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Studies of the air basin of the Baikal region in 
the 1970s-80s were mainly focused on studying of the 
chemical composition of atmosphere precipitations 
and its role in the chemical balance of Baikal waters 
(Khodzher, 1983; Vetrov et al., 1985; Obolkin et al., 
1990; Anokhin et al., 1991). It was shown that the 
long-term ingress of acid components with atmosphere 
precipitations and their high accumulation in the snow 
cover and soils of the inflows’ basins of the Southern 
Baikal caused to a shift of the main ions balance in the 
waters of the Southern Baikal inflows towards an in-
crease of content of sulfates and a decrease of content of 
hydrocarbonates (Sorokovikova et al., 2004; Khodzher, 
2005; Obolkin et al., 2016). Studies have shown the 
significant role of the atmosphere in the ingress of 
substances on the underlying surface. Studies of atmo-

spheric aerosol, one of the most dynamic components 
of the atmosphere, began a while later, after 1993. The 
areas to be studied were selected with due regard to 
varying degrees of anthropogenic influence (Khodzher 
et al., 1997a). In the 1990s – 2000s, with the partici-
pation of well-known Russian and foreign aerosol re-
search groups, within the framework of RFBR, INTAS, 
ISTC projects, the «Siberian Aerosols» complex project 
and others, numerous field works were carried out to 
investigate various characteristics of atmospheric aero-
sol over Siberia and over Lake Baikal. The scientists of 
Limnological Institute (Irkutsk, Russia), of Voevodsky 
Institute of Chemical Kinetics and Combustion SB RAS 
(Novosibirsk, Russia), of Karpov Institute of Physical 
Chemistry (Moscow, Russia), University of Antwerp 
(Belgium) and Johannes Gutenberg University Mainz 
(Germany) they all studied in detail the composition of 
aerosol of various size fractions as of the size of several 
angstroms to the size of tens of microns (Koutsenogii 
et. al., 1993; Van Malderen et al., 1994; 1996). The 
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ABSTRACT. The results of long-term studies (1995-2017) of the physical properties and chemical 
composition of atmospheric aerosol in the Baikal region are considered. These studies are important 
for understanding the role of the atmosphere in the formation of the chemical composition and qual-
ity of the waters of Baikal and its inflows. Over the past two decades, Limnological Institute SB RAS 
(Irkutsk, Russia) have conducted various joint studies of the characteristics of atmospheric aerosol 
with Russian and foreign groups. The chemical composition, biological component, size distribution, 
spatial distribution and aerosol sources over the lake were investigated. The interannual variability of 
the main chemical compounds in the aerosol was estimated. So, over the period studied, there was a 
gradual decrease observed in the concentrations of the main ions in the aerosol composition: in Irkutsk 
by 2.1 times, Listvyanka - by 4.0 times, at the background site of Mondy - by 3.5 times. In addition to 
quantitative changes, there is a change in the ratio of the main ions in the aerosol at Listvyanka site 
(south-west coast of Lake Baikal) and at the background site of Mondy. Upon condition of no external 
influences the content of the main ions in the aerosol on the surface layer of Lake Baikal is significantly 
lower (0.33-5.2 μg·m-3) than during of extreme conditions (2.2-5.2 μg·m-3). Forest fires near Baikal cause 
an increase of the concentrations of Na+, K+, NH4

+, Cl-, and NO3
- ions in Baikal aerosols. Components 

of soil-erosion origin (Al, Fe, Zn, Cr, Ba) dominate in the elemental composition of the aerosol. Their 
concentration increases during forest fires up to 1.4 - 6 times at average. The flows of sulfur and nitro-
gen, the main acidifying components, differ in different years of observations both at the monitoring 
sites and over the surface of Lake Baikal.
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biological component of the Baikal aerosol was investi-
gated, its content can reach 60-80% of the total aerosol 
mass. In the seasonal large particles dynamics an in-
tense spring-summer maximum is traced due to birch 
pollen (in April), coniferous trees (in June and July). In 
the composition of the biological component also vari-
ous bacteria, viruses, etc. were revealed (Mattias-Maser 
et al., 2000).

In 1998, three sites for the continuous monitoring 
of the atmosphere were established, which since 2001 
were included into EANET’s international network sites 
of acid deposition monitoring in Southeast Asia (Acid 
Deposition Monitoring Network in East Asia) (EANET, 
2000). Precipitation and weekly aerosol samples are 
taken at the stations all year round. In addition to these 
observations of atmospheric impurities there are sum-
mertime regular researches conducted above the water 
area of the lake using the research vessels owned by 
Limnological Institute SB RAS. Spatial characteristics 
of chemical and physical properties of the atmospheric 
aerosol above the Baikal waters are analyzed. This has 
made it possible to estimate the mass fraction of the 
aerosol attributable to the submicron part (d <1 μm) 
and the coarsely dispersed fraction (d> 1 μm). Baikal 
aerosol is mainly represented by small particles. Their 
origin greatly depends on the seasons of the year, al-
though soil and the crust generally remain the domi-
nant sources. High concentrations of Al, Ca, Na, Mg, Cl 
indicate the predominance of natural sources of aerosol 
over the lake. In the cold period of the year, due to the 
increase of burned combustible amount and to the deg-
radation of the property of the atmosphere to dispel, 
the anthropogenic contribution to such elements as As, 
Sb, Co increases (Obolkin et al., 1994; Van Malderen et 
al., 1994; Belan et al., 1996; Khodzher et al., 1997b). 
The main components of the soluble fraction of aerosols 
(SO4

2-, NO3
-, NH4+, Ca2+) were identified (Khodzher et 

al., 1994; Golobokova et al., 2002; 2004). Using of sta-
tistical methods and the analysis of synoptic processes 
in the atmosphere has made it possible to separate the 
contribution of natural and anthropogenic sources in 
the composition of aerosols. Concentrations of alkali 
and alkaline-earth metal ions in aerosols increase when 
air flows from continental regions of Mongolia, sul-
phate and nitrate ions concentration increases when air 
masses are transported from industrial areas of Siberia 
(Golobokova et al., 2005; 2006). The researches have 
an important practical application since the role of the 
atmosphere in the formation of the chemical compo-
sition and quality of the waters of Lake Baikal and its 
inflows has increased in recent years.

The contribution of regional industrial centers to 
the atmospheric pollution of Lake Baikal was studied 
within a framework of the Integration Project of the 
SB RAS “Assessing of the anthropogenic sources impact 
on the Baikal region atmosphere quality based on the 
experimental observations by means of laser sounding 
and mathematical modeling methods” with the par-
ticipation of the Institute of Physical Material Science 
of SB RAS (Ulan-Ude, Russia), V.E. Zuev Institute of 
Atmospheric Optics of SB RAS (Tomsk, Russia), Insti-
tute of Computational Mathematics and Mathematical 

Geophysics of SB RAS (Novosibirsk, Russia). The dis-
tribution of the aerosol was investigated not only in 
the surface layer, but also in the upper atmosphere up 
to 2-3 km from the earth’s surface (Balin et al., 2016; 
Obolkin et al., 2017).

This article summarizes the results of long-term 
observations of only one of the characteristics of at-
mospheric aerosol - the chemical composition of the 
soluble fraction of the Baikal aerosol. It is exactly that 
fraction of the aerosol in condition of dry precipitation 
and atmospheric precipitations which participates in 
the formation of the composition of the main water 
ions of the lake.

2. Materials and methods

Atmospheric aerosol was sampled in the near-wa-
ter layer of the atmosphere above the Lake Baikal and 
at three sites upon the EANET international program: 
Irkutsk (52.3 N; 104.4 E) is a city site which charac-
terizes an urbanized territory; Listvyanka site (51.9 N; 
104.7 E) is a site on the southwest coast of Lake Baikal 
which reflects the rural area conditions; Mondy (51.6 
N; 101.0 E) is a background site remote from industrial 
centers of more than 300 km, at an altitude of 2005 m 
above sea level in the mountainous area between the 
ridges of the Eastern Sayans and Khamar-Daban. In the 
near-water layer of the atmosphere of Lake Baikal the 
aerosol was sampled according to the expedition trip 
routes of the research vessels owned by the Limnologi-
cal Institute of SB RAS - «G.Yu. Vereschagin» and «Aca-
demik V.A. Koptyug». During the period of 1993–1999 
at the monitoring sites the atmospheric aerosol was 
sampled on filters “Whatman 41”. Since the sites have 
been included into the EANET monitoring network, 
aerosol sampling is being performed by a universal 
method applied by the EANET and EMEP international 
networks (European Monitoring and Evaluation Pro-
gramme). According to the EANET (2003), the samples 
were being taken on filters of 4 types. The filters were 
arranged in a successive order on a block which was 
tightly connected to a pump and a gas meter. The aero-
sol substance was collected on an external (first) teflon 
(PTFE) filter with a pore size about 0.8 μm in diameter. 
Different gaseous impurities were sorbed on filters 2-4. 
In the aqueous extracts of the first filter, the determi-
nation of Сa2+, Mg2+, Na+, K+, NH4

+, NO3
-, Cl-, SO4

2- 
ions was carried out. In the aqueous extract of Filter 2, 
the ions SO4

2-, NO3
-, Cl-, NH4

+ were determined. Filter 3 
was extracted with 0.05% hydrogen peroxide solution 
and the ions SO4

2-, Cl- were determined. In the aqueous 
extract of Filter 4, NH4

+ ions were determined. The cor-
responding gaseous impurities of SO2, HNO3, and NH3 
were calculated and summarized from the concentra-
tions of ions in the filtrates of filters No.2-4. To ensure 
the comparability with data from other regions of the 
world, ion analysis was carried out by modern analyt-
ical methods recommended by monitoring networks 
such as: atomic absorption, high-level liquid- and ion 
chromatography. The introduction of ions determin-
ing method by ion chromatography method made it 
possible to obtain the measurement results with a con-
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fidence level of P=0.95 accurately to within 4%. To 
compare the data, in 2000 the aerosol was collected on 
filters of 2 types - “Whatman 41” and PTFE. Relative 
determination error did not exceed 20%. In an aqueous 
extract of an aerosol sample the composition of micro-
elements was analyzed with the use of an inductively 
coupled plasma mass spectrometer produced by Agilent 
7500 ce (USA). The quality of the analyses has been 
approved by inter-laboratory comparative experiments 
performed within the framework of international pro-
grams Global Atmosphere Watch (GAW, 2004) 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-Americas) 
and EANET (EANET, 1998-2017).

The main contribution to air pollution in the 
Baikal region is made by stationary sources, including 
enterprises of the fuel and energy complex, chemical, 
metallurgical, pulp and paper production, woodwork-
ing and construction materials production (State Re-
ports, 1999; 2008-2017). As the Figure 1 illustrates, in 
the period of years 1991−1999 total emission amount 
produced by stationary sources into the atmospheric air 
in the Irkutsk region almost halved. The least amount 
of impurities entered the atmosphere in 2000-2011. In 
2012-2017 there was observed an increase of emissions 
by an average of more than 20% in comparing with the 
period of 2000-2011. A significant contribution to air 
pollution has been made by motor vehicle emissions, 
the amount of which increases annually by more than 
10 thousand units (BSM, 2016). An additional contri-
bution to air pollution comes from forest and peat fires 
which is difficult to quantify.

The most detailed studies of the chemical compo-
sition of the soluble fraction of the aerosol at the mon-

itoring sites began to be carried out since 1995. Figure 
1 shows the average annual concentrations of the total 
content of ions in the composition of the soluble aero-
sol fraction at the atmospheric monitoring stations over 
the 16-year observation period. Long-term annual aver-
age of ion concentrations varied within the wide range 
and amounted to 4.0-11.1 μg·m-3 for Irkutsk, Listvyan-
ka - 1.2-9.6 μg·m-3, and Mondy sites - 2.2-2.3 μg·m-3. 
Changes in ion concentration of the aerosol are in fair 
agreement with the dynamics of atmospheric emissions 
from stationary sources in Irkutsk region, especially at 
sites Irkutsk and Listvyanka. There is a decrease in the 
concentration of ions of the aerosol observed at all sta-
tions from 1998 till 2006-2017. The average ion con-
tent in the aerosol of Irkutsk decreased by 2.1 times, 
Listvyanka - 4.0 times, at Mondy site - 3.5 times.

In the seasonal aspect the highest ion concentra-
tions in the aerosol at Irkutsk and Listvyanka stations 
were observed during the cold season. At Mondy site 
the annual course of ion concentrations is less pro-
nounced. At this site a distribution with its maximum 
during the warm season was predominant. That indi-
cates a predominant soil-erosion source of impurities 
in the atmosphere of this region. In some years (2004, 
2007, 2009, 2014, 2017) some elevated concentra-
tions were observed either in December or in January. 
In 2016 the annual course of the sum of ions at Mon-
dy site was similar to those at Irkutsk and Listvyanka 
sites with the maximum during the entire cold period. 
This may indicate an increase of the influence of global 
transportation of pollutants in the atmosphere of the 
background area due to increased production volumes 
(Overview, 2017).

The dominant in the composition of the aerosol 
of the Baikal region were ions of continental origin both 
natural and anthropogenic character, NH4+, Ca2+, 
NO3-, SO42-. Earlier the authors noted that in 2005-
2015 compared to 1995-1999 a qualitative change 
occurred in the composition of the predominant ions 
at Listvyanka and Mondy sites against the changes in 
the quantitative characteristics of the aerosol. The role 
of alkaline-earth components decreased in Listvyanka 
aerosol, the main ions became NH4+, NO3- and SO4

2-. 
At Mondy site the influence of the alkaline components 
K+ and Na+, as well as the ions Cl- , SO4

2-, NO3
-, oppo-

sitely increased (Golobokova et al., 2018).
The most relevant is the state of atmospheric 

aerosol in the present period. The dynamics of ions in 
the aerosol at the monitoring sites in 2014-2017 was 
being considered. Similar seasonal dynamics of ion 
concentrations in the aerosol composition is observed 
at Irkutsk and Listvyanka sites with a minimum of con-
centrations in the warm period of the year and an in-
crease of the concentrations in the cold one. Despite the 
decrease of ion concentrations in the warm period of 
the year, the concentrations increase at Listvyanka site 
in July. At Mondy site there are two maximum of con-
centrations of ions - in March and August with a higher 
content in March. It is characteristic that the increase 
in ion concentrations in Listvyanka and Mondy in the 
summer period is observed during the season of in-
creased precipitation at the sites. The difference in con-

3. The main result of studying of soluble 
fraction of atmospheric aerosol in the 
Baikal region

3.1. The Baikal region monitoring sites

Fig. 1. Emissions of pollutants into the atmosphere (1) by 
stationary sources (total for the region, thousand tons/year) 
and the dynamics of interannual total concentrations of ions 
in the atmospheric aerosol at monitoring sites: Irkutsk (2), 
Listvyanka (3), Mondy (4),μg·m-3
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centrations in the aerosol between the sites of Irkutsk 
and Mondy averages 7.6 times, between Listvyanka and 
Irkutsk – 2.6. The total content of ions in 2014-2017 at 
the site of Irkutsk varied within 4.5-5.0 μg·m-3, at List-
vyanka site – 1.3-2.0 μg·m-3, and at Mondy site there 
was noted an increase in the total concentration of ions 
by 2017 from 0.17 μg·m-3 to 1.04 μg·m-3. 

As the Figure 2 shows, in 2014-2015 at Mondy 
site sulfates and chlorides prevailed among anions, am-
monium and calcium prevailed among cations, in the 
summer period the role of sodium ions increased. In 
2016 the proportion of sulfates increased and the role 
of chlorides decreased, the proportion of ammonium 
increased noticeably, in 2017 there were no noticeable 
changes among anions and the proportion of sodium 
among cations increased especially in spring. At the 
site of Irkutsk there were no significant changes during 
2014-2016. In 2017 there is a decrease in the propor-
tion of ammonium was noticed and an increase of so-
dium and potassium was observed. Similar changes in 
2017 occurred at Listvyanka site.

Such multidirectional trends in the composition 
of the aerosol that emerge at the monitoring sites in 
2014-2017 can be explained by the different synoptic 
conditions of each particular year, although in general 
the overall picture remains: the distribution of the ionic 
composition with the dominance of sulfates, ammoni-
um and calcium.

3.2. Aerosol of the near-water layer of the atmo-
sphere of Lake Baikal water area

The aerosol over Lake Baikal water area was col-
lected in the spring (May / June) and summer (July 
/ August) periods of 2010–2017. Early studies (2005–
2008) showed that in the central part of Central and 
Northern Baikal the submicron aerosol fraction domi-
nates with a total ion concentration of 0.1–0.7 μg·m3 
and NH4

+ and SO4
2- ions predominant in its composi-

tion (Golobokova et al., 2011). These parameters allow 
to refer the Baikal aerosol to the background one. The 
change of its chemical composition can be significantly 
influenced by various factors both of natural and an-
thropogenic characters. One of such factors is emerging 
adverse meteorological and environmental phenomena.

During the sampling period the most adverse me-

teorological phenomena were observed in June 2010, 
when the air on the shores of Lake Baikal warmed up 
to 25-30°С, and especially in 2012, when the territo-
ry of Irkutsk region was anomalously dry, the weather 
was abnormally hot in July (average monthly air tem-
perature was 2-3° above normal), intense dry hot winds 
blew and such a weather led to the air drought and 
then to the soil drought in June (State Reports, 2013). 
An important role in air pollution above Lake Baikal is 
assigned to forest and peat fires which deliver to the 
atmosphere some suspended particles, ammonium and 
potassium compounds, chlorides, organic components, 
and many others (Recommendation..., 2015). The most 
intense forest fires in the region including the fires 
in the immediate vicinity of Lake Baikal happened in 
2015-2016 when the region was experiencing the 5th 
class emergency of fire hazard of forests. (State Reports, 
2008-2017). To detect common similarities and differ-
ences in the ionic composition of the aerosol in the pe-
riod of 2010-2017 the data was averaged separately for 
each of the lake basins. Statistical characteristics (mean 
-   and mean-square deviations - MSD) were determined 
from the average results calculated for each year. The 
results of the study showed that despite the influence of 
forest fires the tendency earlier revealed persisted: the 
total content of the ions in the aerosol composition is the 
highest in the atmosphere of Southern Baikal (1.56 ±  
1.36 μg·m-3), and the lowest one is in the atmosphere 
of Northern Baikal (1.13 ± 1.00 μg·m-3) (Table 1). Dif-
ferences in the ratio of the ions and their concentra-
tions between the lake basins are connected primari-
ly with differences in the environmental conditions of 
the coasts (Khodhzer et al., 1994; Van Malderen et al., 
1996; Golobokova et al., 2011). Besides, the BPPM, 
which was closed in 2013, operated for a long time in 
Southern basin.

Comparison of the sum of the ion concentra-
tions in the aerosol in 2010-2017 with similar data of 
2005-2008 showed an increase of the concentrations 
of 1.5 times in the composition of the aerosol above 
Southern Baikal, 1.7 times higher above Central Bai-
kal and 1.9 times higher above Northern Baikal. The 
highest increase in the concentrations of 3-7 times was 
observed for ионов Na+, K+, NH4

+, Cl-, NO3
- ions in the 

aerosol of Northern and Central Baikal where intense 
forest fires happened in 2015-2016. The mean concen-

A - Irkutsk, B - Listvyanka, C - Mondy
1- SO4

2-, 2- NO3
-, 3 - Cl-, 4 - NH4

+, 5 - Na+, 6 - K+, 7 - Mg2+, 8 - Ca2+

Fig. 2. Seasonal variability of ion concentrations in atmospheric aerosol composition at monitoring sites of Lake 
Baikal region in 2014-2017, %
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Component
Southern Baikal Central Baikal Northern Baikal

 x̅ ±MSD  x̅ ±MSD  x̅ ±MSD

Na+ 0.11 0.08 0.12 0.12 0.16 0.30

NH4
+ 0.26 0.44 0.15 0.21 0.09 0.15

K+ 0.20 0.41 0.15 0.26 0.15 0.33
Mg2+ 0.01 0.01 0.01 0.01 0.01 0.01
Ca2+ 0.12 0.09 0.07 0.06 0.07 0.07
Cl- 0.20 0.33 0.14 0.20 0.12 0.23
NO3

- 0.08 0.05 0.12 0.16 0.13 0.18
SO4

2- 0.58 0.49 0.41 0.35 0.40 0.49

∑ion 1.56 1.36 1.17 0.78 1.13 1.00

Table 1. Average concentrations of ions (x)̅, meansquare deviations of concentrations (MSD), total of ions (∑ion) in the aero-
sol over Lake Baikal water area in 2010-2017, μg·m-3

Fig. 3. Dynamics of the interannual total concentrations of ions in the atmospheric aerosol in the near-water 
layer over Lake Baikal water area, 2010-2017, μg·m-3

trations of Ca2
+ and SO4

2- did not change. The growth 
of ion concentrations in the atmospheric aerosol was 
influenced not only by forest fires, but also by the mete-
orological conditions of 2010 and 2012. Figure 3 clear-
ly demonstrates the results of the ion content in the 
aerosol during different observation periods, including 
seasons with adverse meteorological conditions. High 
concentrations of ions were observed in spring 2012 
during the period of abnormally dry weather with its 
maximum concentration in Southern Baikal (2.3-5.2 
μg·m-3) and during forest fires in spring 2016 when the 
mean content of ions over the entire Baikal water area 
was 2.2-3.2 μg·m-3. The minimum total concentrations 
of ions were determined in the spring periods of 2014 
and 2015 when their mean concentrations varied from 
0.33 to 0.78 μg·m-3.

Among the microelements in the composition of 
the soluble fraction of the aerosol, elements of main-
ly soil-erosion origin were predominant: Al, Fe, Zn, Sr, 
Mo, and Ba. Above the water area of the southern part 

of Lake Baikal the concentrations of all analysis ele-
ments were higher. The concentrations of elements in 
the aerosol, as well as the concentration of ions, are 
influenced by the combustion products of forest fires. 
Table 2 shows a comparison of the concentrations of 
some microelements in the aerosol sampled in August 
2015 compared with the mean concentrations in the 
aerosol sampled in 2008-2010, 2015 and 2017. The in-
crease in concentration occurred from 1.4 to 6 times. 
The greatest increase in the concentrations of elements 
was observed in the aerosol of Central and Northern 
Baikal.

The soil and the earth’s crust are the main sourc-
es of aerosol of the continental regions, and as a result, 
the ratio of elements in the aerosol from different re-
gions of the world is very close and corresponds to that 
one for the earth’s crust’s (Rahn, 1976; Lowenthal et 
al., 1985; Swietlicki, 1989). In this regard, against the 
background of absolute concentrations of elements, it 
is rather difficult to estimate the contribution of the an-



Golobokova L.P. et al. / Limnology and Freshwater Biology 2018 (1): 49-57

54

thropogenic component. We calculated the enrichment 
factors of the elements relative to Al (Fig. 4). According 
to the factors it was revealed that the greatest enrich-
ment of aerosol particles comes by the elements Zn, Se, 
Mo and As. Comparison of mean factors of enrichment 
of chemical elements in Baikal aerosol with factors of 
enrichment of three global types of aerosols - «urban», 
«background continental», «sea» (Rahn, 1976) – indi-
cates that factors of enrichment of most of the elements 
of Baikal aerosol are closer in size to « background con-
tinental» type of aerosol.

Table 2. Comparison of mean concentrations of elements in the composition of the soluble fraction of the aerosol of the
near-water layer over Lake Baikal water area in diffrent periods, ng/m3

Element
Southern 

Baikal
Central Bai-

kal
Northern 

Baikal
Southern 

Baikal
Central Bai-

kal
Northern 

Baikal
mean value in 2008-2010; 2015; 2017 August 2015

Al 87.8 77.5 36.8 448.2 408.5 176.2
V 0.23 0.11 0.07 0.32 0.23 0.15
Zn 110.2 123.0 59.9 443.3 662.9 318.4
As 0.17 0.08 0.05 0.23 0.25 0.18
Sr 4.1 4.2 2.5 20.2 23.7 14.5
Ba 178.7 204.1 121.1 1045.9 1216.0 713.8
W 2.8 2.3 1.5 10.5 10.9 6.8
Pb 0.50 0.48 0.26 1.47 1.59 0.87

Fig. 4. Factors of enrichment of Baikal aerosol

3.3. Vertical fluxes S and N with dry deposition

which led to a shift in the balance of the main ions in 
the waters of Southern Baikal inflows (Sorokovikova et 
al., 2004; Obolkin et al., 2016). The flows of sulfur and 
nitrogen coming from the atmosphere with an aerosol 
were recalculated for nitrogen from nitrates and am-
monium ions, and for sulfur - from sulfates. The input 
of nitrogen with gases was calculated from the sum of 
gaseous impurities HNO3 and NH3, sulfur from SO2. The 
following formula was used for calculations: D = CVΔt, 
where D is the input of substances, C is the mean con-
centration over the period Δt, V is the speed of dry depo-
sitions. To compare the data dry deposition rates were 
used taking into account the type of surface and certain 
climatic conditions previously used (Paramonov et al., 
1999; Golobokova et al., 2007). Emission of impurities 
from the atmosphere to the underlying surface at the 
monitoring sites was considered for the period of 2000-
2017. Sulfur and gas flows were higher at all the sites. 
This distribution of substances was also noted earlier 

One of the environmental criteria for the Baikal 
region is the assessment of sulfur and nitrogen inputs 
on the underlying surface. The most likely adverse ef-
fect of the transfer of sulfur and nitrogen to Lake Bai-
kal was the acidification of atmospheric precipitations, 
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(Golobokova et al., 2007; Obolkin et al., 2016). The ni-
trogen flows with aerosol at Irkutsk site were higher in 
2001, 2012 and 2015–2017, at Listvyanka site the flow 
was higher in 2001–2002 and 2012, at Mondy site the 
flows with gases were prevalent during all year round. 
The deposition of sulfur with gases was maximum for 
all the sites in 2005–2006 and 2009-2013 at average, 
the deposition of nitrogen in Irkutsk and Listvyanka 
was maximum in 2005-2011, at the site of Mondy in 
2004-2008. The change in the sulfur and nitrogen flows 
at the sites has a similar interannual variation, despite 
the fact that at Mondy site the emission of nitrogen is 4 
times less upon average and the emission of sulfur is 8 
times less, at Listvyanka site the level of nitrogen is 1.3 
times less, sulfur is 1.5 times less than in Irkutsk (Ta-
ble 3). Over the last years (2015-2017) in Irkutsk, the 
flows of sulfur and nitrogen with aerosol decreased, but 
the flows with gases increased. In Listvyanka, on the 
contrary, the input of nitrogen with aerosol increased, 
the input with gases decreased, the flow of sulfur in 
2016-2017 almost remained unchanged. At Mondy site 
the sulfur flows with aerosol decreased and increased 
with gases similarly as in Irkutsk. As in Listvyanka the 
flow of nitrogen with aerosol increased and decreased 
with gases.

An intake of sulfur and nitrogen all round Lake 
Baikal was analyzed. The intake of these substances 
to Baikal varies as well as at monitoring sites year by 
year and depends on the synoptic situation, meteoro-
logical conditions and forest fires whose frequency has 
increased in recent years. The highest flows of sulfur 

Table 3. Sulfur and nitrogen flows at monitoring sites, ton km-2 year-1

Year
Irkutsk Listvyanka Mondy

N S N S N S
2000 132 511 147 223 30 26
2001 134 522 67 191 27 45
2002 114 163 63 256 39 38
2003 128 232 138 258 38 63
2004 68 249 77 147 17 113
2005 84 1004 37 918 41 279
2006 128 506 163 736 65 78
2007 182 642 96 234 26 42
2008 140 526 69 264 26 64
2009 121 563 87 528 5 15
2010 95 892 72 507 10 79
2011 72 851 40 334 10 48
2012 71 926 32 680 16 127
2013 65 599 42 356 14 40
2014 72 332 69 256 7 40
2015 134 621 100 419 12 59
2016 153 761 147 500 59 72
2017 134 830 115 499 42 86

and nitrogen were determined over the water area of 
Southern Baikal, the flows over Central Baikal were 
1.4–1.5 times lower, over Northern Baikal - 1.8 times 
lower. Over the water area of South Baikal nitrogen 
and sulfur flows increased in 2010-2017 in compari-
son with the period of 2005-2008 by 2.2 and 1.1 times 
correspondingly (Table 4). Above Central and Northern 
Baikal there is an increase in nitrogen-only flows by 1.7 
and 1.5 times and a decrease in sulfur flows by 1.1 and 
1.5 times.

In general, the increase in nitrogen flows over 
Lake Baikal water area was observed in 2007, 2012, 
2015 and 2016, in sulfur flows - in 2007, 2010 and 
2016. The minimum intake of these substances was 
noted in 2014.

4. Conclusions

Long-term (1995-2017) studies of the chemical 
composition of atmospheric aerosol in Baikal region 
were carried out at the monitoring sites of Irkutsk, List-
vyanka and Mondy. The quantitative estimates of spa-
tial heterogeneity, interannual variability and seasonal 
dynamics of its composition are established. A gradual 
decrease in the sum of the concentrations of the main 
ions in the aerosol was noted: in Irkutsk by 2.1 times, 
in Listvyanka by 4.0 times, at the background site of 
Mondy by 3.5 times by 2006-2017 in comparison with 
the period of 1998.

In the present period (2014-2017), the difference 
in total concentrations in the aerosol between Irkutsk 
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Table 4. Monthly average nitrogen and sulfur flows over Lake Baikal, ton km-2

Period
Southern Baikal Central Baikal Northern Baikal
N S N S N S

2005-2008 66.4 181.2 64.0 144.0 53.3 156.7

2010-2017 149.1 196.0 108.3 126.8 81.2 106.4

and Mondy sites averages 7.6 times, between Listvyan-
ka and Irkutsk – 2.6 times. The total content of ions in 
2014-2017 at Irkutsk site varied within 4.5-5.0 μg·m-3, 
at Listvyanka site – 1.3-2.0 μg·m-3, and at the Mondy 
site an increase in the total concentration of ions was 
noted – from 0.17 μg·m-3 to 1.04 μg·m-3 by 2017. Dis-
similarity of the chemical composition is determined by 
the diversity of physiographic conditions of the region 
and by the degree of anthropogenic factors influence. 
The dominant in the composition of the aerosol of the 
Baikal region were ions of continental, both of natural 
and anthropogenic origin, NH4

+, Ca2
+, NO3

-, SO4
2-.

Against the background of changes in the quan-
titative characteristics of the aerosol, a qualitative 
change in the composition of the predominant charac-
teristics took place at the sites. In the aerosol of Mondy 
site, the proportion of sulfates increased in 2016 and 
the role of chlorides decreased, the proportion of am-
monium increased noticeably, in 2017 there were no 
noticeable changes among anions, and the proportion 
of sodium among cations increased especially in spring. 
At Irkutsk site during 2014-2016 special changes were 
not observed. In 2017 in the aerosol of Irkutsk and List-
vyanka, there was a decrease in the proportion of am-
monium and an increase in sodium and potassium. 

In the near-water layer of Lake Baikal the av-
erage perennial (2010–2017) total ion concentrations 
were the highest in the aerosol of Southern Baikal 
(1.56±1.36 μg·m-3), the lowest – in the atmosphere of 
Northern Baikal (1.13±1.00 μg·m-3). The inter-annual 
and spatial heterogeneity of the chemical composition 
of aerosol of Lake Baikal was greatly influenced by ad-
verse meteorological conditions of 2010 and 2012 and 
forest fires of 2015-2016.

High concentrations of ions were detected 
during the periods of abnormally dry weather (2.3- 
5.2 μg·m-3) and forest fires (2.2-3.2 μg·m-3). The mini-
mum total concentrations of ions were observed in the 
absence of external influences (0.33–0.78 μg·m-3). The 
elemental composition of the aerosol is dominated by 
components of soil-erosion origin (Al, Fe, Zn, Cr, Ba), 
the concentration of which increases during fire danger 
periods by an average of 1.4-6 times.

The flows of sulfur and nitrogen, the main acid-
ifying components, differ in different years of observa-
tions both at the monitoring sites and over the surface 
of Lake Baikal. The determining factors, which influ-
ence on the chemical composition of the aerosol and 
the flows of substances, are the orographic heteroge-
neities of the underlying surface, production emissions, 
meteorological phenomena and forest fires.
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