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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 NO2z and CO data derived from the Sentinel-5P satellite.

Data and methodology. The NRTI System was developed for tropospheric NOz 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
0.02°x0.02°. 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.
Keywords: atmospheric air quality, nitrogen dioxide, carbon monoxide, TROPOMI, monitoring, pollution.
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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 (NO>), carbon
monoxide (CO), sulfur dioxide (SO;), 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 NO; 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 NO; 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]. O-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 (NOy), sulfur dioxide (SO.), carbon
monoxide (CO), methane (CH4), formaldehyde
(HCHO), and aerosol [27]. Using NO> 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, NO, 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.

-196 -



ISSN 2410-7360 BicHuk XapKiecbk020 HauioHanbH020 yHieepcumemy imeHi B.H. KapasiHa

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 AA.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 [lnc”, where “XXX” — chemical for-
mula of the pollutant, “/” — 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 NRTT 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 0.02°% 0.02° 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 NO; 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
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the distribution of results among users. Nowadays,  be implemented, e.g., FTP, Telegram, etc. Fig. 5 rep-
the NRTI System output is distributed via e-mail;  resents the whole scheme of the NRTI System’s

however, the other types of results distribution could  work.

Table 1
Boundaries of city domains
City North point | South point | West point East point Size Size
CN) CN) (E) CE) N-S () W-E ()

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
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Fig. 1 The example of the NRTI System output for NO, and CO in Kyiv
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Fig. 2 The example of the NRTI System output for NO, and CO in Kharkiv
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Fig. 3 The example of the NRTI System output for NO, and CO in Kryvyi Rig
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Fig. 4 The example of the NRTI System output for NO, 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 NO, 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 NO; content during October — De-
cember 2021 was observed in Kyiv and Kharkiv,
reaching 7.9-10 mol/m? and 7.1-10° mol/m? respec-
tively (fig. 6B). Traffic emissions in these cities play
a significant role in the formation of higher NO; lev-
els. Despite huge industrial emissions in Kryvyi Rig,
NO, content was lower, reaching 5.7-10° mol/m?

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 NO-
variability in cities. It is seen from the NO; time se-
ries in Fig. 6A how the variance increases in Novem-
ber — December after the heating season starts.

In contrast to NO», 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 3.39-102 mol/m? and 3.38-102
mol/m? 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 SO, 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 3.37-107
mol/m? and 3.36-10"2 mol/m? respectively (Fig. 7B).
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Fig. 7. Time series (A) and average values (B) of CO total column number density (mol/m?)
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 NO, 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
NO: 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. NO, 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 NO, 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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Cucrema MOHITOPUHTY 3a0pyIHEeHHSI aTMOC(EPHOI0 NMOBITPS HA/I MiCTAMH
Y PeKUMI «OJIU3bKOMY 10 PeaJIbHOI0 Yacy» 3a JAaHMMH CyyTHHKa Sentinel-5P

Muxaiino Caseneup’,

K. TeOTp. H., CT. HayK. CIIBPOO. By MOHITOpPHUHTY arMocdepw,

'Ykpaincekuii rinpomereoponoriunuii incruryt JJICHC Vipainu Ta HAH Ykpainn,
npocm. Hayku, 37, Kuis, 03028, Ykpaina;

Anopiii Opewenxo’,

K. TEOoTp. H., CT. HayK. CHIBp0O. BTy MPHUKIIAAHOT METEOPOJIOTIi Ta KIIIMaTOJIOT'1;
JTomuna Haomouiit',

K. TeoTp. H., CT. HayK. CIiBPOO0. BTy MOHITOpHHTY aTMochepu

V¥ crarTi npencTaBieHo po3pobiIeHy MOBHICTIO aBTOMaTHUHY CHCTEMY MOHITOPHHTY 3a0pyAHEHHS aTMOC(EpPHOTo
moBiTps miokcuaoM a3oty (NO2) Ta MoHOOKcuoM Byrielro (CO) mmst MicT Teputopii YKpaiHU Ha OCHOBI CyITy THUKOBHX
nanux Sentinel-5P y pexxuMi «0nm3bkoMy 10 peajbHOro 4acy». Po3poOiieHa cuctema J103BOJISIE OTPUMYBATH JIE€TAIII30-
BaHy iH(popMarito npo 3araiphuit BMict NO; ta CO B armocdepi Hax micramu Kui, Xapkis, Ozneca ta Kpuswuii Pir.
3aranoM poboTa CHCTEMH Peali3yeTChsl Y YOTUPU OCHOBHI €TAIM: IiITOTOBYNH, 3aBAHTAKCHHS BUXITHUX CyITyTHHKOBHX
JaHUX, 00poOKa Ta 3aBEpIIAIOYMIA €Tall 3 Bi3yalTi3alli€to, apXiByBaHHIM Ta PO3CHIIKOIO pe3yJibTatiB. 11 poOOTH CHCTEMHU
Ppo3po0bIieHo Tporiecu GibTPYBaHHSI 33 1HASKCOM SIKOCTI JAaHHUX, BIIOPSAKYBAHHS Ta JSTATI3aIli] JaHUX 3 BUKOPUCTAHHIM
JIHIHHOT KpITiHT iHTepronAnii. Pe3ynsrarn podoTH cucTeMu NpeICTaBIsIoTh COO0I0 KOOPAMHATHO-TIPHB s13aHi BindinasT-
POBaHi J1aHi 3 MPOCTOPOBOIO po3ainbHOIO 31aTHIcTIO 0.02°%0.02°. 3a pe3ynpraraMu poOOTH CUCTEMH Y JKOBTHI — IPYAHI
2021 p. mpoBeJeHO MOTEpeIHI aHalli3 CTaHy 3a0pyIHEHHs aTMOC(hEpHOTo MOBITPs 3a 3arajdbHUM BMicToM NO; ta CO.
Bummit Bmict NO; xapakrepuuii juis Kuesa ta XapkoBa, e BUKHAM BiJl aBTOTPAHCIIOPTY BiJIrparoTh IPOBIAHY POIb y
(opmyBaHHI 3a0pyaHEHHS aTMoc(hepHOro NnoBiTps. Ha 0CHOBI IOJICHHUX JTaHUX BIAETHCS YiTKO MPOCIiIKOBYBAaTH 3pOC-
TaHHs aucnepcii BMicty NO; 1mij] yac oraioBaJIbHOTO CE30HY; Ta CIOCTEpIraTH MOMMUpeHHs nuieiidy 3adpyHeHoro mno-
BITPSI Bi MICT y CUIBCBKY MICHEBICTh 3a IEpeBakalouWM HATPSAMKOM BiTpy. 3aranpHuit BMicT CO € GUIBIN OXHOPIAHUM
SK Y TIPOCTOPI, TaK i y 4aci, mpoTe BUILI 3HAYEHHS XapakTepHi Ay mpomucioBoro Kpusoro Pory Ta Onecu. Haromomeno,
10 y OKpeMi AHI BUKHAIH BiJl MOPCHKOTO TPAHCIIOPTY MOXKYTh BiAirpaBaTH 3HaUHy POJIb y GOPMyBaHHI BUCOKOTO BMICTy
CO B Oneci. BukopucraHnHst JaHUX CUCTEMH JTO3BOJIMIIO BHSBIIATH HAHOUTBIN 3a0pyAHEHI pailoHN B Mekax J0CIiKyBa-
HHX MICT 32 YMOBH YaCOBOTO OCEPEAHEHHs IOACHHNX AaHuX. [[aHyeThCsl moAasblie YIOCKOHAICHHS! CUCTEMH HIISIXOM
PO3pOOKHM MOMIOHNX aNTOPUTMIB JIJIS yCiX MicT YKpainu i3 HaceneHHsAM Oinbmie 500 000 ocib B IAX MpOBEIEHHS OTIe-
PaTUBHOTO MOHITOPHHTY SIKOCTI aTMOC(EPHOTO MOBITPSI 32 CYITy THUKOBUMH JJAHUMH.

Knrwouosi cnosa: axicmv ammocgeprnozo nogimps, diokcuo azomy, monooxcuo gyeneyro, TROPOMI, monimopune,
3a6pyOHeHHs.

BHecoK aBTopiB: CaBeHelb M. — KOHLEeNTyani3aLis, MeTogonoria, po3pobka moaynis,

obuncneHHs, HanucaHHA TekcTy; OpeleHKo A. — po3pobKa moayniB KapTorpadyBaHHSA Hagijiiwna 15 ntotoro 2022 p.
Ta Bi3yanisauii, HanucaHHsA TeKcTy; HagTouil /1. — po3paxyHKu MpwithaTa 14 auctonaga 2022 p.
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