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Abstract: Ukraine is an associate member of the European Union and in the coming years it is ex-
pected that all the data and services already used by European Union countries will become avail-
able for Ukraine. An important program, which is the basis for building European monitoring ser-
vices for Smart Cities, is the Copernicus program. The two most important services of this program
are Copernicus Land Monitoring Service (CLMS) and Copernicus Atmosphere Monitoring Service
(CAMS). CLMS provides important information on Land Use in Europe. In the context of Smart
Cities, the most valuable one is the Urban Atlas service, which is related to local CLMS services and
provides a detailed digital city plan in vector form, which is segmented into small functional areas
classified by the CORIN nomenclature. The Urban Atlas is a geospatial layer with high-resolution,
which is built for all European cities with a population of more than 100,000 that combines high-
resolution satellite data, city segmentation by blocks and functional areas, important city infrastruc-
ture, etc. This product is used as a basis for city planning and obtaining analytics on the most im-
portant indicators of city development including air quality monitoring. For Ukraine, such geospa-
tial products are not provided under the Copernicus program. It is important to start work on its
development and implementation as early as possible, so that when the first city atlas appears,
Ukraine will be ready to work with it together with the European community. This requires prepar-
ing the basis for national research and training national stakeholders and users to use this product.
To make this happen it’s necessary to have national geospatial product, which can be used as an
analogue of the city atlas.

In this article authors analyzed the existing methods of air quality assessment and assessment of the
SDG indicator 11.6.2 achieving for European cities, based on which the indicator 11.6.2 for Ukraine
for 5 years was evaluated for the first time. The obtained results are analyzed and the values of
indicator 11.6.2 for Ukraine are compared with European countries.
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1. Introduction

As of now there are many projects in the world that develop and use information
technology to aggregate, analyze and visualize information about air pollution in cities
for urban residents’ timely information about possible dangers. The information sources
for such monitoring systems are ground air quality measurement stations and satellite
information. There are also projects that monitor air quality not only for a particular coun-
try, but for many countries or regions. One of such projects is SMURBS (SMart URBan
Solutions for air quality, disasters and city growth) of Horizon-2020 ERA-Planet program,
within which the National Observatory of Athens has developed a platform for monitor-
ing the indicator 11.6.2 “Annual mean levels of fine particulate matter in cities” for 800
cities and 37 European countries [1]. Unfortunately, Ukraine is not included in the list of
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countries monitored on this platform and that is why the question in the development of
a similar product for Ukraine is arises.

Ukraine has already taken some steps to create air quality monitoring systems in
large cities. It is the large cities that make the biggest contribution to air and air pollution,
where the number of stations for air pollution measurement has significantly increased.
However, the greatest activity still occurs in large cities and the question of the absence or
small number of ground posts for air quality indicators measurement in less populated
cities or villages remains open. In this paper it is proposed to use satellite or model open
data to fill the gaps in those places where there are no ground measurements. The issue
of validation of satellite and model data on the basis of ground measurements for the
territory of Ukraine is considered in the work [2].

This article describes the analysis of existing technologies and data in the world,
which are used to monitor air quality in cities and countries as a whole, and also proposes
an algorithm for creating similar, no less high-quality products for the territory of
Ukraine.

The world's largest aggregator of air pollution data is the AQICN resource [3], using
the air quality index, the standards of which are calculated by the United States Environ-
mental Protection Agency and visualizes all sensors and information from them using
API It integrates networks of smart cities around the world, as well as national and public
air quality monitoring systems. Western Europe, Southeast Asia, North America, and In-
dia have the largest sources of information. The estimated number of operating stations
of different types is about 13,000 units.

In Western Europe, one of the most popular air quality monitoring initiatives, the
most common provider of air pollution data, is the Sensor Community [4], whose devel-
opers launched the Luftdaten.info public project in 2015 in Stuttgart, Germany [5]. This
project has become a catalyst, including for the development of similar networks of public
air quality monitoring in Ukraine.

Another portal used by residents of smart cities of the European Union is Airly [6]. It
applies its own technological solutions and provides an opportunity to predict the levels
of dust concentrations of fractions PM2s and PMuo for 1 day ahead. The service works with
more than 300 local authorities, and more than 4,000 devices around the world are inte-
grated into it.

The Swiss commercial project IQAir [7] uses devices to measure air pollution levels
both outdoors and indoors, offering appropriate sensors and a mobile application for con-
trol and notification. IQAir operates on the world's largest free real-time air quality infor-
mation platform and attracts a growing number of global citizens, organizations and gov-
ernments. The IQAir AirVisual platform integrates data collected by governments, com-
panies and individuals around the world.

There are many other global air quality monitoring services that are designed and
operated for the territories of the European Union, Great Britain, the United States, etc.
Analyzing them, we can conclude that they publish information in the form of levels of
concentrations of pollutants. Almost all smart city monitoring systems include Web por-
tals that combine a large amount of environmental and urban data, which is directly or
indirectly related to air quality and determines the comfort of the urban environment. The
unequivocal advantage and achievement of such systems is the use of a large number of
high-density measuring equipment in urban areas. In particular, one of the most common
projects, which includes air quality analysis and evaluation of the Sustainable Develop-
ment Goal 11.6.2 indicator, quality of life, analysis of urban growth and many other im-
portant applications, is the SMURBS project [8]. For the most part, almost all air quality
monitoring projects involve the Copernicus Atmosphere Monitoring Service (CAMS)
global data.

The CAMS service of air quality monitoring and forecasting completely covers the
territory of Ukraine, which is a good sign for national developers of air quality monitoring
services. However, these data are still not used properly in Ukraine, as applications for
cities can be implemented only with presence of an active network of ground stations,
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which allow to clarify the values of pollution concentrations in urban areas and increase
the spatial resolution of global raster products. At the same time, over the last three years,
public air quality monitoring initiatives and public networks, such as ECO-City and oth-
ers, have been developing very rapidly in Ukraine. In the future, such data sources may
become alternatives to governmental air quality monitoring networks, which can be ob-
tained using Citizen Science. Thus, using these data Ukrainian cities can already get the
same opportunities in the implementation of Copernicus data in air quality monitoring
over the cities as well as other European cities. The lack of quality national products for
urban planning and monitoring of air quality indicators in cities makes it impossible to
assess the impact of cities on the environment and human health and calculate such im-
portant indicators for achieving sustainable development goals (SDG) as 11.6.2 "Annual
mean levels of fine particulate matter in cities" and 11.3.1 "Ratio of land consumption rate
to population growth rate”.

The National Research foundation of Ukraine project aimed at creating information
technology for air quality monitoring in Ukraine based on satellite and in-situ data and
development of Urban Atlas for cities of Ukraine. In the future, this will provide oppor-
tunities for qualitatively use of new tools for urban planning. Currently, the impact of
cities on the environmental situation quality is very large and the assessment of such im-
pact makes it possible to reduce the negative effects of human activities.

2. Methods

The methodology for calculating the Sustainable Development Goal Indicator 11.6.2
is based on the methodology proposed by the UN and used within the SMURBS project
[8]. The main goal of which was to collect best practices to promote the concept of "smart
city" and use it for as many cities as possible by integrating satellite observations to in-
crease the resilience of the environment and society to urban impact. These European ac-
tivities brought together a large consortium of experts from around the world, who were
divided into three main areas of the project: air quality, urban growth, natural or man-
made disasters and their consequences. The countries representing this consortium are
Greece, Italy, France, Spain, Germany, Switzerland, Slovenia, the Czech Republic, Roma-
nia, Finland, as well as Ukraine, represented by the Space Research Institute of the Na-
tional Academy of Sciences of Ukraine and the State Space Agency of Ukraine [9], [10].

SMURBS project countries that have monitored and developed air quality monitor-
ing systems for pilot cities have developed 22 technical solutions that are currently at dif-
ferent stages of development, depending on the country, city and data available for the
pilot area. Typically, all participants use the same type of input to carry out their research
and air quality monitoring projects in pilot cities: data from portable sensor ground sta-
tions, satellite data and CAMS model data [11] (or other model data that is local to the
pilot territories). The National Observatory of Athens has developed a platform for mon-
itoring indicator 11.6.2 for 800 cities and 37 European countries. Ground data is used as
input data, on the basis of which models are extended over a larger area. The most com-
mon indicator for assessing sustainable development in terms of air quality is 11.6.2,
which is the average annual concentration of PM2sin Functional Urban Areas (FUA) and
in Global Urban Centers (GUC) in terms of population. It is estimated using advanced
modeling through the integration of satellite monitoring data, population estimates, to-
pography and ground-based measurements [12]. FUA therefore consist of a densely in-
habited city and a less densely populated commuting zone whose labour market is highly
integrated with the city.

There are two main methodologies for calculating indicator 11.6.2 (UN methodology
and the methodology developed within the SMURBS project), which are based on differ-
ent data sets. According to these methodologies, all air quality indicators are calculated
within the FUA and GUC. The general calculation formula is the same for the two meth-
odologies and is as follows:

SDGu16.2=3Cu*Pn [ 2Py, 1)
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where C» — the estimated average value of PM2s for the Functional Urban Areas or Global
Urban Centers, a P» — population (calculated for the FUA and GUC). This formula is used
for countries with available data from ground-based PM2smeasurements.

The main input data, as can be seen from formula (1) for the calculation of SGD indi-
cator 11.6.2 are ground stations, which measure the concentration of PM2s5in FUA and
GUC, and statistics on urban populations. The quality and availability of the required
data. In particular for Ukraine there is no data, which should be used for air quality mon-
itoring. That is why, in cases where the necessary data is not enough, it is necessary to use
alternative ways, in particular to use instead it the corresponding satellite data.

Many developed methodologies within the SMURBS project consider model data of
air quality CAMS with low spatial resolution 11 km. In this article, according to the meth-
odology of the SMURBS project SDG 11.6.2 indicators for 2014-2018 years are calculated
for Ukraine.

3. Materials

The main problem for the development of air quality monitoring technologies for the
territory of Ukraine, which would be similar to European ones, is the insufficient number
of ground stations to measure air quality indicators in less populated cities (for example,
in those cities that are part of a FUA). Therefore, the use of satellite data, their validation
on the basis of ground data and the development of a methodology to improve the spatial
resolution of satellite data is still the right way for air quality monitoring in all settlements
of Ukraine. Further it can be used for active calculation the sustainable development in-
dicator 11.6.2 based on the results.

Given the fact that the Ukrainian authorities and the population need qualitative and
reliable information on the impact of cities on air quality, within this work, based on Eu-
ropean practices and methodologies, SDG 11.6.2 was received for Ukraine in 7 years -
from 2014 to 2020, with the ability to compare the obtained values with the open service
the SMURBS SDG Indicator 11.6.2 Earth Observation Platform for 2014-2018 years [1].

3.1. Network of ground stations for air quality measurement

The first steps to create air monitoring systems in large cities of Ukraine - significantly
increased the number of stations for measuring air pollution [13]. However, the greatest
activities are still related in large cities. It is very important as they make the largest con-
tribution to air pollution. But the question of the absence or small number of ground posts
for air quality measurement indicators in less populated cities or villages remains open.
The Figure 1 shows a significant difference in the number of ground air quality measure-
ment stations in Europe and Ukraine [14].

The main providers of air quality data in Ukraine are Eco City, Lun Air and Save
Dnipro. The Eco City public monitoring project is developing public monitoring of pollu-
tion levels not only of fine dust particles PM1 and PM2s, but also of toxic pollutants -
nitrogen dioxide, carbon monoxide, formaldehyde, ammonia, ground-level ozone and ra-
diation. LUN's social initiative uses PM1o, PM25and PMuio sensors to monitor air quality,
and Save Dnipro provides data on the following air parameters: PM2.5, PM10, tempera-
ture, relative humidity, and atmospheric pressure. The SaveEcoBot service aggregated
data by different providers within single platform [13].
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Figure 1. Air Pollution in Europe: Real-time Air Quality Index Visual Map [13]

3.2. Functional Urban Area

There is no such standardized concept for the territory of Ukraine as FUA which is
used for SDG 11.6.2 indicator calculation in Europe, so to adapt the methodology for as-
sessing the indicator 11.6.2, such zones were created for the main cities of Ukraine. The
methodology of the European Commission was chosen as the basis for obtaining FUA for
the largest cities of Ukraine [15]. The FUA can be defined in four steps:

1. Identify an urban center: a set of contiguous, high density (1,500 residents per square
kilometer) grid cells with a population of 50,000 in the contiguous cells. The global
city centers were used, which were created by the Global Human Settlement Layer
team in 2015 [16].

2. Identify a city: one or more local units that have at least 50% of their residents inside
an urban center. The local units’ boundaries for items 2 and 3 for the territory of
Ukraine were used from the Humanitarian Data Exchange (HDX) platform [17].

3. Identify a commuting zone: a set of contiguous local units that have at least 15% of
their employed residents working in the city.

4. A FUA is the combination of the city with its commuting zone.

Thus, we obtained similar to the European FUA territories, within which the SDG
indicator was calculated. Figure 2 illustrates the different concepts that are used in the
method and that compose a FUA for Kyiv city, notably the urban center, the city, and the
commuting zone.

[ urban center Urban center I city Bl FuA
[ 1 Local unit I city Commuting zone

Figure 2. Urban center, city, commuting zone and functional urban area for Kyiv, Ukraine

3.3. Data from Copernicus Atmosphere Monitoring Service

Copernicus Atmosphere Monitoring Service (CAMS) has been developed for sharing
data and processed information about the Earth’s surface, aerosols, ozone and other reac-
tive gases, aiming to support policymakers, business and citizens with enhanced
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atmospheric environmental information. In particular, the service provides daily hourly
data PM2sand PMuo in the form of close to real-time analysis for Europe and Ukraine with
a spatial resolution of 11 km. Also, CAMS provides the average annual PM25s model data
which were selected as air quality data in this study (Figure 3-a) [11], but it is not available
average annual PM2.5 data for 2019-2020 years. To solve our problem, the average annual
values for these years were calculated by the authors themselves. The Figure 3-b shows
the statistical information of wastes generation in 2018 by regions of Ukraine [18]. Such
oblasts as Dnipropetrovska, Donetska and Kirovohradska have the highest statistics on
waste generation and, as a consequence, on annual air pollution, as shown by satellite
data.

Figure 3. a) annual CAMS PM2.5 values and b) statistical wastes generation in Ukraine, 2018

3.4. Population data

For FUA calculation the population data from two sources were used - the Global
Human Settlement Layer (GHSL) European Commission (2015) [19] and NASA Popula-
tion density product (2015 and 2020) [20]. A separate study was conducted on the valida-
tion of population data from these sources and it was concluded that Global Human Set-
tlement Layer data have a much higher correlation with statistical information on the pop-
ulation of Ukrainian cities. However, if the calculations are made at the level of the whole
country, both products can be used.

4. Results

4.1. CAMS Air quality Data Validation for Ukraine

The insufficient number of ground-based stations leads to the necessity of search for
additional data that allows to analyze air quality across the whole country. In our case, it
is satellite data or model data CAMS that provide daily hourly air quality data. The Royal
Netherlands Meteorological Institute (KNMI) validates different algorithms of CAMS
data modelling for different parts of Europe on the basis of ground stations every day and
the root mean square error PM2s value in general does not exceed 10 mg/m? [21]. Unfor-
tunately, such validation is not performed for the territory of Ukraine. Within our inves-
tigations CAMS data was validated on the example of the city of Kyiv.

The Figure 4 shows a comparison of daily data from all ground stations for 2019-2020
(the values are in mg/m?). The R-squared ratio is not very high (0.36 - 0.38), but is stable
for both years. The correlation coefficient shows the best values (0.5 - 0.6), which allows
us to conclude that CAMS data can be used for Kyiv as reliable source of data in analytical
tasks. Excluding from the survey those stations (Figure 4 — b) that are statistically outliers
(their values are very different from neighboring stations), all statistics was significantly
improved for both years (in 2019 the R-squared value has increased from 0.38 to 0.48, the
correlation values has increased from 0.6 to 0.61, and RMSE value has decreased from
10.7 mg/m?® to 10.1 mg/m3; in 2020 the R-squared value has increased from 0.36 to 0.38,
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the correlation values has increased from 0.5 to 0.54, and RMSE value has decreased from

10.5 mg/m3to 9.7 mg/m?3).
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Figure 4. Comparison of daily ground data and CAMS data for 2019 (blue) and 2020 (orange)

Also, from the dependence graph it is seen that the value of PM2.5 from ground sta-
tions mostly exceeds the data from CAMS. There is a logical explanation for this - it is a
spatial resolution of CAMS data. It does not allow to increase the variability of the values
of the contaminant and thus increase the accuracy of CAMS products. A great advantage
of satellite and model data for air quality monitoring is the continuous coverage of the
study area with data, which cannot be guaranteed in the presence of ground stations only.
As a conclusion we can say that CAMS data are reliable global data that can be used in
scientific and practical research for the territory of Ukraine.

4.2. Population Data GHSL and NASA validation for Ukraine

In this paper the FUA for Ukraine was defined, but it was not defined for Ukraine
previously. Accordingly, the question about availability and accessibility of population
data within the obtained FUA arose. This question is important because population data
is necessary for calculating the SDG indicator 11.6.2. In this case the global products for
all the world come to be aid. Namely, the population data Global Human Settlement Layer
(GHSL) and global population data from NASA. Accordingly, the first question before
using this data for the territory of Ukraine is the question of their verification. To validate
GHSL and NASA population data, official population statistics for 2013-2020 were used
for the 20 largest cities in Ukraine [22]. Separate validation was conducted in the districts
of Kyiv, for which statistical information on the population is available for 2007-2020 [23].

Pearson's correlation coefficient was calculated to verify the relationship between sat-
ellite population data and statistics (Table 1, Figure 5). The Global Human Settlement
Layer data correlation coefficient for Kyiv districts is close to 0.77. This means that there
is a high direct linear relationship between GHSL data and statistics. NASA data for the
districts of Kyiv show a correlation coefficient close to 0.52, which is characteristic of the
direct linear dependence of the average intensity.

Table 1. Pearson's correlation coefficient for different population data providers

Population data provider 20 largest cities districts of Kyiv
2015 2020 2015 2020
GHSL 0,995 N/A 0,776 N/A
NASA 0,963 0,963 0,529 0,523

During the analysis, the absolute and relative deviations of GHSL and NASA data
from statistical data were calculated. The maximum relative error according to GHSL is
about 33% in the city of Kherson, the minimum error is less than 1% in the city of Nikolaev.
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In the main part of the cities - the error does not exceed 10%. At the level of Kyiv districts,
the relative deviation mostly not more then 2-10%. Deviation of more than 10% is ob-
served in Desnyansky and Obolonsky districts. A particularly large deviation (about 50%)
was recorded in Holosiivskyi district.
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Figure 5. Validation of satellite population data for the largest cities of Ukraine (a) and districts of
Kyiv (b)

According to NASA data, the situation is worse, due to the lower spatial resolution
of the product. The largest relative error is recorded in the city of Kherson and is about
80%. For other cities, the error exceeds 40%. At the level of districts of the city of Kyiv - a
deviation of about 50%. In Holosiivskyi district, deviations reach even more than 100%.
However, when estimating data not separately by district, but for the whole city, the de-
viation rates have decreased significantly, in some years not even reaching 7% for NASA
data.

According to the analysis it can be concluded that there is a clear direct linear rela-
tionship between GHSL and NASA product data and population statistics and they can
be used in studies to determine the SDG indicator 11.6.2 for Ukraine.

4.3. SDG indicator 11.6.2

In Figure 6 shows the obtained values of indicator 11.6.2 for Ukraine using different
data on the population by FUA and GUC. As follow from the Figure 6, in 2017 there was
a significant decline in the indicator responsible for improving air quality in the country
as a whole. It can also be noted that the chart shows that indicator 11.6.2 does not change
much at the level of the whole country depending on the provider of information on pop-
ulation. This once again confirms the possibility of using global population data to calcu-
late this SDG indicator.

From a comparative analysis of all European countries, which also gave their values
to the indicator 11.6.2, we can conclude that in 2017 all countries had better air quality
than in all other years. Figure 7 and Figure 8 show the results of the evaluation of indica-
tors 11.6.2 for Ukraine for last 5 years in comparison with European countries (for 2019
and 2020 years there are not available data for SDG indicator for Europe), which calculate
this indicator centrally (for FUA and GUC). The Figure 9 demonstrates the obtained indi-
cators of 11.6.2 at the Ukraine level in comparison with European countries in 2018.

It should be mentioned that air quality monitoring product based exclusively on
open data sources.
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Figure 6. SDG 11.6.2 for Ukraine from 2014 to 2020
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Land cover maps have great potential for the analysis of urban areas, as they provide
a reliable set of data that can be used for planning and evaluation of various indicators of
sustainable development, namely the indicator of achieving the goal of sustainable devel-

opment 11.6.2 and others.
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Figure 7. Comparison of the calculated indicator 11.6.2 for Ukraine with the corresponding values
for European countries for Functional Urban Areas from 2014 to 2018
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Figure 8. Comparison of the calculated indicator 11.6.2 for Ukraine with the corresponding values
for European countries for Global Urban Centers from 2014 to 2018
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Figure 9. Comparison of the calculated indicator 11.6.2 for Ukraine with the corresponding values
for European countries for Functional Urban Areas and Global Urban Centers from 2014 to 2018

4. Discussion

According to the obtained results, it is safe to say that cities have the greatest impact
on air quality compared to suburban areas. This is shown in the Figure 10 where for Eu-
ropean countries and for Ukraine the value of SDG 11.6.2 indicator for FUA is lower than
for the GUC. As a further step in the analysis, the authors propose to use the land cover
maps, which received their own algorithm for deep learning to classify the time series of
satellite data [24, 25], within the FUA. It will help to determine the contribution of cities
and other types of land cover to air quality indicator assessment.
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Figure 10. The SDG indicator 11.6.2 for Functional Urban Area and for Global Urban Center com-
parison for different countries

5. Conclusions

The considered air quality monitoring methodologies are just beginning to be
adapted and used for the territory of Ukraine, in particular for Kyiv. The use of open
CAMS air quality model data is stable, but requires increased spatial resolution because
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this product is too rough for cities. In addition, the ground-based monitoring system using
air quality sensors is only beginning to grow in large cities, but has not yet increased in
other settlements and villages. This require the development of technology that will allow
the use of ground data for those cities where they exist, and to build model values of air
pollution based on satellite data in those cities where ground data is insufficient. Of
course, a pre-important step is the validation of satellite data on the base of ground data
to understand the quality and accuracy of data source.

To understand the meaning of the developed product in terms of air quality, it is
compared with similar indicators for European cities. Unfortunately, for Ukraine there is
no modern database with the number of populations in cities, which is an integral part of
the assessment of the indicator of the sustainable development goal 11.6.2. Therefore, the
global products of the Copernicus GHSL program and NASA are used, as in most EU
countries. Also, in addition to only the PM2s5 data used in the UN and SMURBS method-
ologies for the assessment of indicator 11.6.2, in the future all available data on air pollu-
tion (both ground and satellite) will be used.
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