absorption spectrometer (Carl Zeiss
Jena, Germany), high-performance liquid chromatographer
“Milichrom A-02” (Russia) and ionic system ICS-3000 (Dionex,
USA). The quality of the analyses has been approved by interlaboratory comparative experiments performed within the
framework of international programs Global Atmosphere Watch
(GAW) under the aegis of the World Meteorological Organization
(WMO) and Acid Deposition Monitoring Network in East Asia
(EANET). The results of these analyses were included in the
reports of GAW (QA/SAC) and EANET [23].
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To interpret the data of 2000-2015, we used a mean monthly
value of ion concentrations for each year of studies, which
then was averaged for 2000-2005, 2006-2010 and 2011-2015.
Five-year cycles were chosen for more precise identification
of changes in the dynamics of ion concentrations in aerosol in
the long-term aspect. We compared ion composition of aerosol
samples in 1993-1999 and 2011-2015. Samples in 1993-1999
were collected every day for 2-3 months in different seasons.
During this period, we collected and analyzed 985 aerosol
samples. The same methods were used for studying ions in
atmospheric aerosol in 1993-1999 [24] and 2000-2011. To
compare the data, we determined a mean monthly value for each
year of studies, which was averaged for 1993-1999.

Sources Potentially
Chemistry

Affecting

Gas

and

Aerosol

The main sources of the atmospheric pollution in Southern
Pribaikalye are stationary sources, including enterprises of fuel
and energy sector, chemistry and oil chemistry, metallurgic
production, carpentry and pulp-and-paper production [25].
Motor transport also contributes significantly to the atmospheric
pollution. The number of vehicles in Irkutsk increased by over
80% from 2000 to 2014; annually it increases by over 10,000
vehicles [26]. Their contribution to atmosphere pollution is
about 53% of total input of impurity emissions, the contribution
of private vehicles being 38%. Carbon oxide (70%), hydrocarbon
(up to 19%) and nitrogen oxide (9%) are the main contributors
to the total pollution from motor transport [27] State Reports,
2008-2016). Karagulian et al. [28] in their recent review
of environment pollution in different regions of the world
mentioned motor transport as the main source of pollution, e.g.
in India, Southeast Asia, Southeast Europe, South Asia, Brazil
and South America.
Forest and peat fires also contribute significantly to
atmosphere pollution discharging ammonium and potassium
compounds, chloride, organic components and others [29,30].
The greatest forest fires happened in 2003, 2006, 2010-2011
and 2014-2015 [25]. The first peat fires took place in Southern
Pribaikalye in the 1980s. The most intense peat combustion was
in 2003. This problem arose again in September 2013 [25].In
recent years, changes of climate index have been observed iIn
Southern Pribaikalye. This is attributed to changes of thermal
regime, increase of amount of atmospheric precipitation,
humidity and wind velocity in this region [31]. Changes of annual
air temperature in Pribaikalye were two times faster than in the
world: in winter and spring (by 2.0°C and 1.4°C, respectively)
than in summer and autumn (by 0.8°C and 0.5°C) [31]. Annual
amount of atmospheric precipitation increased by 80mm.
Synoptic processes occurring above East Siberia also
affect the formation and variability of chemical composition
of the surface atmospheric aerosol. Statistical methods and
analysis of synoptic processes in the atmosphere allowed us
to distinguish the contribution of natural and anthropogenic
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sources in chemistry of aerosol. [32,33] showed that ion
concentrations of alkaline and alkaline-earth metals in Southern
Pribaikalye increased because of the transport of continental
aerosol with southern and south-eastern air flows. The elevated
concentrations of sulfate and nitrate ions are associated with
large-scaled transport of air masses from the industrial regions
of Siberia.

Results

Atmospheric Aerosol and Gaseous Impurities at Site
Irkutsk (2000-2015)
Among gaseous impurities in Irkutsk, we recorded the highest
concentrations of SO2 and NH3 with their rise in 2011-2015

(Table 2). It is generally accepted that the natural background
concentration of SO2 is 1.28 µg m-3 in the environmentally
favorable areas of the middle latitudes [34]. Recently, we have
observed in Irkutsk an excess of the average natural background
value of SO2 in ten times (see Table 2). There is a clear relationship
between average SO2 concentrations and inter-annual dynamics
of air temperature in winter months. According to advection
in winter, the Asian anticyclone intensifies, especially in
combination with the Lena-Kolyma high pressure center
(Hazard Phenomena…, 1986). The appearing inversion effects
contribute to the pollution of lower atmosphere. The rise of SO2
in atmosphere was recorded in winter months of 2000-2001,
2005-2006 and 2009-2013 when the winters were the coldest.

Table 2: Average long-term concentrations (x ̅), mean-square deviations in concentrations (σ) of gaseous impurities in atmosphere, ions and
their sum (Σions) in aerosol at site Irkutsk, µg m-3.
Ions and gaseous impurities

2011-2015

x̅

±σ

x̅

±σ

2-

2.83

1.72

2.46

1.00

2.37

1.18

-

0.25

0.10

0.31

0.19

0.32

0.21

NO3-

0.96

NH4+
Na
K

2006-2010
±σ

SO4
Cl

2000-2005
x̅

1.02

Mg2+

0.57

0.53

1.18

SO2

0.09

0.15

0.57

NH3

0.14

0.04

0.46

HNO3

0.24

0.15

0.09

+

0.62

0.07

0.22

+

0.80

0.47

0.15

+

Ca2

0.55

0.64

0.70

6.40

2.28

3.83

The lowest NH3 concentrations were recorded in 20002005. In the next five-year period, (206-2010), the NH3 content
increased almost in two times. In 2011-2015, average annual
concentrations of NH3 decreased in 1.2 times compared to the
previous period (see Table 2). Concentration levels of NH3 and
NH4+ were affected not only by emissions from fuel-energetic
enterprises, but also by emissions from vehicles and combustion
products from forest and peat fires [35,36,27]. As noted
above, for the past 15 years the number of vehicles increased
in the Irkutsk region. According to the data of State Reports

10.79

0.48
0.40
0.10
0.07
0.02
0.12
0.66
0.63
8.37

0.79

0.53

0.64

0.45

0.21

0.12

0.20

0.08

0.06

0.02

0.42

0.09

0.26

0.13

1.85

1.16

12.27

9.29

(2008-2016), intensity of forest fires increased. As regards a
season, the highest concentrations of NH3 were recorded in
summer. However, gaps remain in the scientific understanding
of NH3 emissions. We considered several factors, which could
potentially increase ammonium concentrations. In 2006-2010,
average number of emissions from stationary sources, average
air temperature in warm months, area of burnt woodland and
number of forest fires were less than in 2000-2005 and 20112015.

Table 3: Potential factors affecting the concentrations of pollutants in atmosphere, site Irkutsk.
Period

Emissions from
stationary sources,
thousand tons

Mean air temperature
(December-February)

Mean air
temperature
(May-September)

Amount of
precipitation, mm
(May-September)

Area of forest
fires, ha

Number of forest
fires

2006-2010

35.06

-16.7 °С

15.1 °С

1837

259,921

6,402

2000-2005
2011-2015

43.76
65.01

-16.1 °С
-16.5 °С

15.5 °С
15.5 °С

However, in 2006-2011, the amount of precipitation in
warm period (May-September) was higher (Table 3). Besides
anthropogenic emissions, at elevated humidity intense
decomposition of biomass and its emission from the soil were
likely a source of this gas. The dissolved aerosol fraction at site
04

1739
1739

288,750

1245,818

7,488
6,930

Irkutsk was dominated by concentrations of NH4 ,Ca2+, SO42, NO3and Cl-. Average ion concentrations were the highest during
the first five-year period of observations (2000-2005), and by
2011-2015 it reduced. The maximum decrease of concentrations
(9-40%) were recorded for NH4+, NO3- and SO42 (see Table 2),
+
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whereas concentrations of Cl- and Na+ in aerosol at this site
increased by 30% (see Table 2). Elevated concentrations of Na+
and Cl- in the atmosphere were of local origin caused by the use
of reagents for road processing in winter against ice.

Atmospheric Aerosol and Gaseous Impurities at Site
Listvyanka (2000-2015)

The prevailing ions in Listvyanka aerosol, as in Irkutsk, were
NH4+, Ca2+, NO3-, SO42- and Cl-. In 2001-2005, among gaseous
impurities we recorded the highest concentrations of HNO3 and
SO2, and in the next periods those of NH3 and SO2 (Table 4). Average
ion concentrations in aerosol were the highest in 2005-2006; in

2006-2010, they reduced. No similar tendency was observed
in the concentrations of gaseous impurities. Concentrations of
NH3 and SO2 were minimal in the first five years and maximal in
the second five years. Concentrations of HNO3, on the contrary,
were maximal in 2001-2005 with the decrease in the following
years (see Table 4). If in 1993-1999 sulfate, and ammonium and
calcium ions prevailed in Listvyanka aerosol at the end of the
previous century, 10-15 years later sulfate and nitrate remained
dominant among anions and ammonium among cations, i.e.
the role of alkaline components decreased. Obolkin et al. [37]
noted that this was likely one of the reasons of acidification of
atmospheric precipitation in Southern Baikal.

Table 4: Average long-term concentrations (x ̅), mean-square deviations in concentrations (σ) of gaseous impurities in atmosphere, ions and
their sum (Σions) in aerosol at site Listvyanka, µg m-3
2000-2005

Ions and gaseous impurities

2006-2010

x̅

±σ

x̅

±σ

x̅

±σ

SO42-

2.35

0.38

1.24

0.29

0.96

0.34

Cl

0.33

0.25

0.11

0.06

0.12

0.08

NO3-

NH4+
Na

+

K+

Mg2

+

Ca2+

HNO3
NH3
SO2

0.46

0.91
0.16
0.17
0.04
0.23
1.28
0.91
3.23

0.13

0.25
0.05
0.06
0.01
0.04
0.50
0.32
2.49

Atmospheric Aerosol and Gaseous Impurities at Site
Mondy (2000-2015)
In 2000-2005, like in 1993-1999, SO42-, NO3-, NH4+ and Ca2+
dominated among major ions in aerosol at site Mondy. The rise
of their concentrations was recorded up to 2005 (Table 3), the
highest being in 2003. In this period, intense construction works
were performed on the territory of this site. In addition, 2003 was
an environmentally unfavorable year because of a high number
of forest fires in the south of Pribaikalye with an area of up to
200,000 ha. In comparison with the initial observation period
(2000-2005), by 2015 the concentrations of Ca2+ decreased in
two times, SO42- and NO3- in almost three times and NH4+ in seven
times. Semi-desert and desert regions of Mongolia with brown
soils and significant distribution of salt marshes and sand could
be sources of Cl-, K+ and Na+ [38].

The frequency of dust storms increased on the territory of
Mongolia [39-40]. The decrease of amount of precipitation and
soil humidity and, as a result, degradation of vegetation and
intense cattle grazing caused desertification of the territory
[40]. The highest concentrations of NH3 and SO2 were in 20002005. Average concentrations of these gases, as those of ions,
decreased by 2011-2015. In general, concentrations of gaseous
impurities and major ions in aerosol were low at site Mondy and
05

2011-2015

0.19
0.24
0.10
0.08
0.02
0.16
0.14
2.20
7.68

0.10

0.09
0.04
0.02
0.01
0.05
0.06
0.47
4.95

0.20
0.23
0.09
0.10
0.01
0.11
0.23
1.10
5.39

0.18
0.13
0.06
0.06
0.01
0.05
0.11
0.42
5.05

comparable with reference values for the purest regions of the
world [41-43].

Discussion

Despite the anthropogenic impact on climate change on
a global scale, which is expressed in changes of the gaseous
composition of atmosphere, decrease of biodiversity and
deterioration of ecosystem functioning and increase of
concentrations of greenhouse gases and aerosol in atmosphere
[35,28,44,45] in Southern Pribaikalye we observe reduction of
ion concentrations in aerosol (Figure 2). For example, at site
Irkutsk the decrease of Na+ was about 14%, SO42- 23%, Cl- and
NO3- over 30% and NH4+ and Ca2+ about 55% (Figure 2). At site
Listvyanka, by 2011-2015 ion concentrations decreased by 7277%, except Cl- (56%) (Figure 2). At the background site Mondy,
concentrations of NO3- (82 %) and NH4+ (84 %) reduced, while
those of Cl- and Na+ increased in two times (Figure 2). On the
one hand, the reduction of ion concentrations in aerosol at the
beginning of a new millennium was attributed to the integration
of several heat and power stations into one heat center and
treatment improvement from ash components. On the other
hand, frequency of cyclones from the Atlantic and Mongolia has
significantly increased [46,47], thus purifying the atmosphere.
Intensification of wind velocity and increase of precipitation
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amount observed in the region [31] affected the decrease of
pollution level in the atmosphere.

Figure 2: Long-term dynamics of concentrations ions in aerosol
at atmospheric monitoring sites in Southern Pribaikalye, 19932015, µg m-3: A -Irkutsk, B -Listvyanka, C -Mondy. 1 - SO42-, 2
-NO3-, 3 -NH4+, 4 -Ca2+, 5 -Na+, 6 -Cl-

In the atmosphere at site Mondy, the rise of chloride
and sodium was attributed to prevailing wind direction and
intensifying cyclone processes, which were accompanied by wind

of the south direction from Mongolia and zonal and northwestern
winds blowing from the bald mountains of the Central Sayan.
During zonal anticyclonic processes, concentrations of Na+
and Cl- in aerosol increased [33]. Synchronous inter-annual
dynamics of average monthly concentrations of SO2 and SO42, NO3-, NH4+ and Сa2+ was recorded in Irkutsk aerosol, attesting
to the identity of their sources. Their seasonal concentration
fluctuations increased in cold periods because of the operation
of fuel and energy enterprises and decreased in warm periods
(Figure 3). Unlike the industrial center, in Listvyanka, there is
no significant seasonal trend of major ions in aerosol. This is
due to the absence of large sources of atmosphere pollution
and constant purification of the atmosphere from impurities by
precipitation, fogs and dry deposition in the vicinity of such a
large water body.
At site Mondy, seasonal dynamics of ions in aerosol was weak,
although an insignificant increase of ion concentrations should
be noted in warm period, especially in spring, the driest season
of the year, when aerosol components emitted into atmosphere
from the underlying surface. It is known atmospheric pollutants
can be transported in layers of the stratosphere for tens of
thousands of kilometers [45,48,49]. In winter, due to high
temperature gradient between water surface of the lake and the
land, the winds transported impurities emitted by industrial
enterprises located on the lake coast towards Lake Baikal
[50]. We performed correlation analysis of concentrations of
major ions in aerosol and gaseous impurities at sites Irkutsk
and Listvyanka. This analysis showed that in 2011-2015 the
correlation increased in 40% of ion pairs and gaseous impurities,
in 16% of which the correlation being high (r>0.70). The maximal
correlation (r=0.84) was recorded in concentrations of SO42-(Irk)SO42-(Listv) (Table 5). It is likely attributed to the increase of the
recurrence of transport directions of air masses from Irkutsk to
Listvyanka in this period.

Figure 3: Inter-annual dynamics of average monthly concentration of SO2, ions SO42- and NH4+ in aerosol at site Irkutsk, µg m-3: 1 - SO42-,
2 - NH4+, 3 -SO2.
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Table 5: Average long-term concentrations (x̅), mean-square deviations in concentrations (σ) of gaseous impurities in atmosphere, ions and
their sum (Σions) in aerosol at site Mondy, µg m-3.
2001-2005

Ions and gaseous impurities

x̅

±σ

x̅

±σ

2-

0.62

0.29

0.36

0.14

0.21

0.12

-

0.05

0.03

0.04

0.10

0.10

0.07

NO3-

0.08

NH4+
Na
K

0.05

0.21

HNO3
NH3

0.02

0.10

0.20

0.88

0.00

0.05

0.14

0.46

SO2

0.01

0.01

0.03

0.19

0.08

0.03

0.01

0.07

2+

0.04

0.06

0.04

0.01

0.08

0.06

0.01

0.05

Mg2+

0.07

0.08

0.03

+

+

Ca

2011-2015

±σ

SO4
Cl

2006-2010

x̅

0.11

0.71

0.19

0.33

1.09

0.63

Table 6: Correlation coefficients of major ions in aerosol and gaseous impurities at sites Irkutsk and Listvyanka.
SO42-Listv

NO3-Listv

Cl-Listv

SO42-Irk

0.43

0.37

0.24

Cl-Irk

0.38

0.30

0.30

NH4+ Listv

0.03
0.03
0.05
0.05
0.01
0.03
0.10
0.34
0.59

0.03
0.02
0.05
0.03
0.01
0.02
0.16
0.22
0.65

Ca2+ Listv

HNO3 Listv

NH3 Listv

SO2 Listv

0.34

0.48

0.26

0.09

0.34

0.32

0.41

0.17

0.05

0.16

2000-2005
NO3-Irk

0.40

NH4+Irk
Ca

2+

0.43

Irk

HNO3Irk
NH3Irk
SO2Irk

0.62
0.12
0.34
0.33

0.39
0.36
0.53
0.09
0.39

0.36
0.23
0.08
0.19

0.37
0.51
0.13
0.42

0.48
0.58
0.14
0.25

0.25
0.24
0.43
0.06
0.32

0.14
0.27
0.03
0.43

0.21
0.34
0.11
0.09

2006-2011

0.43

0.52

0.63

0.36

0.45

0.61

Cl Irk

0.45

0.47

0.29

0.42

0.41

0.23

0.25

0.55

NH4+Irk
Ca

2+

0.53

Irk

HNO3Irk
NH3Irk
SO2Irk

0.70
0.18
0.65
0.28

0.49
0.64

0.37
0.39
0.37

0.09

-0.02

0.27

0.32

0.51

0.26

0.49
0.44
0.66
0.12
0.65

0.52
0.73
0.26

0.62

0.39
0.32
0.49
0.12

0.47

0.33
0.58

0.65
0.59
0.48

0.19

-0.03

0.30

0.75

0.73

0.46

2011-2015

SO42-Irk

0.84

0.37

0.21

0.61

0.77

0.38

0.28

0.53

Cl-Irk

0.76

0.36

0.24

0.50

0.58

0.46

0.17

0.47

NO3 Irk

0.79

NH4+Irk
Ca2+Irk

0.77

HNO3Irk
NH3Irk
SO2Irk

0.71
0.58
0.70
0.66

0.42
0.38
0.22
0.40
0.24
0.35

0.20
0.22
0.17
0.30
0.17
0.19

0.57
0.60
0.48
0.38
0.53
0.33

We performed a factor analysis of variability of ion
composition in aerosol at these three sites (Table 6) [51].
To interpret the results of ion composition of aerosol at site
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0.72
0.76
0.70
0.50
0.50
0.59

0.22

0.38

0.50

0.28

-

0.24

0.53

0.13

0.21

0.53
0.50

0.26

0.13

0.62
0.55

0.27

0.42

SO42-Irk
-

0.16

0.46

0.33

NO3-Irk

0.23

0.47

0.45
0.32
0.44
0.66
0.40
0.31

0.25
0.27
0.30
0.32
0.70
0.06

0.55
0.52
0.36
0.32
0.35
0.58

Irkutsk, we chose three factors, whose total contribution was
approximately 80% of total dispersion of initial data. Factor
I represents relationship between Na+ and Cl- and gaseous
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impurity SO2. We suppose that the elevated values of Factor
I are associated with the local urban pollution caused by the
processing of roads with salt in the cold period. Factor II combines
salts of soil origin and effect of heat and power engineering and
motor transport. Factor III shows additional contribution of the
city industry and remote transport of impurities in atmospheric
chemistry (see Table 7). Two significant factors (total dispersion
Table 7: Factor loads of ions in aerosol.
Ions and gaseous impurities
SO4

2-

NO3Cl-

NH4+
Na
K

+

+

Mg2+
Ca2

+

Irkutsk

Mondy

Factor II

Factor III

Factor I

Factor II

Factor I

Factor II

Factor III

0.58

0.39

0.65

0.94

0.16

0.98

-0.05

-0.01

0.87

0.01

0.27

0.69

0.35

-0.06

0.77

-0.06

0.14

0.03

0.35

-0.01

0.91

0.04

0.78

0.30

0.13

0.69

0.55
0.46

0.94

0.38
0.26

0.68
0.79

-0.02

-0.05

0.21

0.91

-0.04

0.25

0.31

-0.30

SO2

0.88

Variance,%

Listvyanka

Factor I

HNO3
NH3

of about 72%) were distinguished for Listvyanka aerosol. Factor
I showed high positive factor loads on almost all parameters of
analyzed aerosol samples and the effect of the regional transport
of pollution from the Irkutsk-Cheremkhovo industrial complex.
Factor II included ion K+ and partially HNO3, NH3+ and Cl- and
resulted from the effect of forest fires whose frequency had
increased for the recent years [25].

-0.08
47.6

0.75
0.00

18.9

0.75

0.92
0.86
0.62
0.44
0.90

0.03
0.38
0.65

0.91

-0.05

-0.69

-0.28

-0.60

12.8

59.1

13.3

-0.23
0.12

0.76
0.22

0.38

0.65

0.50

0.88

-0.18

0.53

0.50

-0.31

0.17

0.07

0.88

0.48

0.47

0.00

0.29

0.20
38

0.32

0.07

-0.32

0.38

-0.46

0.05

-0.47

0.10
18.5

0.72
12.6

Figure 4: Distribution of aerosol samples within the plain of the first two factors: a) Irkutsk, b) Listvyanka, c) Mondy, 1 -cold period, 2 -warm
period.
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Three factors (dispersion of about 70%) were identified
for Mondy aerosol. Factor I united ions that pointed to the soil
heterogeneity of the underlying surface. Factor II combined
components of the remote transport of frequent dust storms
with southern cyclones. Factor III was likely resulted from forest
fires (see Table 7). The factor analysis of the great amount of
data allowed us to distinguish statistically significant differences
in ion composition of aerosol for cold (October-March) and
warm (April-September) seasons at all three sites (Figure 4).
Figure 4 (A) shows distribution of aerosol samples at site Irkutsk
within the plain of the first two factors. As seen, the data cloud
of ion composition of the samples collected in the cold season
(October-March) and the cloud of samples of the warm season
(April-September) were shifted relative to each other. Similar
distribution was recorded in aerosol from Listvyanka and Mondy
sites (Figure 4). Calculated Student’s criteria were 4.02 for
Irkutsk, 3.40 for Listvyanka and 2.65 for Mondy and exceeded
the critical t-Student threshold (2.03) [52-53].

Conclusion

Aerosol and minor gaseous impurities are the most
dynamic components of atmosphere, which determine its
physicochemical characteristics. In this study, we have analyzed
dynamics of ion composition of aerosol and gaseous impurities
for the recent long-term period of observations (2000-2015)
at three atmospheric monitoring sites in Southern Pribaikalye
– Irkutsk, Listvyanka and Mondy. In comparison with the early
period (1993-1999), in 2011-2015 we recorded the reduction of
major ions (NH4+, SO42-, NO3- and Ca2+) in aerosol at all three sites.
We suggest that the reduction of concentrations of dissolved
substances in Irkutsk aerosol was attributed to the integration
of several heat and power stations into one heat center in
2005, treatment improvement from ash components, rise of
precipitation amount and intensification of wind velocity at the
background of climate changes. The maximal reduction of ion
concentrations in aerosol was recorded at sites Listvyanka and
Mondy, thus causing changes in their ratios. Compared to 19931999, SO42-, NO3- and NH4+ dominated in Listvyanka aerosol.
The reduction of Ca2 in Listvyanka aerosol and the prevalence
of acid-forming ions were one of the reasons of acidity increase
of atmospheric precipitation. Changes of climatic and synoptic
processes in the region caused the rise of Na+ and Cl- in aerosol
at site Mondy, which came with air flows from the desert areas of
Mongolia. Therefore, the Mondy aerosol was dominated by SO42-,
NO3-, Cl-, K+ and Na+. Concentrations of gaseous impurities NH3
and SO2 increased in Irkutsk and Listvyanka, whereas in Mondy
they decreased. In 2011-2015, the role of substance transport
from Irkutsk onto the southern water area of Lake Baikal
increased. Correlation between variability of concentrations of
gaseous impurities and aerosol ions in Irkutsk and Listvyanka
increased, reaching >0.70 for some impurities. Despite physicogeographic differences in location of the sites and degree of
+

09

anthropogenic impact, the chemical composition of aerosol
in Irkutsk and Listvyanka is dependent mainly on the same
sources: in the warm period soil-erosion aerosol and frequent
forest fires, and in the cold period additional sources of heat and
power engineering and motor transport. The main source of ions
in aerosol at site Mondy is soil-erosion processes occurring in
the steppe and desert areas of Mongolia.
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