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A B S T R A C T   

Pollution of the atmosphere with harmful substances is currently the most dangerous form of degradation of the 
natural environment in Russia. The peculiarities of the environmental situation and the emerging environmental 
problems in some areas of the Russian Federation are caused by local natural conditions and the nature of the 
impacts from industries, transport, utilities, and agriculture (the specifics of enterprises, their capacity, location, 
technologies used). As a rule, the magnitude of air pollution depends on the degree of urbanization and 
anthropogenic transformation of the territory and climatic conditions that determine the potential for atmo-
spheric pollution. During high-temperature technological processes, the smallest aerosol particles (0.5..0.10 μm) 
formed, poorly captured by gas purification plants, and can migrate in the atmosphere for considerable distances. 
Larger particles (2.5 μm and above) are formed due to the mechanical decomposition of solid particles and enter 
the atmosphere due to wind erosion, the dusting of dirt roads, the erasure of vehicle tires. The particles sus-
pended with a diameter of not more than 2.5 μm (PMX) are the most destructive to health since they penetrate 
and get deposited deep into human lungs. These microns, present in a suspended state in the air, consist of a 
complex mixture of large and small, solid and liquid particles, of both inorganic and organic substances. The 
boundary between the two fractions is usually particles with a diameter of 2.5 μm (PM2.5). This study sought to 
build a model for determining fine dust PM2.5 in the Moscow air environment using Landsat 8 OLI satellite 
image channels and data on the concentrations of fine dust PM2.5 obtained by weather stations in the city. In 
addition, a correlation analysis was carried out to determine a regression model for studying the dispersion of 
fine dust in the city. The results obtained are presented on a map of the concentration of fine dust PM2.5 in 
Moscow, supporting management decisions and decision-making on environmental policy in urban planning.   

1. Introduction 

According to Imhoff et al., Intensive changes in human settlement, 
energy use, consumption of natural resources, transportation, industry, 
and population growth patterns manifested through Urban heat island 
(UHI) and urban pollution island (UPI) (2010). 

An urban heat island is a change in heat balance in urban spaces 
compared to nearby rural areas due to changes in heat transfer and the 
amount of movement between the Earth's surface and the atmosphere in 
terms of heat storage, the separation between explicit and latent heat 
flows (Bowen ratio), friction resistance and the balance between natural 
and anthropogenic emissions (Vailshery et al., 2013). 

The “urban pollution island” was a term recently introduced (Crut-
zen, 2004) to denote the beginning of temporal and spatial changes in 
the concentration of pollutants attributed to the presence of typical 

urban features and activities. The differences between suburban, 
metropolitan areas and rural regions determine the intensity of urban 
pollution by analogy with the intensity of the urban heat island. UHI and 
air pollution are far from independent phenomena, to the extent that 
where urban heat islands exist, urban pollution islands most likely 
coexist (Crutzen, 2004). High temperatures accelerate specific chemical 
cycles of the atmosphere, most of which lead to an increase in surface 
(tropospheric) ozone formation, an increase in emissions of biogenic 
hydrocarbons (Elsayed, 2012). Moreover, conditionally, it leads to the 
release of exhaust gas heat into the urban air, thereby fueling the 
strengthening of the UHI in an ever-increasing spiral. Turbulent mixing 
is stimulated by warmer air, promoting the spread of primary pollutants 
to higher layers of the atmosphere (Sarrat et al., 2006). 

The rapid pace of industrialization, the constant population increase, 
the upsurge in the number of vehicles and traffic density, the decrease in 
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green areas, the presence of industries in Moscow lead to significant 
environmental pollution. Urbanization causes substantial changes in the 
atmospheric air, increased pollutants concentrations, and fine dust 
particles that pose a severe threat to public health. The World Health 
Organization (WHO) classifies fine particles with a size of no less than 
10 μm (PM10, PM2.5) as priority pollutants entering the atmospheric air 
according to the level of impact on public health. PM2.5 is particularly 
dangerous. PM2.5 aerosols can directly penetrate the human lungs 
through the respiratory tract, thus affecting their health (Raaschou- 
Nielsen et al., 2013). According to a report by WHO, more than 90% of 
the world's population inhales large amounts of pollutants every day, 
leading to an estimated seven million deaths annually. Therefore, an 
assessment of the concentration of PM2.5 is required, and it becomes a 
significant problem for human health (Melstrom et al., 2017). 

Airborne fine dust particles refer to solid or liquid elements sus-
pended in the air. In addition, they are very heterogeneous both in space 
and in time and are often observed as smoke, dust, and haze. PM2.5 and 
PM10 are defined as particles with a diameter of 2.5 μm or less and 10 
μm or less, and respectively, these are standard concentrations used by 
the US Environmental Protection Agency (EPA). Aerosol is defined as 
the total number of particles suspended in the air with a typical particle 
radius from 0.05 to 15 μm (Dubovik et al., 2001). Aerosol particles' 
scattering and absorption of light to poor visibility (Kaufman et al., 
1997). Satellite remote sensing of aerosols allows obtaining data on the 
Aerosol Optical Thickness (AOT) as a quantitative measurement of the 
content of solid particles in the atmospheric column(Liu et al., 2009). To 
a certain degree, AOT can be considered an important and the easiest 
recognized indicator of air pollution and the presence of solid particles 
in the air. 

The most challenging task is to obtain information about the frac-
tions of fine particles from remote measurement data. This is the con-
version of optical parameters of aerosol into a mass concentration of 
PM2.5 (from now on, also referred to as PM2.5). Earlier studies assumed 
that there were mysterious relations between the aerosol optical thick-
ness (AOT) and PM2.5. A linear regression of AOD – PM2.5 was usually 
used to represent their correlation (Engel-Cox et al., 2004; Wang and 
Christopher, 2003). Meanwhile, other studies have proved the presence 
of a significant nonlinear relationship between AOT and PM2.5 
(Hutchison et al., 2005) due to the variety of optical properties of the 
aerosol with variations in granulometric composition, composition, and 
shape. Many statistical expressions were developed to describe the AOD 
– PM2.5 relationship (Paciorek and Liu, 2009). 

The sources of suspended particles entering the atmospheric air of 
Moscow are emissions from industrial enterprises, emissions of motor 
vehicles (mainly diesel), construction work, fine dust from paved areas 
of territories, and unpaved soil areas. 

The research in this paper is based on a statistical analysis of mete-
orological measurement data and the observed air pollution at ground 
stations. Based on these measurements and the spatial distribution of 
fine dust, air pollutants were estimated using dispersion and interpola-
tion methods. The accuracy of the process depends on the number and 
location of monitoring stations. The denser the number of measuring 
stations, the more accurate the results. However, the construction of air 
monitoring stations is economically costly, so it is impractical. More-
over, urban areas with a characteristic pronounced uneven relief of 
urban development due to different heights of buildings. 

However, data for the entire study area is provided in a continuous 
network structure of adjacent pixels when using satellite images. Each 
pixel is similar to a monitoring station, so the number of data mea-
surement points from the satellite is much higher than ground-based 
measuring stations. The results of the satellite image analysis show the 
values for each pixel depending on the image resolution and the territory 
for different observation periods, which is extremely difficult to achieve 
when setting up ground-based monitoring stations. 

Studies worldwide show that multispectral satellite images allow to 
detection of air pollution in areas of interest. Several studies have shown 

a conceivable link between satellite data and air pollution (Liaw et al., 
2020; Shi et al., 2012; Zhang and Li, 2015). Data from the Landsat 8 OLI 
satellite has been used since 2013. This study presents the results on the 
scattering of suspended particles of no more than 2.5 μm in diameter 
(PM2.5) in the air using experimental satellite images of Landsat 8 OLI 
in Moscow. 

2. Study area 

Moscow, located in the center of the East European Plain, between 
the Oka and Volga Rivers, was chosen to study at an average altitude of 
180 m above sea level. The city characterizes by a humid temperate 
continental climate with a clearly defined seasonality (climatic region 
IIB according to SP 131.13330.2018). Currently, Moscow covers an area 
of about 2561 km2, while the population density in the city is 4956 
people/km2 (2020). According to official data, about 12.6924 million 
people live in the city (according to unofficial data, about 20 million 
people). According to Moscow City State Statistics Committee forecasts, 
by 2030, the population of Moscow is estimated to hit the mark of 13.65 
million people. According to mathematical predictions based on the 
graph's data on the people of the city for 30 years, the population of 
Moscow may reach 15 million people. 

Fig. 1 shows the scheme of the administrative division of Moscow 
city, indicating the location of the weather stations that provided data 
for the study. 

2.1. Description of the nature of the image obtained by the Landsat 8 
satellite in the city of Moscow 

The Landsat 8 OLI satellite successfully launched in 2013 with two 
primary sensors: a ground image receiver (OLI-Operational Land 
Imager) and a thermal infrared sensor (TIRS-Thermal Infrared Sensor) 

Fig. 1. The scheme of administrative division of the city of Moscow with the 
location of the weather stations provided data for the study. 
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(Landsat 8 (L8) Data Users Handbook, 2019) (Tables 1, 2.1–2.4). 
The image of Landsat 8 OLI used in the study is provided on the 

website http://landsat.usgs.gov. The image was processed by the pro-
vider at level 1 with the image numbers: LC 08_L1TP_179021_2019 
06_200828_02_T1 and LC08_L1TP_179022_20190606_20200828_02_T1 
on 06.06.2019 LC08_L1TP_178021_20201210_20210312_02_T1 and 
LC08_L1TP_178022_20201210_20210312_02_T1 on 10.12.2020. 

2.2. Data on the concentration of fine PM2.5 particles recorded by 
CityAir weather stations 

2.2.1. Description of the device used for measuring fine particles of PM2.5 
Monitoring of the state of dust pollution of the environment with 

suspended substances PM2.5 and PM10 carries out by dust analyzers. 
The most widely used dust analyzers are based on a microbalance, 
radioisotope, and nephelometric, each of which has certain advantages 
and limitations. 

Dust meters using the microbalance method are based on a change in 
the frequency of natural mechanical vibrations of a glass tube as solid 
particles deposited on a quartz filter. 

Dust meters using the radioisotope method are based on the atten-
uation of the intensity of ionizing radiation when passing through a 
layer of matter (thus, its size is also determined). 

Dust meters using the nephelometric method are based on the in-
tensity of a monochromatic light beam scattered at an angle of 90◦ on 
the size and concentration of particles. 

In the framework of the study, the concentration of suspended PM2.5 
particles was recorded by the equipment of CityAir, an organization for 
monitoring air quality, using the CityAir Dust fine meter (no. in the GRSI 
of the Russian Federation: 75984–19) (Fig. 2), which designs to deter-
mine PM2.5 in the air by the nephelometric method (Table 3). When 
using the CityAir Dust device, the particle sizes are directly determined. 
This dust analyzer has a feature that allows measurements to carry out 
without using a selective impactor. 

It should note that the nephelometric method is an indirect mea-
surement method that bases on the assumption of the density and size 
distribution of particles; this is embedded in the algorithm for restoring 
the mass concentration by the intensity of scattered light incident on the 
photodetector. The readings of nephelometric dust meters must 
normalize due to differences in the distribution of suspended substances 
in the urban air compared with the reference values of aerosols used for 
calibration. 

Moreover, when normalizing PM2.5 values with the CityAir Dust 
device, various models can be used. Terms used: 

A dust analyzer (dust meter) measures the diameter and the counting 
or mass concentration of suspended substances. 

Suspended substances PM2.5 are particles that pass through a se-
lective impactor that provides 50% screening of particles with an 
aerodynamic diameter of 2.5 μm, and the upper limit of complete 
screening is 7 μm. 

2.2.2. Actual data of the concentration values of fine PM2.5 particles 
recorded by CityAir weather stations 

The concentration values of fine PM2.5 particles take from all 
existing City Air stations in Moscow for 2019. The importance of fine 
PM2.5 particles used to compare with the results obtained by remote 
sensing is presented in Tables 4.1 and 4.2 below. 

3. Methodology 

In this study, the remote sensing method was used to construct a 
PM2.5 concentration scheme. The research process is divided into the 
following stages: data collection, image pre-processing, data processing, 
model selection, and evaluation of the results. All steps of pre-processing 
and data processing are performed using the ArcGIS and Microsoft Excel 
programs. 

3.1. Pre-processing of images 

Image pre-processing performs by converting numeric values (DN- 
Digital number) into a spectral wavelength or a matter of spectral 
reflectivity with several levels of radiation correction. First, the nu-
merical values convert to the radiation values at the receiver. Then the 
spectral radiation at the receiver is converted back into the spectral 
radiation on the Earth's surface. Finally, after the previous stages, it is 
necessary to carry out an atmospheric correction to eliminate the in-
fluence of atmospheric conditions on the image quality (Fig. 3). 

3.2. Conversion of numerical values into spectral radiation values at the 
peak of the atmosphere (TOA) 

Landsat 8 OLI image Data (Landsat 8 (L8) Data Users Handbook, 
2019) the data of the peak spectral radiation of the atmosphere con-
verted into the following formula: 

Lλ = ML*Qcal +AL (1)  

where Lλ− is the peak spectral radiation of the atmosphere (Watts / (m2 
* srad * microns)); 

ML− is the coefficient of the change in the radiation coefficient of the 
image channel by a set of multiples taken in the metadata file (RADI-
ANCE_MULT_BAND_x, where x is the image channel); 

AL− is the coefficient of change in the radiation power of the image 
channel by cumulative nature, taken in the metadata file (RADI-
ANCE_ADD_BAND_x, where x is the image channel); 

3.3. Converting numerical values into reflection in the upper part of the 
atmosphere 

The data from the Landsat 8 OLI image channels are converted to 
reflection in the upper part of the TOA atmosphere using the regression 
reflection coefficient provided in the metadata file (MTL file). The 
following equation is used to convert DN values to TOA reflection for 
Landsat 8 OLI data (Landsat 8 (L8) Data Users Handbook, 2019): 

ρλ
′

= Mρ*Qcal +Aρ (2)  

where, ρλ′− TOA reflection at the top of the atmosphere without 
correction for the angle of incidence; Mρ− coefficient of change in the 
reflection coefficient of the image channel according to the multiplicity 
property taken in the metadata data file (REFLECTANCE_-
MULT_BAND_x, where x is the image channel); Aρ− coefficient of change 
in the reflectivity of the image channel by the aggregate character, taken 
in the metadata data file (REFLECTANCE_ADD_BAND_x, where x is the 
image channel); Qcal− quantization and standard calibration of the 
conversion of numerical values of channels. 

Table 1 
Spatial resolution of Landsat 8 OLI and image channels.  

Image channels Wavelength (λ, μm) Resolution (m) 

Channel 1- Coastal aerosol 0.43–0.45 30 
Channel 2- Blue 0.45–0.51 30 
Channel 3- Green 0.53–0.59 30 
Channel 4- Red 0.64–0.67 30 
Channel 5- Near Infrared (NIR) 0.85–0.88 30 
Channel 6- SWIR 1 1.57–1.65 30 
Channel 7- SWIR 1 2.11–2.29 30 
Channel 8- Panchromatic 0.50–0.68 15 
Channel 9- Cirrus 1.36–1.38 30 
Channel 10- Thermal Infrared (TIRS) 1 10.60–11.19 100 
Channel 10- Thermal Infrared (TIRS) 2 11.50–12.51 100  
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Table 2.1 
Parameters of the image capture date channel (path:179, row: 021) Landsat 8 OLI on 06.06.2019:  

Image channels ML AL Mp Ap ESUNλ Lmax Lmin 

Channel 1 0,012194 − 60,96,806 0,00002 − 0,1 1971,25 738,14,038 − 60,95,587 
Channel 2 0,012486 − 62,43,204 0,00002 − 0,1 2018,59 755,86,475 − 62,41,956 
Channel 3 0,011506 − 57,53,059 0,00002 − 0,1 1860,11 696,52,289 − 57,51,908 
Channel 4 0,0097026 − 48,51,304 0,00002 − 0,1 1568,55 587,34,735 − 48,50,333 
Channel 5 0,0059375 − 29,68,756 0,00002 − 0,1 959,875 359,42,728 − 29,68,162 
Channel 6 0,0014766 − 738,303 0,00002 − 0,1 238,712 89,38,629 − 738,155 
Channel 7 0,00049769 − 248,847 0,00002 − 0,1 80,4588 30,12,797 − 248,798 
Channel 8 0,010981 − 54,90,341 0,00002 − 0,1 1775,17 664,71,552 − 54,89,243 
Channel 9 0,0023205 − 11,60,257 0,00002 − 0,1 375,141 140,47,234 − 11,60,025  

Table 2.2 
Parameters of the image capture date channel (path:179, row: 022) Landsat 8 OLI on 06.06.2019.  

Image channels ML AL Mp Ap ESUNλ Lmax Lmin 

Channel 1 0,012194 − 60,96,806 0,00002 − 0,1 1971,25 738,14,032 − 60,95,587 
Channel 2 0,012486 − 62,43,204 0,00002 − 0,1 2018,59 755,86,469 − 62,41,955 
Channel 3 0,011506 − 57,53,059 0,00002 − 0,1 1860,11 696,52,283 − 57,51,908 
Channel 4 0,0097026 − 48,51,303 0,00002 − 0,1 1568,55 587,34,729 − 48,50,333 
Channel 5 0,0059375 − 29,68,756 0,00002 − 0,1 959,875 359,42,725 − 29,68,162 
Channel 6 0,0014766 − 738,303 0,00002 − 0,1 238,712 89,38,629 − 738,155 
Channel 7 0,00049769 − 248,847 0,00002 − 0,1 80,4588 30,12,796 − 248,798 
Channel 8 0,010981 − 54,90,340 0,00002 − 0,1 1775,17 664,71,552 − 54,89,242 
Channel 9 0,0023205 − 11,60,257 0,00002 − 0,1 375,141 140,47,232 − 11,60,025  

Table 2.3 
Parameters of the image capture date channel (path:178, row: 021) Landsat 8 OLI on 10.12.2020.  

Image channels ML AL Mp Ap ESUNλ Lmax Lmin 

Channel 1 0,01295 − 64,73,693 0,00002 − 0,1 1971,25 783,77,002 − 64,72,398 
Channel 2 0,01326 − 66,2914 0,00002 − 0,1 2018,59 802,59,003 − 66,27,814 
Channel 3 0,01222 − 61,08696 0,00002 − 0,1 1860,11 739,57,983 − 61,07475 
Channel 4 0,0103 − 51,51,197 0,00002 − 0,1 1568,55 623,6554 − 51,50,167 
Channel 5 0,0063 − 31,52,276 0,00002 − 0,1 959,875 381,646 − 31,51,645 
Channel 6 0,00157 − 783,942 0,00002 − 0,1 238,712 94,91,189 − 783,785 
Channel 7 0,00053 − 264,231 0,00002 − 0,1 80,4588 31,99,039 − 264,178 
Channel 8 0,01166 − 58,29,737 0,00002 − 0,1 1775,17 705,80,627 − 58,28,571 
Channel 9 0,00246 − 12,31,981 0,00002 − 0,1 375,141 149,15,591 − 12,31,734  

Table 2.4 
Parameters of the image capture date channel (path:178, row: 022) Landsat 8 OLI on 10.12.2020.  

Image channels ML AL Mp Ap ESUNλ Lmax Lmin 

Channel 1 0,01295 − 64.73693 0,00002 − 0,1 1971,25 783,77,002 − 64,72,398 
Channel 2 0,01326 − 66.29141 0,00002 − 0,1 2018,59 802,59,009 − 66,27,815 
Channel 3 0,01222 − 61.08697 0,00002 − 0,1 1860,11 739,5799 − 61,07475 
Channel 4 0,0103 − 51.51197 0,00002 − 0,1 1568,55 623,65,546 − 51,50,167 
Channel 5 0,0063 − 31.52276 0,00002 − 0,1 959,875 381,64,603 − 31,51,645 
Channel 6 0,00157 − 7.83942 0,00002 − 0,1 238,712 94,9119 − 783,786 
Channel 7 0,00053 − 2.64231 0,00002 − 0,1 80,4588 31,99,039 − 264,178 
Channel 8 0,01166 − 58.29737 0,00002 − 0,1 1775,17 705,80,634 − 58,28,571 
Channel 9 0,00246 − 12.31981 0,00002 − 0,1 375,141 149,15,591 − 12,31,734  

Fig. 2. The appearance of CityAir Dust meters with an indication of 
measuring channels. 

Table 3 
Technical characteristics of the City Air Dust analyzer used for fixing PM2.5.  

Name of the parameter or characteristic Value 

Electrical power supply parameters:  
AC voltage от 207 до 253 
V - frequency of alternating current от 49 до 51 
Power consumption, V*A, no more 50 
Overall dimensions of the dust meter, mm, no more:  
Height-width-length 110,170,300 
Weight, kg, no more 1,6 
Operating conditions:  
Ambient temperature, ◦C от − 40 до +50 
Relative humidity of the environment, %, no more 98 
Atmospheric pressure, kPa от 84 до 106,7  
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3.4. TOA reflection in the upper part of the atmosphere when adjusting 
the angle to the sun 

ρλ =
ρλ′

cos(θSZ)
=

ρλ′

sin(θSE)
(3)  

where ρλ– reflection in the upper part of the atmosphere (TOA); θSE−

angle to the sun (SUN_ELEVATION); θSZ− the angle at the top of the sun; 
θSZ= 90◦ − θSE. 

3.5. Atmospheric correction 

To determine the reflection coefficient of the atmosphere, we need to 
draw the reflection coefficient from the surface. However, when light 
passes through the atmosphere, it is affected by the scattering and 

absorption of particles suspended in the atmosphere. Therefore, to 
improve the results of determining the reflection from the Earth's sur-
face, it is necessary to introduce a correction to the atmosphere. 

The attached Landsat 8 OLI image allows to directly convert the 
numerical values of the image into a reflection in the upper part of the 
atmosphere (TOA), thereby continuing to calculate the reflection coef-
ficient on the Earth's surface. According to (Susan Moran et al., 1992), 
the reflection from the Earth (p) is calculated by the following formula: 

ρ =
π*(Lλ − LP)*d2

Tv*{(ESUNλ*cos(θSZ)*TZ ) + Edown )}
(4)  

where LP− radiation transmission line; Tv− function transmits radiation 
through the atmosphere from the Earth's surface to the receiver; 
TZ− function transmits radiation through the atmosphere from the sun to 
the Earth's surface; Edown− the spectral radiation propagates to the plane 
of the object's surface; ESUNλ− spectral radiation of the sun on the 
terrain plane perpendicular to the sun's rays; d− distance from the Earth 
to the sun. 

To correct the atmosphere, the method of subtracting DOS (Dark 
Object Subtraction) (Chavez, 1996) and determining the transmission 
line radiation (Sobrino et al., 2004) is used. The DOS method excludes 
the influence of the atmosphere based on the reflection of objects. This is 
a simple method based on the obtained reflectivity (TOA) of the image 
channels themselves. The principle of this method is based on the 
assumption that some pixels of the satellite image will have zero 
reflectivity. Therefore, measured values of this object's reflection coef-
ficient in the image result from the scattering of rays in the atmosphere. 
The DOS method is simple and has particular effectiveness in correcting 
atmospheric influences like removing haze. The following formula exists 
for the Landsat 8 OLI image: 

LP = Lmin − 0, 01*
TV*{(ESUNλ*cos(θSZ)*TZ ) + Edown }

π*d2 (5)  

where Lmin− minimum spectral illumination of the image channel taken 
in the metadata file (RADIANCE_MINIMUM_BAND_x, where x is the 
image channel). 

The DOS method depends on the parameters TV, TZ и Edown Moreover, 

Table 4.1 
Data of PM2.5 concentration values recorded by City Air stations in Moscow 
using the CityAir Dust meter in the period from 8: 00 to 9: 00, 06.06.2019.  

N◦ Location of the measurement point PM2.5 sr, 
μg/m3 

PM2.5 sr 
correct, μg/ 
m3 Address of the 

weather station 
Latitude Longitude 

1 Balchug str., 5 55,74,717 37,62,665 0,008 0,003 
2 Beregovaya str., 3 55,828,169 37,464,339 0,008 0,003 
3 Bolshoy 

Levshinsky lane, 
11 

55,74,299 37,58,831 0,007 0,003 

4 Kashirsky proezd, 
10 

55,653,223 37,622,344 0,006 0,002 

5 Malaya 
Dmitrovka str., 
18А 

55,77,128 37,60,682 0,008 0,003 

6 Priorova str., 
16к1 

55,81,998 37,526,537 0,005 0,005 

7 Weather station 
in Tamansky 
puffin 

55,777,043 37,440,135 0,009 0,004 

8 1905 goda str., 7/ 
1 

55,7621 37,55,867 0,007 0,003 

9 Stroiteley str., 11 55,687,015 37,531,954 0,008 0,003 
10 Tolbukhina str., 

9к1 
55,72,123 37,40,099 0,007 0,003  

Table 4.2 
Data of PM2.5 concentration values recorded by City Air stations in Moscow 
using the CityAir Dust meter in the period from 8: 00 to 9: 00, 10.12.2020.  

N◦ Location of the measurement point PM2.5 sr, 
μg μg/m3 

PM2.5 sr 
correct, μg/ 
m3 Address of the 

weather station 
Latitude Longitude 

1 Balchug str., 5 55,74,717 37,62,665 0,032 0,012 
2 Beregovaya str., 3 55,828,169 37,464,339 0,025 0,010 
3 Bolshoy 

Levshinsky lane, 
11 

55,74,299 37,58,831 0,031 0,012 

4 Kashirsky proezd, 
10 

55,653,223 37,622,344 0,037 0,015 

5 Malaya 
Dmitrovka str., 
18А 

55,77,128 37,60,682 0,026 0,010 

6 Priorova str., 
16к1 

55,81,998 37,526,537 0,035 0,014 

7 1/3 Tamansky 
puffin street 

55,777,043 37,440,135 0,025 0,010 

8 Gorokhovsky 
lane, 4 

55,7636 37,66,295 0,027 0,011 

9 Pogodinskaya 
Street, 2 

55,73,513 37,57,228 0,030 0,012 

10 Zvorykin Street, 
1 k2 

55,69,353 37,35,213 0,025 0,010  

Fig. 3. Scheme of the procedure for determining fine particles of PM2.5 ac-
cording to the data of the Landsat 8 OLI satellite image and the data of dust 
measurement in the surface layer of the atmosphere. 
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it is divided into several types (DOS1, DOS2, DOS3, DOS4). 
In this study, we used DOS1. The parameters were determined as 

(Susan Moran et al., 1992) TV=1; TZ=1; Edown=0. The formula calculates 
the radiation of the transmission line: 

LP = Lmin − 0, 01*
ESUNλ*cos(θSZ)

π*d2 (6) 

Moreover, the reflection from the Earth's surface is calculated using 
the following formula: 

ρ =
π*

(
Lλ − Lp

)
*d2

ESUNλ*cos(θSZ)
(7)  

where ESUNλ = πd2 (Radiance_maximum / Reflectance_ maximum) 
(Bilal et al., 2019), Radiance_maximum и Reflectance_ maximum pre-
sented in the Landsat 8 metadata file. 

3.6. Preparation of the atmospheric reflection value 

The reflection in the upper part of the atmosphere is equal to the sum 
of the reflection from the Earth and the atmospheric reflection, so the 
reflection coefficient of the atmosphere is calculated using the formula 
(Somvanshi et al., 2019). 

Ratm = ρλ − ρ (8)  

where, Ratm− atmospheric reflection; ρλ− reflection in the upper part of 
the atmosphere (TOA); ρ− reflection from the Earth. 

The relationship between the aerosol thickness (AOT) and the PM2.5 
dust content: Solar energy enters the aerosol layer in the troposphere 
under the influence of polluted gas molecules and dust particles, is 
partially reflected in the aerosol layer, and then enters the satellite 
image receiver. Some of the sun's rays hit an object on the Earth, the 
surface, and then are reflected in the satellite image receiver. Based on 
the energy losses in the satellite receiver due to the absorption and 
scattering of polluting gas molecules and dust particles, the dust content 
in the air is calculated. 

After adjusting the atmosphere, we calculate the reflection in the 
upper part of the atmosphere (TOA) and the reflection from the surface 
of the Earth, based on which the reflection coefficient of the atmosphere 
is calculated. The aerosol optical thickness (AOT) is calculated as follows 
(Othman et al., 2010): 

AOT(λ) = a0R(λ) (9) 

where R (λ) is the reflection function of the atmosphere corre-
sponding to the wave (λ). 

Equation (8) is rewritten for the image channels as follows: 

AOT(λ) = a0Rλ1 + ajRλ2 + a2Rλ3 +⋯ (10)  

where, Rλi− reflection coefficient of the atmosphere (i = 1, 2 and 3 for 
satellite wavelengths), and aj is the algorithmic coefficient (j = 0, 1 and 
2) determined experimentally. 

The connection between fine dust (PM) and AOT occurs from a pure 
homogeneous layer containing spherical aerosol particles. The surface 
concentration is obtained after drying the air sample. 

PMx =
4
3

πρ
∫ X/2

0
r3n(r)dr (11)  

where n (r) describes the granulometric composition under dry condi-
tions, and p is the mass density of the aerosol. 

Thus, it was found that the PM content correlates better with direct 
AOT. Replacing AOT with PM2.5 in equation (9), we get equation (11), 
and the algorithm for the image channel or wavelength (λ), PM2.5, is 
simplified by the formula (Lim et al., n.d.; Othman et al., 2010): 

PM2, 5 = a0Rλ1 + ajRλ2 + a2Rλ3 +⋯ (12)  

where Rλi− is the reflection coefficient of the atmosphere (i = 1, 2, and 3, 
corresponding to the wavelength of the satellite), and aj is the algo-
rithmic coefficient (j = 0, 1 and 2), determined experimentally. 

3.7. Determination of the error 

The uncertainty is calculated between the estimated dust value from 
the equation and the actual measured dust value: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
(Pcalculation − Рmeasurement)2

N

√

(13)  

where Pcalculation− dust concentration is calculated by the formula; 
Рmeasurement− measured observed dust content value; N− number of 
samples. 

4. Results 

Based on equation (12), a survey, correlation analysis, and regression 
analysis of PM2.5 calculation models with Landsat 8 OLI images taken 
on June 6, 2019, were carried out. 

In studies to determine the concentration of fine PM2.5 particles by 
similarity with the aerosol optical thickness (AOT) according to Landsat 
satellite images, blue, green, and red wavelengths in the range of 
0.45–0.69 μm are mainly used (Othman et al., 2010). Therefore, in this 
study, four spectral channels of the Landsat 8 OLI image were used to 
obtain dust scattering schemes: channel 1 – Coastal aerosol (0.43–0.45 
μm), channel 2 - Blue (0.45–0.51 μm), channel 3 - Green (0.53–0.60 μm) 
and channel 4 - Red (0.63–0.68 μm). 

Based on the initial image data, processing steps were performed to 
extract data from the image; then, they were combined with ground- 
based measurement data to calculate the coefficient of the linear 
regression equation (see Table 5). A linear regression analysis was per-
formed based on dust concentrations from 10 weather stations (see 
Tables 4.1 and 4.2). 

Regression models were calculated and analyzed using Microsoft 
Excel software. The value of the atmospheric reflection coefficient Ri is 
considered an independent variable. The dust concentration PM2.5 
measured at ground stations is a dependent variable. The results of the 
regression calculation are shown in Table 6.1 and Table 6.2. 

It can be seen from the analysis results (Table 6.1) that when using 
independent spectral channels, the correlation coefficient R is very low. 
Combining spectral channels gives better results. The calculation results 
show that when combining the atmospheric reflection coefficient 
calculated using four spectral channels, the highest correlation coeffi-
cient is observed (R = 0.9143 and R2 = 0.8361). 

It can be seen from the analysis results (Table 6.2) that when using 
independent spectral channels, the correlation coefficient R is very low. 
Combining spectral channels gives better results. The calculation results 

Table 5 
Model of regression and correlation analysis.    

Channel 1 Channel 2 Channel 3 Channel 4 

PM2, 5= a0 +a1. R1    

PM2, 5= a0  +a2. R2   

PM2, 5= a0   +a3. R3 +a4. R4 

PM2, 5= a0 +a1. R1 +a2. R2   

PM2, 5= a0 +a1. R1  +a3. R3  

PM2, 5= a0 +a1. R1   +a4. R4 

PM2, 5= a0  +a2. R2 +a3. R3  

PM2, 5= a0  +a2. R2  +a4. R4 

PM2, 5= a0   +a3. R3 +a4. R4 

PM2, 5= a0 +a1. R1 +a2. R2 +a3. R3  

PM2, 5= a0 +a1. R1 +a2. R2  +a4. R4 

PM2, 5= a0 +a1. R1  +a3. R3 +a4. R4 

PM2, 5= a0  +a2. R2 +a3. R3 +a4. R4 

PM2, 5= a0 +a1. R1 +a2. R2 +a3. R3 +a4. R4  
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show that when combining the atmospheric reflection coefficient 
calculated from 4 spectral channels, the highest correlation coefficient is 
observed (R = 0.9889 and R2 = 0.9779). 

It is necessary to consider the value of the probability of significance 
(Sig. F) (Table 7.1), which should not be more than 0.05, in which case 
the model is considered significant. Thus, the equation used to map the 
concentration of fine PM2.5 particles for the city of Moscow is written as 
follows: 

PM2,5 = − 0, 0496 − 0, 20733R1 + 0, 13929R2 + 0, 08063R3 − 0, 0572R4

(14) 

It is necessary to consider the value of the probability of significance 
(Sig. F) (tab. 7.2), which should be no more than 0.05 – then the model is 
significant. Thus, the equation used to map the concentration of fine 
PM2.5 particles for the city of Moscow is written as follows: 

PM2,5 = − 0, 3143R1 + 0, 35394R2 + 0, 15012R3 − 0, 1973R4 (15) 

Based on the formula (14), using the ArcGIS program, a map of the 
concentration of fine dust PM2.5 in the city of Moscow as of June 6, 
2019, was done (Fig. 4). 

Based on the formula (15), using the ArcGIS program, a map of the 

concentration of fine dust PM2.5 in the city of Moscow on December 10, 
2020, was done (Fig. 5). 

The results of this study (R = 0.9143 and R2 = 0.8361 and the lowest 
average error RMSE = 0.37376 μm/m3) show that the method for 
determining air pollution with fine PM2.5 particles can be applied using 
various coefficients to increase the accuracy of the satellite image from 
Landsat 8 OLI in combination with data on PM2.5 concentrations ob-
tained by local ground stations. Landsat 8 OLI images were successfully 
used to calculate the concentration of PM2.5 on the territory of Moscow. 
The resulting map of dust pollution by fine particles shows the con-
centrations of PM2.5 in the region of the city. 

The values of the concentration of fine dust PM2.5 are compared 
with actual values - data on air pollution in the city with fine dust PM2.5. 
It, therefore, can be concluded that the concentration of PM2.5 (see 
Figs. 4, 5) reflects the actual values; PM2.5 pollution is concentrated in 
the center of Moscow and on the main transport highways. 

Table 6.1 
Results of correlation and regression analysis.  

a0 a1 a2 a3 a4 R R2 RMSE (μg / m3) 

0,00160 − 0,0041    0,1452 0,0211 0,38,493 
0,0030  − 0,0008   0,04 0,0016 0,13,738 
0,0036   0,0014  0,0707 0,0050 0,32,818 
0,0035    0,0010 0,0655 0,0043 0,32,161 
− 0,0145 − 0,0614 0,0437   0,4778 0,2283 0,51,726 
− 0,0021 − 0,0325  0,0218  0,4923 0,2424 0,70,960 
− 0,0006 − 0,0175   0,0090 0,3546 0,1258 0,70,251 
0,0053  − 0,0121 0,0116  0,2535 0,0643 0,46,113 
0,0043  0,0099  0,0076 0,2242 0,0503 0,45,484 
0,0036   0,0014 − 0,00004 0,0707 0,0050 0,65,045 
− 0,0143 − 0,0730 0,0348 0,0177  0,6053 0,3664 0,84,201 
− 0,0142 − 0,0606 0,0425  0,0005 0,4780 0,2285 0,83,516 
− 0,0020 − 0,0334  0,0264 − 0,0035 0,4983 0,2484 102,740 
0,0053  − 0,0131 0,0086 0,0033 0,2632 0,0693 0,77,930 
− 0,0496 − 0,20,733 0,13,929 0,08063 − 0,0572 0,9143 0,8361 0,37,376  

Table 6.2 
Results of correlation and regression analysis.  

a0 a1 a2 a3 a4 R R2 RMSE (μg / m3) 

0,00336 − 0,00978    0,0405 0,0016 0,84,919 
0,0050  − 0,0081   0,0392 0,0784 0,81,017 
0,0027   − 0,0121  0,0854 0,0072 0,73,311 
0,0042    − 0,0103 0,0983 0,0096 0,71,752 
0,0007 − 0,0263 0,0141   0,0413 0,0017 164,778 
0,0173 0,0610  − 0,0628  0,1874 0,0351 157,067 
0,0298 0,0674   − 0,0542 0,2382 0,0567 155,494 
0,0082  0,0599 − 0,0709  0,2091 0,0437 153,169 
0,0244  0,0796  − 0,0718 0,3039 0,0923 151,601 
0,0161   0,0697 − 0,0648 0,1310 0,0171 143,901 
0,0046 − 0,0223 0,0787 − 0,0708  0,2106 0,0443 236,927 
0,0075 − 0,1188 0,1901  − 0,0798 0,3426 0,1173 235,353 
0,0325 0,0636  0,0244 − 0,0708 0,2418 0,0584 227,648 
0,0311  0,0765 0,0438 − 0,1037 0,3165 0,1001 223,754 
0 − 0,3143 0,3539 0,1501 − 0,1972 0,9889 0,9779 309,266  

Table 7.1 
ANOVA table.  

ANOVA       

Df SS MS F Significance F 

Regression 4 468233E-06 1,17E-06 6,377,984 0,033593452 
Remains 5 917674E-07 1,84E-07   
General 9 0,0000056     

Table 7.2 
ANOVA table.  

ANOVA       

Df SS MS F Significance F 

Regression 4 0,001345 0,00034 134,169 284625E-05 
Remains 6 15039E-05 2,5E-06   
General 10 0,00136025     
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5. Discussion 

5.1. The relationship between the urban heat island and the urban 
pollution island 

The importance of studying the consequences of combining an urban 
heat island and an urban pollution island has been emphasized since 
2004 (Crutzen, 2004). However, different reasons should separate the 
study of urban heat islands and urban pollution islands (Li et al., 2018). 
Recently, holistic approaches that allow conceptualizing double-action 
countermeasures have become increasingly widespread (Baklanov 
et al., 2016; Crutzen, 2004). 

Assessing the relationship between urban heat islands and urban 
pollution island is a big task. Even though it is expensive, installing and 
maintaining a dense sensor network is necessary to study near-surface 
parameters. Alternatively, uncontrolled areas can be estimated using 
geostatistics based on a relatively small number of direct observations 
(Merbitz et al., 2012) or by applying complex algorithms to remotely 
obtained images (Nichol, 1996). 

The probability of forming an urban heat island and an urban 
pollution island increases as we approach the city center and sources of 
heat/emissions, air stagnation, clear anticyclonic conditions, warm/hot 
seasons, night conditions, the size of the city, and population. Impacts of 
UHI and UPI affect climatological aspects such as sunlight, precipitation, 
temperature, and air quality. Under certain circumstances, the positive 
correlation between the urban heat island and the urban pollution island 
may change to the opposite due to the stimulation of vertical transport, 
mixing, and inversion violation. In addition, since the budgetary con-
ditions for the formation and increase of an urban heat island and an 
urban pollution island are associated with advection mechanisms, a 
trend towards chemical production/losses, turbulence, dry or wet 
deposition, and anthropogenic emissions, the net movement may differ 

at night and during the day (Sarrat et al., 2006). 
Due to a larger and longer-term middle layer, there may be a more 

severe deterioration in air quality in large cities. Urban winds are 
generated by urban heat islands and are characterized by converging 
flows on the surface to the city center. Based on observations and 
considering the current trend towards overcrowding of urban centers 
with fewer parking lots and wide traffic lanes, we should look for the 
problem of setting thresholds for dark airflow, at least on pedestrian 
streets (Krüger et al., 2011). In addition, stuck plumes of ozone pre-
cursors can spread further downwind, exposing suburban areas and 
nearby small towns to air quality degradation. 

5.2. Future research 

Based on the data obtained from satellite images of the city of 
Moscow on June 6, 2019, and December 10, 2019, using mathematical 
formulas that convert digital data, combined with data obtained at 
meteorological stations on Earth, the method of calculating multidi-
mensional regression gave us reliable results that enable us to draw valid 
conclusions. As part of future research, more resources can be invested 
in increasing the density of fine dust pollution survey networks in the 
city of Moscow in a bid to improve the accuracy of the computational 
model. Finally, future research may include linking the results of 
determining polluted urban islands and urban thermal islands based on 
microclimate simulation models. Thus, special attention is paid to the 
factors of the urban heat island, which directly affect the distribution of 
fine dust in the city, to offer solutions for the simultaneous minimization 
of the urban heat island (UHI) and the urban pollution island (UPI). 

Fig. 4. Scheme of the concentration of fine dust PM2.5 in Moscow on June 
6, 2019. Fig. 5. The scheme of the concentration of fine dust PM2.5 in Moscow on 

December 10, 2020. 
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6. Conclusion 

Moscow - a European metropolis located in a temperate climate 
zone, has been selected for the research purpose. Identifying contami-
nated areas has been conducted with the support of ArcGIS software, 
converting satellite images of Landsat 8 OLI, measurement data at 
meteorological monitoring stations in Moscow within the framework of 
the CityAir project, and other spatial analysis tools. The results of this 
study (R = 0.9143 and R2 = 0.8361 and the lowest average error RMSE 
= 0.37376 μm/m3) show that the method for determining air pollution 
with fine PM2.5 particles can be applied using various coefficients to 
increase the accuracy of the satellite image from Landsat 8 OLI in 
combination with data on PM2.5 concentrations obtained by local 
ground stations. 

According to the analysis of the obtained images, the air pollution 
zones are mainly concentrated in the center, in the north, and gradually 
decrease in the south-west of the city. A high population density may 
cause the observed phenomenon in the northern, the concentration of 
production, housing and transport communications, and private trans-
portation contributes to the formation of PM2.5 particles. The following 
features characterize the high level of urbanization in Moscow: the 
proximity of buildings, which positively affects the comfort of the 
microclimate in the summer due to protection zones and shading of 
roads, and negatively - in the winter due to excessive shading. However, 
most infrastructural factors and the urbanization increase are respon-
sible for air pollution. Based on the results obtained, it can be concluded 
that the advantage of using remote sensing technology is to establish the 
influence of the atmosphere and geological features of the Earth's sur-
face on determining the concentration. 

Urban heat islands and urban pollution islands manifest urban 
microclimatic transformations and thermochemical disturbances 
occurring in megacities. Studies have shown that high temperature, low 
relative humidity, low wind speed, and the absence of clouds simulta-
neously affect the development of an urban heat island and the heavy 
pollution of the territory. 

In general, within the framework of the analysis of microclimatic 
conditions and the environmental situation in the city, it is difficult to 
find a universal formula for identifying the mutual influence of urban 
heat islands and pollution. Still, by combining the research results with 
new results from related disciplines, it is possible to compile a list of 
criteria for evaluating the effectiveness of urban design measures:  

• For buildings and building surfaces: aerodynamically uneven urban 
profiles and radial street layouts should be encouraged to cause 
turbulent heat propagation between buildings and prevent stagna-
tion of pollutants; appropriate blackout provisions should be pro-
vided to avoid unnecessary overheating of premises and limit the use 
of air conditioning systems; centralized large buildings and hotels 
should switch to heat recovery systems to recirculate the pumped hot 
air into hot water systems or secondary circuits; roofs and sidewalks 
with a high albedo should be preferred over traditional paradigms, 
but special legislation should contain recommendations regarding 
the potential disadvantages of UV radiation;  

• For urban transport, restrictions should be introduced on certain 
types of transportation and special rules governing the number and 
type of vehicles in hotspots in different city areas. The use of hybrid 
cars and alternative fuels is one of the directions that allow getting 
away from traditional technologies of combustion of hydrocarbons 
in the internal combustion engine. Prospective studies establish the 
type of road surface, tires and brake linings, anti-icing agents of road 
surfaces that pollute objects located near roads; 

• For water surfaces in the city: large bodies of water should be sur-
rounded by low buildings so that the wind brings fewer heat flows to 
the city; an artificial cooling system, such as water spray systems, 
should be organized in the form of several small interventions 

designed taking into account the prevailing wind regimes and syn-
ergetic cooling;  

• For urban green areas: parks should be added to the urban structure 
to stimulate local breezes and provide a higher volumetric heat ca-
pacity; the possibility of creating vertical green spaces and roof 
gardens should be considered, especially in high-rise buildings that 
are exposed to solar radiation for a long time to reduce the use of AC 
systems; vegetation cover in the form of overhanging vines or the 
likes, should shade large masses of asphalt and concrete; where 
possible, preference should be given to species with a low level of 
maintenance and a low potential for ozone formation. 

Based on the results obtained, the influence of the atmosphere and 
geological features of the Earth's surface on the determination of PM2.5 
dust from the Landsat 8 OLI satellite image is visible. Further research in 
studying image correction methods to improve the accuracy of the 
technique used in work will be a step in the right direction. 
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