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ABSTRACT. The results of lidar sensing of aerosol pollution in St. Petersburg (Russia) were compared with ones located in
Minsk (Belarus) and Kuopio (Finland) to assess the impact of large cities on atmospheric pollution by aerosol particles. For
comparison, aerosol optical depth (AOD) data obtained at the three stations from 2014 to 2021 were used. Lidar sounding of
atmospheric aerosols was carried out using aerosol Nd:YAG lasers operating at three wavelengths: 355,532 and 1064 nm. Due
to differences in the lidar station equipment characteristics and, consequently, in the lower limit for determining aerosols,
the aerosol optical depth was compared in the range of heights from 800 to 1600 m at 355 and 532 nm. Since the compared
stations do not have data for all years, the period from 2014 to 2016 was analyzed separately. The average annual AOD 355
in Minsk in the period 2014-2016 is almost the same as the average annual AOD in St. Petersburg. When comparing data in
St. Petersburg and Minsk for the period 2014-2020, AOD 355 in St. Petersburg exceeds AOD 355 in Minsk by 1.46 times. AOD
532 nm in Minsk is larger than in St. Petersburg, regardless of the chosen comparison period. The average annual AOT 355 in
Kuopio is lower than in Minsk and St. Petersburg by 2.1 times, while at a wavelength of 532 nm they are 3.6 times lower than
in Minsk and 2.6 times in St. Petersburg. The calculated Angstrom exponent coefficient shows that the coarse mode in Minsk
is higher than in St. Petersburg. The atmosphere over Kuopio has a lower content of aerosol particles. Since 2017, there was
a steady excess of aerosol content over St. Petersburg compared to Minsk. Additionally, a comparison of the lidar data with
the total AOD of AERONET stations located in Kuopio, Minsk and Peterhof (25 km from the lidar station in St. Petersburg) was
carried out. The AOD obtained by lidar and AERONET method is in good agreement.
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INTRODUCTION the resulting dense aerosol layer leads to environmental
degradation, as well as an increase in surface temperature
The formation of atmospheric pollution in megacities  results in adverse effects on the health of population living in

is influenced by various factors — the number of sources of ~ megacity.'
pollution, patterns of emissions distribution due to different Back in the late 18" century, it was found that dust carried
landscapes, weather conditions, type of development, and by air adversely affects human health. Thus, it was observed
otherfactors. Currently, the pollution from transport, emissions ~ that chimney sweepers who often came into contact with
from industrial enterprises, as well as organic fuel combustion high concentrations of soot often had cancer. In the second
products can be distinguished from the main sources of  half of the 20" century, active research began, which showed
anthropogenic air pollution. Naturally formed aerosols also  the relationship between lung diseases and airborne aerosol
contribute to atmospheric pollution (Kondratyev 2006). The  particles. A large number of studies has been and is being
natural sources of pollution are those whose formation does  currently conducted all over the world to assess the impact of
not depend on human activity. For example, the release of salt ~ aerosol particles on human health. The relationships between
particles during evaporation of sea foam drops, production of ~ human exposure to aerosol particles and cardiovascular
pollen by plants, dispersion of soil particles and dust by wind diseases, eye diseases, allergies, asthma, cancer, well-being
(Zuev 1992). and hospitalization of the population, and mortality among
In megacities, an aerosol cap is often formed in a layerup  residents of aerosol-contaminated territories have been
to one or two kilometers due to the rise of aerosol particles.  established. It also has been established that the smaller the
The presence of windless weather worsens the situation:  diameter of aerosol particles in the atmosphere, the greater
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the danger they pose to health (Agarwal 2017; Pandey 2020;
Schraufnagel 2016; Schraufnagel 2020; Subramanian 2020,
Wei 2019). Aerosol particles less than 1T micrometer penetrate
deep into the lungs, reaching the alveoli. Recently, more and
more studies are focused specifically on the effects of the
smallest aerosol particles PM2.5, PM1 (Chen 2017; Hext 1999;
Sharma 2020). Also, the danger of aerosols is associated with
their ability to accumulate other pollutants on their surface,
including carcinogens. It is worth noting that the effects
caused by aerosol particles separately are often discussed
in the literature, while their interaction with other pollutants
taking the form of a synergistic effect, can have a much more
significant impact on human health (Forest 2021). Another
reason to pay special attention to pollution by aerosols is their
ability to have an impact over hundreds of kilometers from
the place of their formation due to their atmospheric transfer
(Mallone 2011; Mona 2006).

Due to the extensive increase in the number of cars, the
road transport is currently one of the main sources of pollution
in the surface layer of the atmosphere in St. Petersburg, as
well as in many other large cities (Nagy 2014). Constant traffic
jams make things worse, because the discharge of pollutants
mainly occurs at the time a car sets speed. Additionally, due to
friction, a large number of abrasion products of automobile
spikes, tires and asphalt is formed, which, in turn, are mixed
with exhaust gases (Fussell 2022; Baensch-Baltruschat 2020;
Kovochich 2021). Also, the sail layer brought onto the road by
cars gets into this mixture. Further, all this multicomponent
dust rises into the air and can be transferred by wind over long
distances. In St. Petersburg in 2021, compared with 2020, the
total number of motor vehicles increased by 1.67% (33886
units), while the number of passenger cars increased by 1.65%
(29180 units), and the number of trucks — by 2.14% (4948
units).2 There is an increase in the number of road transport in
St. Petersburg. So in 2021, compared to 2020, the number of
passenger cars increased by 1.65%, which is 29,180 cars, the
number of trucks - by 2.14%, which is 4,948 units of trucks.

One of the methods that currently allow monitoring
the aerosol pollution is the lidar method (Chazette 2023;
Ma 2019). Lidar systems are an effective method for tracking
the transport of aerosol particles. Lidar complexes find their
applications for assessing the current state of the atmosphere
and monitoring environmental pollution. (Aggarwal 2018;
Ansmann 2005; Flamant2000; Ma 2019; McGill 2003; Yin 2021)
The use of remote methods makes it possible to conduct
research on the transfer of aerosol particles (Campbell 2016),
calculate the atmospheric aerosol particle size distribution
(Shi 2022; Samulenkov 2020).

Lidar data are used to obtain the addition information on
the aerosol pollution of the atmosphere, including for spatial
distribution of aerosol particle emissions in industrial areas
and aerosol characteristics around highways (Yegorov 1995;
Lisetskii 2019). Multiwave lidar complexes are used to monitor
the transfer of aerosols of natural formation, which can also
play an important role in total aerosol content under certain
conditions (Ansmann 2021; Di Girolamo 2012; Kovalev 2009;
Mona 2012; Vaughan 2021), and depend on the difference in
air mass route and the ambient atmospheric conditions (Xie
2008). AOD studies provide an important information about
the aerosol content in the atmosphere, understanding aerosol
properties and improving the incorporation of aerosol effects
into climate models (Kafle 2013; Khor 2014; Kong 2022; Xie
2010).

The lidar method is actively used and, therefore, there are
many lidar measuring networks in the world: the Network
for the Detection of Atmospheric Composition Change

(NDACC, https://www.ndsc.ncep.noaa.gov) for global control
of aerosol, ozone, temperature and humidity; the European
Aerosol Research Lidar Network (EARLINET), the purpose
of which is to track aerosol pollution on the European
continent (Papagiannopoulos 2020); the NASA Micro-Pulse
Lidar Network (MPL-Net) (Welton, 2018) for monitoring
tropospheric aerosol. Studies of dust aerosol from the desert
territory of China are carried out within the framework of
the Asian Dust and aerosol lidar observation network (AD-
Net) (Nishizawa, 2016); the Regional East Atmospheric Lidar
Mesonet (REALM) in the Eastern USA was designed to monitor
air quality (Hoff, 2002). Atmospheric aerosol monitoring in the
Commonwealth of Independent States (CIS) is carried out by
the CIS Lidar Network (CIS-LiNet), located in Russia, Belarus
and Kyrgyzstan (Chaikovsky, 2006).

At the Resource Center “Observatory of Environmental
Safety” of the St. Petersburg State University Science Park,
the studies of aerosol pollution have been conducted since
December2013;thelidar station became a partof the EARLINET
in 2014 . The station is located in the center of St. Petersburg
on Vasilievsky Island, which is one of the most polluted parts
of the city. This allows obtaining unique data on the aerosol
pollution of the urban atmosphere. Minsk and St. Petersburg
have the most extensive network of industrial enterprises, as
well as a large population. About 5.4 million people lives in St.
Petersburg, and 2 million people — in Minsk. The industry of
St. Petersburg is based on more than 750 large and medium-
size enterprises, some of which are among the leading
manufacturing companies in Russia. Economic activity in the
field of industrial production is also carried out by more than
23 thousand small enterprises, including microenterprises®.
There are more than 3,100 industrial enterprises in Minsk, and
more than 2,700 in the Minsk region*, which also has a serious
impact on the environment.

Kuopio is the eighth largest city in Finland, which is located
in the Savo district near numerous lakes. The number of
residents is about 120 thousand people. The city is included in
the comparison as an example of a relatively environmentally
safe territory”.

The aerosol optical depth (AOD) of the atmosphere is
one of the main characteristics determining the total aerosol
air pollution (Cogliani 2001; Zhu 2011; Chubarova 2022;
Zhdanova 2020). The influence of aerosols on atmospheric
processes, the high variability of aerosol particles and harmful
effects on humans determines the importance of studying
the optical characteristics of aerosols. The purpose of this
paper is to analyze the AOD data obtained by lidar stations in
St. Petersburg, Minsk and Kuopio in order to assess the level of
aerosol particle pollution in different regions, namely in two
megacities, such as St. Petersburg and Minsk, and to perform
a comparison with the pollution level in the relatively small
city of Kuopio located in an environmentally safe region of
Finland. The stations were selected based on their location.
Minsk and Kuopio are the aerosol observation sites closest to
St. Petersburg and have different levels of anthropogenic load.
Our study will provide more information about the patterns of
aerosol distribution in the studied regions.

MATERIALS AND METHODS

The main technical characteristics of three lidar systems
are presented in Table 1.

The lidar equipment is used in conjunction with
specialized  software that allows processing the
backscattered signal received by the telescope. The
magnitude of the signal depends on the amount of

“World Health Organization. Regional Office for Europe & Joint WHO/Convention Task Force on the Health Aspects of Air Pollution. (2006).
Health risks of particulate matter from long-range transboundary air pollution. Copenhagen : WHO Regional Office for Europe.
*Promyshlennost’i innovacii Sankt-Peterburga (Industry and innovations of St. Petersburg), 2017.

“Promyshlennost’ respubliki Belarus'statisticheskij sbornik (Industry of the Republic of Belarus statistical compilation), 2019.

S[Internet] - https://www.kuopio.fi/en/etusivu (date of access: 07.02.2023).
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Table 1. Characteristics of lidar stations in Russia, Finland and Belarus

Parameter St. Petersburg, Russia

Kuopio, Finland Minsk, Belarus

Geographical coordinates 59,9427 N, 302730 E

62.7333 N, 27.5500 E 53.9170N, 27.6050 E

Height above sea level, m 35

190 200

Used wavelengths, nm 355,532

355,532 355,532

Initial height resolution, m 7.5

30;60 75,15

Minimum detection height, m 300-500

800-1000 455-800

aerosol present in the atmosphere. The attenuation and
backscattering coefficients of the aerosol obtained from
lidar sensing data were calculated using the Klett method
(Klett 1985).

The lidar equation formulates the relationship between
the sum of photons emitted by the laser and the sum
of photons absorbed. Laser beam is transmitted in the
atmosphere and there is a physical reaction between the
laser beam and the probed object. The lidar equation
characterizes the mathematical model of the physical
processes that occur in the atmosphere when exposed to
the laser beam (Kovalev 2004; Tuan 2017):

Ng(A.R) =N (4,) [F(2.4,.6.R)- ARS|

reR) TR o)

"G(R)]|+N,

where N_(A, R) is the photon counts registered at a
wavelength % and distance R N,(\) is the number of
transferred photons; [B(A, AL, 6, R)AR] is the probability that
a transferred photon is scattered into a unit solid angle
at an angle 6; B is the volume scatter coefficient; AR is
the layer thickness; A is the receiver aperture; A/R? is the
probability that a scattered photon is collected by the
receiving telescope; [T(A,, R)T(A, R)] is the light transmission
during its propagation from a laser source to distance R
and from distance R to a receiver; n(A, A ) is the hardware
optical efficiency; G(R) is the geometricalI form factor; N, is
the background and detector noise.

The basic equation of lidar sensing is used for the

calculation (Zuev, 1992):
Z
Z
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where P(z) is the power of the detected backscattered
signal from height z A is the instrumental constant that
includes all range-independent instrumental parameters
(as the detector’s efficiency, receiving telescope area and
laser pulse width), B(z) is the backscattering coefficient,
a(z) is the extinction coefficient. The AOD from z_ to z
can be calculated as:

AOD =

X
<

a(z)dz (3)

Z .
nmin

Theerrorsincalculatingtheattenuationand backscattering
coefficients by the Klett method are about 20 % (Althausen
2000; Klett 1985; Klett 1981) and depend on the state of the
atmosphere, the type and amount of aerosols. The range of
lidar sensing also depends on atmospheric conditions.

The Angstrom exponent coefficient was calculated using
the formula below to understand the nature of the aerosol
particle size distribution:
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where g is the Angstrom exponent coefficient, AODU is
the aerosol optical depth at wavelength A and )\j. '

A large array of data obtained during measurements in
the most polluted part of St. Petersburg, as well as Minsk
and Kuopio, allows analyzing changes in the AOD over time,
and identifying sequences in the distribution of aerosols
for the period from 2014 to 2021. The variability of aerosol
pollution over such large megacities as St. Petersburg
and Minsk and comparing the data with the relatively
environmentally safe area of Kuopio, allows assessing the
degree of urban pollution.

The limitation in the height of determining the aerosol
optical depth is due to differences in the lower limit of
measurements by the instruments (Guerrero-Rascado
2010; Halldérsson 1978). In Kuopio, the data in most cases
are provided from 800 m, therefore, the lower limit of
observations at all three stations is a height of 800 m. The
upper level of observations is limited by 1600 m. This is
due to the fact that a part of the available data ends at an
altitude of 1600 m.

The number of processed measurements to obtain the
AOD average values is presented in Table 2.

The distance between the observation station is:
between St. Petersburg and Kuopio 343 km, between
Kuopio and Minsk 980 km, and 689 km between St.
Petersburg and Minsk.

Due to the coronavirus restrictions, the number
of measurements performed in 2019-2021 decreased
significantly.

In

RESULTS AND DISCUSSION

Table 3 and Figure 1 show the median values of AOD
355 and AOD 532 obtained at three monitoring stations
in St. Petersburg, Minsk, and Kuopio from 2014 to 2021
at altitudes from 800 to 1600 m. The median is a stable
estimate of the distribution center and does not tend
to shift with significant deviations from the main data
array. Unfortunately, due to the complexity of research
equipment that requires periodic maintenance and
repair, data for comparison in Kuopio and Minsk were not
obtained for each year.

Unfortunately, the data at 800 m at the station in
Kuopio are available only for three years from 2014 to 2016.
According to the processed AOD data at 355 nm (Fig. 1a),
the atmosphere at the location of the station in Kuopio
has a lower content of aerosol particles. The AOD at 355
nm in St. Petersburg is higher than that in Minsk, with the
exception of 2016. Since 2017, there was a steady excess
of aerosol content over St. Petersburg compared to Minsk,
with a maximum excess by 2.4 times in 2020 (Fig. 1a).



Samulenkov D. A. and Sapunov M. V.

THE AEROSOL POLLUTION OF THE ATMOSPHERE ON THE EXAMPLE OF ...

Table 2. Number of measurements by year®

City Channel, nm 2014 2015 2016 2017 2018 2019 2020 2021 Total
355 40 40 18 50 21 9 9 5 192
Saint-Petersburg
532 40 45 18 50 21 9 9 5 197
355 3 29 26 16 15 12 7 - 108
Minsk
532 7 29 28 17 16 13 8 - 118
355 7 22 20 - - - - - 49
Kuopio
532 12 42 30 - - - - - 84
Table 3. Distribution of optical depth median value by year during the 2014-2021 period for three stations in the layer
from 800 to 1600 m.
St. Petersburg, Russia Minsk, Belarus Kuopio, Finland
Year
355 nm 532 nm 355 nm 532 nm 355 nm 532 nm
2014 0.043 0.017 0.040 0.019 0.015 0.005
2015 0.053 0.019 0.040 0.029 0.020 0.007
2016 0.030 0.018 0.045 0.028 0.025 0.009
2017 0.052 0.022 0.028 0.018 - -
2018 0.052 0.018 0.029 0.022 - -
2019 0.071 0.028 0.036 0.030 - -
2020 0.053 0.021 0.022 0.018 0.013* 0.010*
2021 0.064 0.020 - - 0.048* -
Mean 0.052 0.020 0.034 0.023 0.020 0.007
* — data only from 1000 m.
AOD annual median value, 355 nm (@) AOD annual median value, 532 nm (b)
g 0080 £ 0.040
g e ‘//‘\vl‘ §oow Q B
§ 0.040 | M 7§ 0020 -
80,020 go010 ———
3 0.000 ; ; ; . ; ; ; ‘ 5 0.000 : : : i : : : ;
3 2014 2015 2016 2017 2018 2019 2020 2021 g 2014 2015 2016 2017 2018 2019 2020 2021
2 Year ft’ Year
—4—Kuopio -@~Minsk -#—St. Petersburg —4—Kuopio -#-Minsk -#—St. Petersburg

Fig. 1. Distribution of optical depth median value by year in the period from 2014 to 2021 for three stations in a layer from
800 to 1600 m at wavelengths of 355 nm (a) and 532 nm (b)

The Angstrom parameter at wavelengths of 355 and 532
nm was also considered, separately for the period 2014-2016
for all three stations and from 2014 to 2020 for lidar stations in
St. Petersburg and Minsk. The Angstrom parameter allows us
to conclude about the nature of the particle size distribution.
The Angstrom parameter above 2 indicates the prevalence
of a fine aerosol, whereas the values below 1 indicate the
predominance of large aerosol particles. In the period from
2014 to 2016, the value of the Angstrom parameter was 2.60
in Kuopio, 1.26 in Minsk and 2.05 in St. Petersburg. In the
period from 2014 to 2020, the average Angstrom parameter
has values of 0.92 in Minsk and 2.18 in St. Petersburg. This
indicates the predominance of fine aerosol over St. Petersburg.

As an additional source of information on the annual
course of the AOD near St. Petersburg, we used the data from
the AERONET station in Peterhof located 25 km from the lidar
station, as well as data from the AERONET stations in Kuopio
and Minsk (Filonchyk 2021; Volkova 2018). On average, for the
measurement period from 2013 to 2016, the AOD in Peterhof

“[Internet] — https:.//data.earlinet.org (date of access: 07.02.2023).
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at a wavelength of 500 nm is 0.12 + 0.05 with maximum
values in summer 0.14-0.19. For the AERONET station in
Kuopio, the average AOD at a wavelength of 500 nm is 0.10 +
0.03. Authors of this study also notes that the AOD values in
Peterhof are higher than the results of observations in Kuopio,
which is associated with the contribution of anthropogenic
aerosol, which is typical for large metropolitan areas. The AOD
distribution patterns obtained in work (Volkova 2018) are in
good agreement with the data obtained by the lidar method
for stations in Kuopio and St. Petersburg. The Angstrom
parameter (440-870 nm) in Peterhof according to the
AERONET changes from 1.0 to 1.6 with maximum values in
the warm season. This indicates a mixed bimodal distribution
of aerosol, with a finely dispersed fraction up to 60%. Taking
into account the distance between the observation sites,
an additional contribution of the secondary fine aerosol of
anthropogenic origin in St. Petersburg is possible, which
gives higher values of the Angstrom parameter. At the
AERONET station in Kuopio, a similar relationship is observed.
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The high summer values of the Angstrom parameter in
Peterhof are attributed by the authors (Volkova 2018) to
an increase in the amount of finely dispersed secondary
aerosol. The overestimation of the angstrom parameter in St.
Petersburg and Kuopio, obtained from lidar data in relation to
the AERONET angstrom parameter, is apparently due to the
limitation of the observation height from 800 to 1600 m, the
location of the lidar station in the center of St. Petersburg also
affects.

In Minsk, the Angstrom parameter (440-870 nm)
calculated according to AERONET station data from 2002
to 2019 (Filonchyk 2021) changes significantly throughout
the year, while the average annual values of the Angstrom
parameter according to AERONET data exceed 1.3, which
also indicates the predominance of fine aerosols, and is not
entirely consistent with the results obtained by the lidar
method. The average daily AOD 440 nm and Angstrom
exponent (440-870 nm) values of the AERONET station in
Minsk vary from 0.03 to 2.08 and from 0.11 to 2.35, and the
average monthly valuesvary from 0.14t0 0.27 and from 1.19
to 1.58, respectively. The obtained annual mean AOD 440
is 0.22 + 0.17. The average Angstrom parameter (355-532
nm) in Minsk according to lidar data is 0.92, which is much
lower than the coefficientin St. Petersburg and Kuopio, and
not quite typical for Minsk. The resulting discrepancy can be
attributed to a small number of lidar observations in Minsk
in the period from 2018 to 2020. Measurements during
this period were carried out mainly in early spring and
winter, and the Angstrom parameter (355-532 nm) shows
underestimated values — 0.54, which undoubtedly affects
the final value of the AOD and the Angstrom parameter
for the entire period from 2014-2020. At the same time, the
average Angstrom parameter (355-532 nm) for the period
from 2014 to 2017 is 1.23, which is close to the readings of
the AERONET station in Minsk. It can be noted that both
AOD 355 and AOD 532 in St. Petersburg and Minsk on
average exceed the AOD values in the city of Kuopio by 2-3
times. The results obtained allow the conclusion that the
atmosphere in the city of Kuopio is less polluted by aerosol
particles, which, according to the authors of this article, is
due to the low number of industrial plants located in this
region, as well as the low intensity of automobile traffic.
At the same time, it should be noted that the natural
aerosol can also contribute to the total content of aerosol
pollution in cities (Chubarova 2022). The increased content
of aerosols over St. Petersburg and Minsk may lead to an
additional adverse effects on the health of the population
due to the processes of aerosol deposition.

Since the compared stations do not have data for all
years, the comparison was carried out according to the
following procedure. The period from 2014 to 2016 was
analyzed separately, since for these three years all three

(a

AOD from 800 to 1600 m
0.070

0.060

355 nm
Wavelength

532 nm

stationshave measurements (fig.2a). A separate comparison
was made for Minsk and St. Petersburg from 2014 to 2020
(fig. 2b). Figure 2 clearly shows the predominance of the
Minsk and St. Petersburg average AOD at 355nm and 532
nm over Kuopio. Average AOD 355 in St. Petersburg and
Minsk exceeds AOD 355 in Kuopio by 2.1 times. Average
AOD 532 in Minsk exceeds AOD 532 in Kuopio by 3.6 times,
in Saint-Petersburg AOD 532 higher in Kuopio in 2.6 times.
The average AOD values for all the years of measurements
are shown in Figure 2.

As follows from the processed data, the average AOD
in the selected height range in Kuopio is less than in St.
Petersburg and Minsk. At the same time, in Minsk AOD 532
exceeds St.Petersburg’s AOD 532, with the exception of
2017 and 2020. In the period from 2014 to 2016, there is no
difference between AOD 355 in St. Petersburg and Minsk,
while for AOD 532 it was clearly expressed.. AOD 355 in St.
Petersburg is 1.43 times higher than AOD 355 in Minsk, and
lower by 1.25 times at a wavelength of 532 nm.

CONCLUSION

The available AOD data for three stations in St
Petersburg, Minsk and Kuopio, located in three regions
with different levels of anthropogenic impact and natural
aerosol content, made it possible to evaluate the optical
characteristics of aerosol and compare the level of
atmospheric air pollution. In St. Petersburg, the location
of the lidar station is in the center of the city in the most
polluted area.

The average AOD 355 in St. Petersburg and Minsk
over the 2014-2016 period exceeds this value in Kuopio
by 2.1 times. The average value of AOD 532 in Minsk and
St. Petersburg is 3.6 and 2.6 times higher than in Kuopio,
respectively. For the 2014-2020 period, AOD 355 shows
the following average values: 0.050+0.012 in St. Petersburg
and 0.034+0.008 in Minsk, while the average AOD 532
values are: 0.020+0.004 in St. Petersburg and 0.023+0.005
in Minsk. The average AOD 355 and AOD 532 are 1.46 times
higher and 1.14 times lower in St. Petersburg than those in
Minsk, respectively.

Additionally, a comparison was made with the data
of AERONET stations in Peterhof, Minsk, Kuopio with
an analysis of the optical characteristics, the Angstrom
parameter and an assessment of their variations. The
smallest AOD according to AERONET data is recorded
in Kuopio, the largest in Minsk, which is consistent with
the received lidar data. The station in Peterhof is located
far from St. Petersburg, which affects the AOD readings
downwards. AOD 355 according to lidar data from 2014
to 2020 in St. Petersburg is gradually increasing, in Minsk
there is a decrease.

AOD from 800 to 1600 m (b)

355 nm
Wavelength

532 nm

Fig. 2. The average AOD values from 2014 to 2016 (a) and from 2014 to 2020 (b) at wavelengths of 355 nm and 532 nm
(black lines are standard deviations)
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The distributions of the Angstrom parameter from lidar
data in St. Petersburg and Kuopio are in good agreement
with the Angstrom parameter obtained from the AERONET
data. At the same time, higher values of the Angstrom
parameter are noted in St. Petersburg and Kuopio, which
can be explained by the limited height of the AOD study
from 800 to 1600 m.

In Minsk, according to AERONET data, the Angstrom
parameter 440-870 nm from 2002 to 2019 exceeds 1.3,
which indicates the predominance of fine aerosols and
does not quite agree with the data obtained from lidar
measurements if we take the period from 2014 to 2020,
for the average parameter. The Angstrom is influenced by
data from 2018 to 2020 when there is a small number of
measurements that were carried out only in early spring
and winter, and the Angstrom parameter 532-355 nm
was significantly underestimated - 0.54, and indicates the
predominance of coarse aerosol. The calculated Angstrom

REFERENCES

parameter 532-355 nm for the period from 2014 to 2017
is 1.23, which is already close and consistent with the data
obtained in the AERONET network.

The values of both AOD 355 and 532 in the city of
Kuopio are significantly lower than those in St. Petersburg
and Minsk due to the smaller number of aerosol particles
in the atmosphere. Note that both AOD values in St
Petersburg and Minsk exceed the AOD values in Kuopio
by 2-3 times (Fig. 2b), which allows us to conclude
about the predominant content of aerosol particles over
megacities compared to smaller cities. In this paper, the
AOD was compared in a layer from 800 to 1600 m. If it
was possible to compare AOD at lower heights, it seems
that the differences between St. Petersburg, Minsk and
Kuopio would be even greater. The main contribution to
air pollution in the big cities is most likely to be made by
road transport and industrial enterprises with some effects
of natural aerosol. [l

Agarwal A, Mangal A, Satsangi A, Lakhani A, Kumari K. M. (2017). Characterization, sources and health risk analysis of PM2.5 bound metals
during foggy and non-foggy days in sub-urban atmosphere of Agra. Atmospheric Research, 197,121-131.DOI: 10.1016/j.atmosres.2017.06.027.
Aggarwal M., Whiteway J.,, Seabrook J,, Gray L, Strawbridge K, Liu P, O'Brien J, Li S-M.and McLaren R, (2018). Airborne lidar measurements
of aerosol and ozone above the Canadian oil sands region. Atmospheric Measurement Techniques, 6, 3829-3849, DOI: 10.5194/amt-11-3829-

2018.

Althausen D., Mdller D,, Ansmann A, Wandinger U., Hube, H., Clauder, E., Zoerner, S. (2000). Scanning 6-wavelength 11-channel aerosol

lidar. Journal of Atmospheric and Oceanic Technology, 17, 1469-1482.

Ansmann A. and Mdller D. (2005). Lidar and Atmospheric Aerosol Particles. In: C. Weitkamp, ed., LIDAR: range-resolved optical remote
sensing of the atmosphere, W. T. Rhodes. ed. Singapore: Springer, 476, DOI: 10.1007/b106786.

Ansmann A, Ohneiser K, Mamouri R-E., Knopf D. A, Veselovskii |, Baars H., Engelmann R, Foth A, Jimenez C, Seifert P. and Barja B. (2021).
Tropospheric and stratospheric wildfire smoke profiling with lidar: mass, surface area, CCN, and INP retrieval. Atmospheric Chemistry and

Physics, 21(12), 9779-9807, DOI: 10.5194/acp-21-9779-2021.

Baensch-Baltruschat B., Kocher B, Stock F, Reifferscheid G. (2022). Tyre and road wear particles (TRWP) - A review of generation, properties,
emissions, human health risk, ecotoxicity, and fate in the environment. Science of the Total Environment, 2020, 733, 137823. DOI: 10.1016/j.

scitotenv.2020.137823.

Campbell, J.R, Ge, C,, Wang, J,, Welton, E. J, Bucholtz, A, Hyer, E. J, Reid, E. A, Chew, B. N, Liew, S. C, Salinas, S.V., Lolli, S., Kaku, K. C,, Lynch,
P, Mahmud, M., Mohamad, M. and Holben, B. N. (2016). Applying advanced ground-based remote sensing in the Southeast Asian maritime
continent to characterize regional proficiencies in smoke transport modeling. J. Appl. Meteor. Climatol. 55: 3-22

Chaikovsky A, Ivanov A, Balin Yu,, EInikov A, Tulinov G,, Plusnin I, Bukin O., Chen B. (2006). Lidar network CIS-LiNet for monitoring aerosol
and ozone in CIS regions. Proceedings of SPIE - The International Society for Optical Engineering, 6160, 616035. DOI: 10.1117/12.675920.

Available  at:

https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6160/1/Lidar-network-CIS-LiNet-for-monitoring-aerosol-
and-ozone-in/10.1117/12.675920.short [Accessed 30 March. 2023].

Chazette P, Totems J. (2023). Lidar Profiling of Aerosol Vertical Distribution in the Urbanized French Alpine Valley of Annecy and Impact
of a Saharan Dust Transport Event. Remote Sensing, 15, 1070. DOI: 10.3390/rs15041070.

Chen G, Li Sh,, Zhang Y, Zhang W., Li D., Wei X, He Y., Bell M. L, Williams G., Marks G. B., Jalaludin B., Abramson M. J,, Guo Y. (2017). Effects
of ambient PM1 air pollution on daily emergency hospital visits in China: an epidemiological study. Lancet Planet Health, 1(6), 6, €221-229.

DOI: 10.1016/52542-5196(17)30100-6.

Chubarova N, Vogel H., Androsova E., Kirsanov A., Popovicheva O, Vogel B. and Rivin G. (2022). Columnar and surface urban aerosol in
the Moscow megacity according to measurements and simulations with the COSMO-ART model. Atmospheric Chemistry and Physics, 22(16),

10443-10466. DOI: 10.5194/acp-22-10443-2022.

Cogliani E. (2001). Air pollution forecast in cities by an air pollution index highly correlated with meteorological variables. Atmospheric

Environment, 35, 2871-2877. DOI: 10.1016/51352-2310(01)00071-1.

Di Girolamo P, Summa D., Bhawar R, Di lorio T, Cacciani M., Veselovskii |, Dubovik O., Kolgotin A. (2012). Raman lidar observations of a
Saharan dust outbreak event: Characterization of the dust optical properties and determination of particle size and microphysical parameters.
Atmospheric Environment, 50, 66-78. DOI: 10.1016/j.atmosenv.2011.12.061.

Filonchyk M., Peterson M, Yan H., Yang Sh., Chaikovsky A. (2021). Columnar optical characteristics and radiative properties of aerosols of
the AERONET site in Minsk, Belarus. Atmospheric Environment, 249(15), 118237. DOI: 10.1016/j.atmosenv.2021.118237.

Flamant C, Pelon J,, Chazette P, Trouillet V, Quinn P.K,, Frouin R, Bruneau D,, Leon J. F, Bates T. S, Johnson J. & Livingston J,, (2000). Airborne
lidar measurements of aerosol spatial distribution and optical properties over the Atlantic Ocean during a European pollution outbreak of
ACE-2.Tellus B: Chemical and Physical Meteorology, 52B, 662-677. DOI: 10.3402/tellusb.v52i2.17126.

Forest V. (2021) Combined effects of nanoparticles and other environmental contaminants on human health - an issue often overlooked.

Nanolmpact, 23, art. 100344. DOI: 10.1016/j.impact.2021.100344.

Fussell J. C, Franklin M., Green D. C,, Gustafsson M., Harrison R. M., Hicks W., Kelly F. J,, Kishta F, Miller M. R, Mudway I. S., Oroumiyeh F, Selley
L., Wang M.and Zhu Y. (2022). A Review of Road Traffic-Derived Non-Exhaust Particles: Emissions, Physicochemical Characteristics, Health Risks,
and Mitigation Measures. Environmental Science & Technology, 56(11), 6813-6835. DOI: 10.1021/acs.est.2c01072

Guerrero-Rascado J. L, Jodo Costa M., Bortoli D, Silva A. M., Lyamani H. and Alados-Arboledas L. (2010). Infrared lidar overlap function: an
experimental determination. Optics Express, 18(19), 20350-20369. DOI: 10.1364/0E.18.020350.

Halldérsson T, Langerholc J. (1978) Geometrical form factors for the lidar function. Applied Optics, 17(2), 240-244. DOI: 10.1364/

AO.17.000240.



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY 2023

Hext PM.,, Rogers KO, Paddle G.M. (1999). The health effects of PM2.5 (including ultrafine particles). Report no. 99/60. Brussels: CONCAWE
Reports.

Hoff R. M., McCann K. J,, Demoz B, Reichard J.,, Whiteman D. N., McGee T,, McCormick M. P, Philbrick C. R, Strawbridge K., Moshary F,
Gross B, Ahmed S., Venable D, Joseph E. (2002). Regional East Atmospheric Lidar Mesonet: REALM. ILRC, European Space Agency (ESA), 1-4.
Available at: https://pdfs.semanticscholar.org/a7a3/e0d3e92e8fe89f1ff8738e2116a41f14e0a1.pdf [Accessed 30 March. 2023].

Kafle D.N., Coulter R. L. Micropulse lidar-derived aerosol optical depth climatology at ARM sites worldwide. (2013). Journal of Geophysical
Research (Atmospheres), 118(13), 7293-7308, DOI: 10.1002/jgrd.50536.

KhorW.Y, Hee W.Sh,, Tan F, Lim Hw. S., Mat Jafri M. Z,, Holben B. (2014). Comparison of Aerosol optical depth (AOD) derived from AERONET
sunphotometer and Lidar system. IOP Conference Series: Earth, Environmental Science, 20(1), 012058, DOI: 10.1088/1755-1315/20/1/012058.

Klett).D.(1981). Stable analyticalinversion solution for processing lidar returns. Applied Optics, 20(2), 211-220.DOI: 10.1364/A0.20.000211.

Klett J. D. (1985). Lidar inversion with variable backscatter/extinction ratios. Applied Optics, 24, 1638-1643.

Kondratyev K. Ya, Ivlev L. S, Krapivin V. F, Varotsos C. A. (2006). Atmospheric Aerosol Properties: Formation, Processes and Impacts. Berlin:
Springer. DOI: 10.1007/3-540-37698-4.

Kong D., He H., Zhao J,, Ma J, Gong W. (2022). Aerosol Property Analysis Based on Ground-Based Lidar in Sansha, China. Atmosphere ,
13(9), 1511, DOI: 10.3390/atmos13091511.

Kovalev V. A, and Eichinger W. E. (2004). Elastic lidar: theory, practice, and analysis methods. Hoboken: John Wiley & Sons.

Kovalev V. A, Petkov A, Wold C,, Urbanski Sh. and Hao W. M. (2009). Determination of smoke plume and layer heights using scanning lidar
data. Applied Optics, 48(28), 5287-5294. DOI: 10.1364/A0.48.005287.

Kovochich M, Parker J. A, Oh S. Ch,, Lee J. P, Wagner S, Reemtsma T. and Unice K. M. (2021). Characterization of Individual Tire and Road
Wear Particles in Environmental Road Dust, Tunnel Dust, and Sediment. Environmental Science & Technology Letters, 8, 1057—1064. DOI:
10.1021/acs.estlett.1c00811

Lisetskii F, Borovlev A, (2019). Monitoring of Emission of Particulate Matters and Air Pollution using Lidar, Belgorod, Russia. Aerosol and
Air Quality Research, 19, 504-515. DOI:10.4209/aaqr.2017.12.0593.

Ma X, Wang C, Han G, MaYY., Li S, Gong W., Chen J,, (2019). Regional Atmospheric Aerosol Pollution Detection Based on LIDAR Remote
Sensing. Remote Sensing, 11(20):2339. DOI: 10.3390/rs11202339.

Mallone S., Stafoggia M., Faustini A,, Gobbi G. P, Marconi A. and Forastiere F. (2011). Saharan Dust and Associations between Particulate
Matter and Daily Mortality in Rome, Italy. Environmental Health Perspectives, 119(10), 1409-1414. DOI: 10.1289/ehp.1003026.

McGill M. J,, Hlavka D. L, Hart W. D.,, Welton E. J. and Campbell J. R. (2003). Airborne Lidar Measurements of Aerosol Optical Properties
during SAFARI-2000. Journal of Geophysical Research: Atmospheres, 108 (D13), 8493. DOI: 10.1029/2002jd002370.

Mona L, Amodeo A, Pandolfi M. and Pappalardo G. (2006). Saharan dust intrusions in the Mediterranean area: Three years of Raman
lidar measurements. Journal Of Geophysical Research, [online] 111(D16203). DOI:10.1029/2005JD006569. Available at: https://agupubs.
onlinelibrary.wiley.com/doi/epdf/10.1029/2005JD006569 [Accessed 30 March. 2023].

Mona L., Liu Z, Muller D., Omar A, Papayannis A., Pappalardo G., Sugimoto N. and Vaughan M. (2012). Lidar Measurements for Desert Dust
Characterization: An Overview. Advances in Meteorology, [online] 2012, 356265, DOI:10.1155/2012/356265. . Available at: https://downloads.
hindawi.com/journals/amete/2012/356265.pdf [Accessed 30 March]. 2023].

Nagy G. Merényi A, Domokos E., Rédey A, Yuzhakova T. (2014), Monitoring of air pollution spread on the car-free day in the city of
Veszprém. International Journal Of Energy And Environment, 5(6), 679-684.

Nishizawa T, Sugimoto N., Matsui I, Shimizu A, Higurashi A. and Jin Y. (2016). The Asian Dust and Aerosol Lidar Observation Network
(AD-NET): Strategy and Progress. EPJ Web of Conferences, [online] 119, 19001. DOI: 10.1051/epjconf/201611919001. Available at: https://www.
epj-conferences.org/articles/epjconf/pdf/2016/14/epjconf_ilrc2016_19001.pdf [Accessed 30 March. 2023].

Pandey A. et al. (2020). Health and economic impact of air pollution in the states of India: the Global Burden of Disease Study 2019. Lancet
Planet Health, 5(1), e25-38. DOI: 10.1016/52542-5196(20)30298-9.

Papagiannopoulos N. et al. (2020). An EARLINET early warning system for atmospheric aerosol aviation hazards. Atmospheric Chemistry
and Physics, 20, 10775-10789. DOI: 10.5194/acp-20-10775-2020.

Samulenkov D. A, Sapunov M.V, Mel'nikova I.N. (2020). Lidarnoe zondirovanie aerozol'nyh zagryaznenij v atmosfere po marshrutu Sankt-
Peterburg — Voronezhskaya oblast'—Belgorodskaya oblast. Current Problems in Remote Sensing of the Earth from Space, 17(3), 223-230, (in
Russian). DOI: 10.21046/2070-7401-2020-17-3-223-230.

Schraufnagel D. E. (2020). The health effects of ultrafine particles. Experimental & Molecular Medicine, 52,311-317. DOI:10.1038/s12276-
020-0403-3.

Schraufnagel D. E, Balmes J. R, Cowl C. T, De Matteis S., Jung S-H., Mortimer K., Perez-Padilla R, Rice M. B,, Riojas-Rodriguez H., Sood A,
Thurston G. D, To T, Vanker A, Wuebbles D. J. (2016). Air Pollution and Noncommunicable Diseases: A Review by the Forum of International
Respiratory Societies” Environmental Committee, Part 1: The Damaging Effects of Air Pollution. CHEST, 155(2), 409-416. DOI: 10.1016/j.
chest.2018.10.042.

Sharma Sh,, Chandra M. & Kota S. H. (2020). Health Effects Associated with PM2.5: a Systematic Review. Current Pollution Reports, 6(4),
345-367.DO0I: 10.1007/540726-020-00155-3.

ShiY, LiuW., Dong Y, Zhao X, Xiang Y, Zhang T, Lv L., (2022). Atmospheric aerosol particle size distribution from Lidar data based on the
lognormal distribution mode. Heliyon, 8(8), €09975. DOI: 10.1016/j.heliyon.2022.e09975.

Subramanian R, Kagabo A. S, Baharane V., Guhirwa S., Sindayigaya C., Malings C., Williams N. J,, Kalisa E., Li H., Adams P, Robinson A. L,
DeWitt H. L, Gasore J. and Jaramillo P. (2020). Air pollution in Kigali, Rwanda: spatial and temporal variability, source contributions, and the
impact of car-free Sundays. Clean Air Journal, 30(2), 15. DOI: 10.17159/caj/2020/30/2.8023.

Tuan A.D., Anh N. X, Hung T. P.(2017). The simulation of aerosol Lidar developed at the Institute of Geophysics. Journal of Marine Science
and Technology, 17(4B), 51-57. DOI: 10.15625/1859-3097/17/4B/12991.

Vaughan G, Wareing D. and Ricketts H. (2021). Measurement Report: Lidar measurements of stratospheric aerosol following the 2019
Raikoke and Ulawun volcanic eruptions. Atmospheric Chemistry and Physics, 21(7), 5597-5604, DOI: 10.5194/acp-21-5597-2021.

Volkova KA., Poberovsky AV, Timofeev Yu.M., lonov D.V,, Holben B.N., Smirnov A, Slutsker 1. (2018). Aerosol optical characteristics retrieved
from measurements of CIMEL sun photometer (AERONET) near Saint Petersburg. OnTrka atMocdepsbl 1 okeaHa, 6, 425-431, (in Russian) DOI:
10.15372/A0020180601.

Wei Y, Wang Y, Di Q, Choirat Ch,, Wang Y., Koutrakis P, Zanobetti A, Dominici F, Schwartz J. D. (2019). Short term exposure to fine
particulate matter and hospital admission risks and costs in the Medicare population: time stratified, case crossover study. BMJ, 367,16258. DOI:
10.1136/bmj.16258.

162



Samulenkov D. A. and Sapunov M. V. THE AEROSOL POLLUTION OF THE ATMOSPHERE ON THE EXAMPLE OF ...

Welton E. J, Stewart S. A, Lewis J. R, Belcher L. R, Campbell JR.and Lolli S. (2018). Status of the NASA Micro Pulse Lidar Network (MPLNET):
overview of the network and future plans, new version 3 data products, and the polarized MPL. EPJ Web of Conferences, [online] 176, 09003.
DOI: 10.1051/epjconf/201817609003. Available at: https://www.epj-conferences.org/articles/epjconf/pdf/2018/11/epjconf_ilrc28_09003.pdf
[Accessed 30 March. 2023].

Xie Ch., Nishizawa T, Sugimoto N., Matsui I. and Wang Z. (2008). Characteristics of aerosol optical properties in pollution and Asian dust
episodes over Beijing, China. Applied Optics, 47(27), 4945-4951. DOI: 10.1364/A0.47.004945.

Xie Ch.-B, Zhou J,, Sugimoto N., Wang Z -F. (2010). Aerosol Observation with Raman LIDAR in Beijing, China. Journal of the Optical Society
of Korea, 14(3), 215-220.

Yegorov A. D, Kopp I. Z, Perelma A.Y, (1995). Air aerosol pollution and lidar measurements. Proceedings of SPIE - The International
Society for Optical Engineering, 2505, 38-43. DOI: 10.1117/12.219649.

Yin Zh, YiF, LiuF,HeY, Zhang Y, Yu Ch., Zhang Y, (2021). Long-term variations of aerosol optical properties over Wuhan with polarization
lidar. Atmospheric Environment, 259,118508, DOI: 10.1016/j.atmosenv.2021.118508.

Zhdanova E. Yu,, Chubarova N.Ye,, Lyapustin A. 1. (2020). Assessment of urban aerosol pollution over Moscow megacity by MAIAC aerosol
product. Atmospheric Measurement Techniques, 13(2), 877-891. DOI: 10.5194/amt-2019-325.

Zhu J, Liu D, Zeng Q. (2011). Analysis of the Aerosol Optical Depth and the Air Quality in Qingdao, China. Journal Of Software, 6(7),
1194-1200. DOI: 10.4304/jsw.6.7.1194-1200.

Zuev V. E, Zuev V. V. (1992). Distancionnoe opticheskoe zondirovanie atmosfery (Remote optical sensing of the atmosphere). St.
Petersburg: Gidrometeoizdat.

163





