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ABSTRACT 

Introduction. Air pollution heterogeneity and rapid urbanization impose numerous constraints on available near-surface air qual-

ity monitoring. The solution for effective warning comes with the integration of different data, including remote sensing. Satellite data 

cannot answer whether dangerous pollution levels are observed; however, it provides a complete picture and may detect air pollution 

transportation towards or away from cities. The possibilities for effective near-real time (NRTI) monitoring have significantly improved 

with the launch of the Sentinel-5P satellite. The study aimed to describe the developed system for NRTI air pollution monitoring over 

Kharkiv, Kryvyi Rig, Kyiv, and Odesa based on NO2 and CO data derived from the Sentinel-5P satellite. 

Data and methodology. The NRTI System was developed for tropospheric NO2 and total CO column number densities based 

on the Sentinel-5P NRTI products. After satellite scanning of Ukrainian territory, the NRTI System goes live in 2-3 hours. It is fully 

automatic, and modules were written using Python, VB.NET, and batch-scripting. 

Results. The NRTI System includes four main phases: preparatory, source data downloading, processing and post-processing 

with visualization, archiving, and result distribution among users. Source data filtering with a quality assurance index and downscaling 

with linear kriging interpolation were developed. The output of the NRTI System is data in regular grids with a spatial resolution of 

0.02o×0.02o. Based on the NRTI System work during October – December 2021, we conducted preliminary analyses to understand the 

possibilities of data usage. Higher NO2 content was observed in Kyiv and Kharkiv, where traffic emissions play a crucial role in air 

quality worsening. The use of daily time series allowed the detection of an increase in NO2 variance during the heating season, as well 

as plume distribution from cities to rural areas due to the prevailing wind. CO content is more homogeneous; however, higher values 

were observed in industrial Kryvyi Rig and Odesa. It is emphasized the huge impact of shipping CO emissions on air quality in Odesa. 

The temporal averaging of the NRTI System output allowed us to define the most polluted districts within the cities of interest. We 

intend to continue developing the presented NRTI System and develop the same algorithms for all cities with populations greater than 

500 000 people in order to provide operational air pollution monitoring based on satellite data. 
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Introduction. The problem of atmospheric air 

pollution in cities and industrial regions requires ac-

tivities in two main directions: 1) the development of 

effective monitoring by using data integration; and 2) 

the implementation of measures for air quality im-

provement. Atmospheric air pollution monitoring 

should be based on near-surface observations. It ena-

bles us to determine whether or not dangerous levels 

of air pollution exist. However, the spatial distribu-

tion of chemical substances in the urban atmosphere 

is highly heterogeneous [1,2]. Consequently, ground-

based air quality network could not provide a full pic-

ture of processes that might cause elevated air pollu-

tion episodes [3]. Particularly if the emission sources 

are located outside of cities or if transboundary air 

pollution is present. Rapid growth of urban areas 

complicates the situation, and fixed locations of 

ground-based sensors very often become unable to 

capture the influence of new emission sources. 

The solution for point-based ground-level meas-

urements comes together with the integration of re-

mote sensing data by using satellites that observe at-

mospheric composition. Satellite data provide us 

with close to full global coverage [4-7]. It is obvious 

that cloudiness remains challenging [8], but its nega-

tive influence could be minimized with temporal av-

eraging. Near-real time remote sensing is more sen-

sitive to cloudiness. Nevertheless, very often torn in 

the clouds are observed; hence, the overall picture is 

not significantly distorted. 

Remote sensing of atmospheric composition 

plays a significant role in our knowledge about the 
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emission sources [9-11], air pollution transport 

[12,13], chemicals dispersion and accumulation [14-

16], which were shown at regional and synoptic 

scales. Despite available satellite data, it was not pos-

sible for all satellite missions before 2017 to provide 

any downscaling in order to analyze sub-urban scale 

due to coarse spatial resolution [4,17]. At the end of 

2017, a new satellite mission started its operation af-

ter the launch of the TROPOspheric Monitoring In-

strument (TROPOMI) onboard the Sentinel-5 Pre-

cursor (Sentinel-5P) [18]. The spatial resolution was 

increased to 7.0×3.5 km (and later to 5.5×3.5 km 

[19]) allowing for detailed exploration at the sub-city 

scale. As Sentinel-5P covers the entire Ukrainian ter-

ritory every day, its data could be used not only for 

scientific research based on offline (OFFL) infor-

mation but also to provide near-real time (NRTI) air 

pollution monitoring. 

Wide opportunities for Sentinel-5P data usage in 

Ukraine were discussed in studies [20-24]. The test 

version of a fully automatic atmospheric air quality 

monitoring system was developed by the Ukrainian 

Hydrometeorological Institute of State Emergency 

Service of Ukraine and the National Academy of Sci-

ences of Ukraine (UHMI) in 2020. The first assess-

ment was conducted during the wildfire events in 

April 2020 in the northern part of Ukraine [23]. The 

system was used to analyze the air pollution transport 

by the State Emergency Service of Ukraine for deci-

sion-making. Since May 2020, the System has been 

processing Sentinel-5P data every day in the NRTI 

regime, providing interested users with detailed in-

formation and data on nitrogen dioxide (NO2), carbon 

monoxide (CO), sulfur dioxide (SO2), ozone (O3), 

formaldehyde (HCHO), and cloudiness over the ter-

ritory of Ukraine [21]. At the end of 2020, the System 

was developed by adding testing programming mod-

ules for NRTI NO2 data processing and downscaling 

over the cities of Kyiv and Kryvyi Rig [21]. 

After being successfully tested in the first half of 

2021, the System for atmospheric air quality moni-

toring over Ukraine in the NRTI regime was ready for 

further improvements. Now it is being developed in 

several branches. One of the branches is the system 

for NRTI air pollution monitoring over cities pre-

sented in this study. 

The aim of this study is to describe the devel-

oped system for NRTI air pollution monitoring over 

the cities of Kharkiv, Kryvyi Rig, Kyiv, and Odesa 

based on NO2 and CO data derived from Sentinel-5P 

(the NRTI System).  

As this study is being done as the first stage of 

the project within the framework of the ERA-

PLANET/UA project [25], the overall aim is to de-

velop the NRTI System for all Ukrainian cities with 

a population of more than 500 000 inhabitants 

(Dnipro, Donetsk, Kharkiv, Kryvyi Rig, Kyiv, Lviv, 

Mykolaiv, Odesa, and Zaporizhzhia).  

Data and key methodological aspects. Source 

Sentinel-5P data is represented at different levels, 

which correspond to different levels of data pro-

cessing [26]. 0-level contains the initial signal data 

from four spectrometers. This data is not available to 

the public. 1-level contains calibrated irradiance data 

for the following spectral bands: 270-300 nm, 300-

320 nm, 320-405 nm, 405-500 nm, 675-725 nm, 725-

775 nm, 2305-2345 nm, and 2345-2385 nm [27]. 

Moreover, calibrated solar irradiance data of 270-775 

nm, and 2305-2385 nm is available. 1-level data is 

available to the public.  

2-level data contains information about the at-

mospheric composition for the following chemical 

species: total and tropospheric column of ozone (O3), 

nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon 

monoxide (CO), methane (CH4), formaldehyde 

(HCHO), and aerosol [27]. Using NO2 and CO, the 

influence of the majority of anthropogenic emission 

sources could be estimated [28]. Moreover, its rela-

tionship could be used as a predictor of combustion 

efficiency (and as a result of gasoline type) [29-31]. 

Therefore, NO2 tropospheric column density and CO 

total column density were selected as the basic pollu-

tants for the NRTI System described in this study. 

Sentinel-5P data is available as OFFL and NRTI 

products. OFFL data is more accurate, but its late in-

gestion makes impossible the operational air quality 

monitoring. NRTI data was chosen for the NRTI Sys-

tem because it is available within 2-3 hours of sens-

ing. Sentinel-5P covers the territory of Ukraine at 

12:30-14:00 EEST, hence the final output (consider-

ing the source data ingestion, further downloading to 

local servers, full processing, and visualization) from 

the developed NRTI System could be distributed 

among interested users in Ukraine at 17:30-18:00 

EEST. 

The NRTI System works with an initial spatial 

resolution of source data, which is crucial for NRTI 

monitoring and further downscaling. The coordinates 

of pixels change from day to day, forming a 16-day 

cycle. NRTI data ingests in separate blocks with cor-

responding files. As Ukrainian territory is rather 

large, up to 10 files are needed to cover it every day. 

It is obvious that the processing of all files is too time-

consuming for NRTI monitoring and operative warn-

ings concerning elevated pollution levels. The time 

for files to download exceeds the time for data pro-

cessing. As a result, preliminary analyses revealed 

that the most effective method was to download 2-5 

files that covered the entire territory, depending on 

the date. All other blocks cross each other and could 

be omitted to save time. 

The NRTI System was written using Python, 

VB.NET, and batch-scripting. 
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Results. Preparatory phase and data down-

loading. Despite the simplicity of the preparatory 

phase, it is the most time-consuming stage. The NRTI 

System starts working at 15:40 EEST with a basic 

check of local computer availability. As the NRTI 

System is fully automatic and works every day, it is 

possible that unforeseen events may happen. For ex-

ample, a power cut and draining the uninterruptible 

power supply (UPS), resulting in a computer shut-

down. If the computer is not available after the shut-

down, the NRTI System automatically restarts it. This 

procedure ensures everyday work. 

Some unforeseen events may occur during the 

data processing, e.g., prolonged internet disconnec-

tion during the data downloading. As a result, a num-

ber of temporary files were not removed. Therefore, 

at 16:00 EEST, the NRTI System checks the availa-

bility of unremoved temporary files. If they are 

found, the NRTI System removes them and prepares 

working directories for the new run. 

At 16:20 EEST, the NRTI System launches the 

modules that are responsible for Sentinel-5P data 

downloading. All the data is being stored at the Senti-

nel-5P Pre-operations Data Hub [32]. Data download-

ing requires the indication of a special UUID (Univer-

sally Unique IDentifier) code, which consists of 32 

randomly generated symbols. The UUID is taken from 

the output file after a special request to the Hub. The 

output list is limited to 50 files. Considering the large 

area of Ukraine, the total number of files may exceed 

the limit. Therefore, the request must be well-thought-

out. To meet the limit, our request is based on the Sen-

tinel-5P sensing time. It was calculated to within one 

minute for each day ahead. So, the NRTI System reads 

the file with sensing time (from hh.mm to hh.mm) and 

creates a request to the Hub: 

 

https://s5phub.copernicus.eu/dhus/odata/v1/Products?$select=[sensing time] 

 

The request is being sent using the “wget.exe” 

utility (https://www.gnu.org/software/wget/). The 

output is an XML file with a list of available data 

files. The list contains descriptions and UUIDs. It 

must be noted that the NRTI System downloads data 

for the entire Ukrainian territory, not just over the cit-

ies of interest. Knowing the UUIDs, the data files are 

downloaded using the following “wget” command: 

 

https://s5phub.copernicus.eu/dhus/odata/v1/Products('" & [UUID] & "')/$value 

 

After downloading the NetCDF file, it is re-

named as “XXX_I.nc”, where “XXX” – chemical for-

mula of the pollutant, “I” – the file index (e.g., 

“NO2_2.nc”). These files are temporary and are be-

ing removed after data processing. 

Data processing. During its development, the 

NRTI System algorithm was divided into several 

branches for more effective work. After the data has 

been downloaded, the branches start working inde-

pendently. A separate branch was developed for the 

purpose of NRTI air pollution monitoring over cities. 

First and foremost, the data are filtered in order 

to identify statistically unreliable data. Cloudiness 

has the most negative impact on remote sensing re-

trievals. The filtering uses a quality assurance index 

(QA), which is dimensionless and varies from 0 to 1. 

QA=0 corresponds to totally unreliable data, whereas 

QA=1 – totally reliable data. A QA value is given for 

each grid of satellite data. Despite the ability to use 

values with QA>=0.5, it is better to filter Sentinel-5P 

data with QA>=0.75, saving those NRTI values that 

are the most statistically significant. Therefore, if a 

certain value is characterized by QA<0.75, it is re-

moved from the datasets. 

After the filtering, all values are binned by lon-

gitude/ latitude which allowed us to arrange the data 

into regular grids. This procedure is necessary due to 

the differences in the area covered by Sentinel-5P. As 

it was mentioned, the same grid appears only once 

every 16 days. This is not necessary for NRTI moni-

toring itself; however, we would like to create regular 

grids in order to create time series. The procedure of 

binning is described in [21]. For the sub-city scale, 

the regular grid is 0.02⁰× 0.02⁰ that is finer than the 

original spatial resolution of TROPOMI. Our regular 

grids are designed for downscaling. All centers of 

source TROPOMI pixels are being overlaid on regu-

lar grids. If the center of the pixel falls into the grid 

cell – the cell of the regular grid is filled with the orig-

inal pollutant’s content value. Those grids that do not 

coincide with the centers of pixels remain blank at 

this phase. Linear Kriging interpolation is used to fill 

in the blank grids [33]. As a result, the territory of the 

city has better visible maxima of air pollutants. The 

regular grid is divided into particular domains for cer-

tain cities (Table 1). The NRTI System generates new 

NetCDF files with localized NO2 and CO content 

over cities after filtering and binning. 

Post-processing phase. The output visualization 

is based on Python modules. Each city and each pol-

lutant used their own post-processing modules, 

which were combined into a joint block. As a result, 

there are 8 separate visualization modules (2 pollu-

tants in 4 cities). The figures 1-4 illustrate an example 

of the NRTI System output. 

After the visualization, the NRTI System re-

moves all temporary files that were created during the 

run. While it is finishing, another module provides 

https://www.gnu.org/software/wget/
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the distribution of results among users. Nowadays, 

the NRTI System output is distributed via e-mail; 

however, the other types of results distribution could 

be implemented, e.g., FTP, Telegram, etc. Fig. 5 rep-

resents the whole scheme of the NRTI System’s 

work. 

 

Table 1 

Boundaries of city domains 

City North point 

(oN) 

South point 

(oN) 

West point 

(oE) 

East point 

(oE) 

Size 

N-S (o) 

Size  

W-E (o) 

Kharkiv 50.20 49.75 35.80 36.60 0.45 0.80 

Kryvyi Rig 48.60 47.20 32.90 34.00 1.40 1.10 

Kyiv 50.70 50.00 30.00 31.00 0.70 1.00 

Odesa 46.65 46.20 30.40 31.00 0.45 0.60 

 

 

Fig. 1 The example of the NRTI System output for NO2 and CO in Kyiv 

 

 

Fig. 2 The example of the NRTI System output for NO2 and CO in Kharkiv  
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Fig. 3 The example of the NRTI System output for NO2 and CO in Kryvyi Rig  

 

 
Fig. 4 The example of the NRTI System output for NO2 and CO in Odesa 
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Fig. 5 The scheme of the NRTI System for air pollution monitoring over cities 

 

First results derived from the NRTI System. 

The NRTI System for selected cities was launched in 

October 2021. Further improvements and corrections 

were not critical for the NRTI System’s work; hence, 

the total period for preliminary analyses covers three 

months until the end of 2021. Overall, the NRTI Sys-

tem rather well reflects NO2 and CO variability and 

coincides with pollutants’ emissions. Very often, we 

observed plumes distributed from the cities to rural 

areas by the prevailing wind, which allowed us to es-

timate potentially endangered areas (examples of 

plume distribution can be seen in fig. 1-3). The NRTI 

System output also shows the spatial distribution of 

pollutants during unfavorable meteorological condi-

tions (e.g., air temperature inversions and low wind 

speeds).  

The highest NO2 content during October – De-

cember 2021 was observed in Kyiv and Kharkiv, 

reaching 7.9·10-5 mol/m2 and 7.1·10-5 mol/m2 respec-

tively (fig. 6B). Traffic emissions in these cities play 

a significant role in the formation of higher NO2 lev-

els. Despite huge industrial emissions in Kryvyi Rig, 

NO2 content was lower, reaching 5.7·10-5 mol/m2 

which is comparable to observed values in Odesa 

(fig. 6B). It showed that traffic plays an important 

role in urban air quality nowadays and that the con-

sequences of traffic emissions could be more serious 

than industrial ones. 

The heating season impacts the day-to-day NO2 

variability in cities. It is seen from the NO2 time se-

ries in Fig. 6A how the variance increases in Novem-

ber – December after the heating season starts. 

In contrast to NO2, CO content is mostly formed 

under the influence of industrial emissions. The high-

est CO average values were observed in Odesa and 

Kryvyi Rig, reaching 3.39·10-2 mol/m2 and 3.38·10-2 

mol/m2 respectively (Fig. 7B). CO is emitted into the 

atmosphere after the solid fuel is burned, which is 

still used in the majority of industrial processes in 

Ukraine. Moreover, active shipping causes SO2 and 

CO emissions. Increased CO content in Odesa is fre-

quently caused by the influence of shipping emis-

sions during the sea-to-land wind, which transports 

polluted air masses towards the city. CO content in 

Kyiv and Kharkiv was lower, reaching 3.37·10-2 

mol/m2 and 3.36·10-2 mol/m2 respectively (Fig. 7B). 
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Fig. 6. Time series (A) and average values (B) of NO2 tropospheric column number density (mol/m2)  

spatially averaged over cities in October – December 2021 

 

 
Fig. 7. Time series (A) and average values (B) of CO total column number density (mol/m2)  

spatially averaged over cities in October – December 2021 

 

The variance of CO values was low during Oc-

tober – December 2021 (Fig. 7A). However, this pe-

riod coincides with the lowest CO content in the an-

nual cycle in Ukraine [24], hence the day-to-day var-

iability will become more heterogeneous at the end 

of the cold season. 

The NRTI System allowed us to define the most 

polluted districts in the cities during October – De-

cember 2021. Overall, in Kyiv, three maxima were 

observed in Shevchenkivskyi, Pecherskyi, and Solo-

mianslyi Districts; in Kharkiv – Novobarskyi, Slo-

bidskyi, and Osnovianskyi Districts; in Kryvyi Rig – 

Inguletskyi District. There was not a clear maximum 

observed in Odesa. 

Conclusions. A system for NRTI air pollution 

monitoring was developed for the cities of Kharkiv, 

Kryvyi Rig, Kyiv, and Odesa based on NO2 and CO 

data derived from Sentinel-5P. The algorithm of the 

NRTI System includes four main phases: preparatory, 

source data downloading, data processing, and post-

processing with visualization. The NRTI System out-

put is statistically reliable and provides more detailed 

information than the source data due to the imple-

mentation of data filtering and downscaling. The 

NRTI System was integrated into the general, fully 

automatic system for air quality monitoring previ-

ously developed for the entire Ukrainian territory. It 

began providing daily NRTI data in October, based 

on fully automated algorithms. The NRTI System 

output allowed us to make preliminary analyses of 

NO2 and CO spatio-temporal distribution over Kyiv, 

Kharkiv, Odesa and Kryvyi Rig. There was detected 

the days with the maximal emission and plumes 

which were distributed out of cities by the prevailing 

wind. NO2 content is higher in Kyiv and Kharkiv 

with more intense traffic emissions, whereas in-

creased CO content was observed in Odesa and 

Kryvyi Rig with prevailing shipping and industrial 

emissions, respectively. It was detected the increase 

of variance in NO2 time series as a response to the 

heating season. Temporal averaging enabled the iden-

tification of the most polluted districts within cities. 

Overall, the NRTI System showed acceptable results 

and the possibility for operative monitoring. The 

NRTI System will be expanded to cover all cities with 

populations greater than 500 000 inh. in order to pro-

vide detailed operational monitoring of air pollution. 
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Система моніторингу забруднення атмосферного повітря над містами  

у режимі «близькому до реального часу» за даними супутника Sentinel-5P 
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У статті представлено розроблену повністю автоматичну систему моніторингу забруднення атмосферного 

повітря діоксидом азоту (NO2) та монооксидом вуглецю (CO) для міст території України на основі супутникових 

даних Sentinel-5P у режимі «близькому до реального часу». Розроблена система дозволяє отримувати деталізо-

вану інформацію про загальний вміст NO2 та CO в атмосфері над містами Київ, Харків, Одеса та Кривий Ріг. 

Загалом робота системи реалізуєтсья у чотири основні етапи: підготовчий, завантаження вихідних супутникових 

даних, обробка та завершаючий етап з візуалізацією, архівуванням та розсилкою результатів. Для роботи системи 

розроблено процеси фільтрування за індексом якості даних, впорядкування та деталізації даних з використанням 

лінійної крігінг інтерполяції. Результати роботи системи представляють собою координатно-прив’язані відфільт-

ровані дані з просторовою роздільною здатністю 0.02o×0.02o. За результатами роботи системи у жовтні – грудні 

2021 р. проведено попередній аналіз стану забруднення атмосферного повітря за загальним вмістом NO2 та CO. 

Вищий вміст NO2 характерний для Києва та Харкова, де викиди від автотранспорту відіграють провідну роль у 

формуванні забруднення атмосферного повітря. На основі щоденних даних вдається чітко прослідковувати зрос-

тання дисперсії вмісту NO2 під час опалювального сезону; та спостерігати поширення шлейфу забрудненого по-

вітря від міст у сільську місцевість за переважаючим напрямком вітру. Загальний вміст CO є більш однорідним 

як у просторі, так і у часі, проте вищі значення характерні для промислового Кривого Рогу та Одеси. Наголошено, 

що у окремі дні викиди від морського транспорту можуть відігравати значну роль у формуванні високого вмісту 

CO в Одесі. Використання даних системи дозволило виявляти найбільш забруднені райони в межах досліджува-

них міст за умови часового осереднення щоденних даних. Планується подальше удосконалення системи шляхом 

розробки подібних алгоритмів для усіх міст України із населенням більше 500 000 осіб в цілях проведення опе-

ративного моніторингу якості атмосферного повітря за супутниковими даними. 

Ключові слова: якість атмосферного повітря, діоксид азоту, монооксид вуглецю, TROPOMI, моніторинг, 

забруднення 

 

Внесок авторів: Савенець М. – концептуалізація, методологія, розробка модулів,  
обчислення, написання тексту; Орещенко А. – розробка модулів картографування                Надійшла 15 лютого 2022 р. 
та візуалізації, написання тексту; Надточій Л. – розрахунки            Прийнята 14 листопада 2022 р.  

https://doi.org/10.28974/idojaras.2021.2.6
https://doi.org/10.28974/idojaras.2021.2.6
https://www.nas.gov.ua/legaltexts/DocPublic/P-210217-44-1.pdf
https://www.nas.gov.ua/legaltexts/DocPublic/P-210217-44-1.pdf
https://sentinels.copernicus.eu/web/sentinel/missions/sentinel-5p/data-products
https://sentinels.copernicus.eu/web/sentinel/missions/sentinel-5p/data-products
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-5p/products-algorithms
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-5p/products-algorithms
http://dx.doi.org/10.1079/9781786393890.0000
http://dx.doi.org/10.1079/9781786393890.0000
https://doi.org/10.5194/acp-20-10295-2020
https://doi.org/10.5194/acp-20-10295-2020
https://doi.org/10.3390/rs9070744
https://doi.org/10.5194/acp-21-597-2021
https://s5phub.copernicus.eu/dhus/#/home
https://doi.org/10.1007/0-306-47647-9_6

