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STATISTICAL ASSESSMENT OF THE NET CONTRIBUTION
OF CLIMATE CHANGE TO THE FORMATION OF POLLUTANT CONCENTRATIONS
IN THE ATMOSPHERIC AIR OVER THE TERRITORY OF UKRAINE

Background. Air pollution and climate change are among the key factors of negative anthropogenic impact on the
environment. The variability of pollutants largely depends on emissions; however, the role of climate change in shaping pollutant
concentrations remains insufficiently studied. This aspect is crucial for long-term planning to improve air quality and develop
emission reduction strategies. This study presents an analysis of the net contribution of climate change to the formation of harmful
pollutant concentrations using a statistical approach to time series decomposition.

Methods. The research is based on monthly emission and concentration data of nitrogen dioxide (NO;), formaldehyde
(CH;0), and tropospheric (ground-level) ozone (O;) from the Copernicus Atmospheric Monitoring Service (CAMS) reanalysis for
the period from 2003 to 2021, as well as air temperature, wind speed, and precipitation data from the ERA5 reanalysis. The
application of an additive statistical model allowed the decomposition of pollutant concentrations' time series into seasonal (intra-
annual) components, interannual trends, and interannual dependencies of NO,, CH,O, and O; variability on fluctuations of climate
parameters.

Results. Seasonal variability in pollutants’' concentrations, which depends both on meteorological changes and differences
in pollutant emissions, explains 61-74 % of the total variability of NO, and about 90 % of CH,O and O;. The interannual trends of
the studied pollutants, which are influenced by changes in anthropogenic load, ranged from 0.6 % to 3.6 % for NO; and are generally
below 1 % for CH,0 and O;, yet with statistically significant changes. The net contribution of climate change, assessed through the
statistical relationship between interannual variations of pollutant anomalies and anomalies in climate parameters, showed that
climate change accounts for less than 10 % of the total pollutants’ variability. On average, this contribution is approximately 5 %
for NO,, 3 % for O3, and only about 1 % for CH,0.

Conclusions. The obtained results indicate that the development of air pollution reduction strategies and air quality
improvement should primarily focus on reducing direct anthropogenic emissions and their negative impact on public health
and ecosystems. However, the role of climate change should also be considered as a significant factor in the formation of

atmospheric pollution.

Keywords : nitrogen dioxide, formaldehyde, tropospheric ozone, air pollution, additive model, climate change.

Background

For more than half a century, air pollution has been
among the most serious issues related to human
anthropogenic activities, with numerous consequences for
the environment, public health, and the economy
(Rentschler & Leonova, 2023). Despite global efforts to
mitigate the effects and reduce pollutant emissions, the
issue of air quality will remain one of the key environmental
challenges for a long time (Vilcins et al., 2024).

In Ukraine, air pollution is a relevant problem due to both
the historical development of industry and the increasing
number of vehicles in recent decades. Russia's aggression
against Ukraine has become an additional factor
contributing to the emergence of war-related emission
sources and further atmospheric pollution. The existing air
quality problems in Ukraine are widely discussed in scientific
publications, addressing all spatial scales: general trends
across the country (e.g., Rychak et al., 2021; Savenets et
al., 2023a; Yatsenko et al., 2018), regional changes (e.g.,
Chugai, & Safranov, 2020; Melniichuk et al., 2022), and

detailed analyses for specific cities (e.g., Kuzyk et al.,
2024; Shevchenko et al., 2015; Turos et al., 2018). With
the full-scale invasion, there were conducted new studies
on air quality changes during the war (Malytska et al.,
2024; Savenets et al., 2023b; Zhang et al., 2023).
However, almost all of these studies rely on satellite
remote sensing data without analyzing ground-level
concentrations of pollutants.

Alongside atmospheric air pollution, the Earth's climate
system is also undergoing significant changes. Climate
change, driven by anthropogenic impact on the atmospheric
chemical composition, also directly affects this composition
through numerous feedbacks. Consequently, air pollution is
also influenced by climate change (Jacob & Winner, 2009).
Atmospheric pollution in the context of climate change is
characterized by complex interdependencies that are
extremely difficult to assess accurately (Dewan, & Lakhani,
2022). At the same time, evaluating the extent of climate
change's impact on air pollution is a crucial task. Ignoring
this factor and focusing solely on emission sources may lead
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to inaccurate future projections and the development of
ineffective strategies.

Research on the relationship between anthropogenic air
pollution and climate change focuses on two aspects:
identifying key climatic parameters and physico-chemical
processes, and determining the contribution and trends of
future changes in pollutant concentrations. On one hand,
climate change is most evident in rising air temperatures,
which influence the rate of chemical transformations in the
atmosphere (Cheng et al., 2007). This factor has been
shown to be significant for certain pollutants, such as
nitrogen dioxide (NO2) (Syafei et al., 2019), tropospheric
ozone (Os) (Doherty et al., 2013), and formaldehyde (CH20)
(Wu et al., 2023). However, depending on the region and
pollutants, the dependence on rising air temperature is not
always evident. For example, Elminir (2005) emphasized on
the role of wind changes and relative humidity in shaping air
pollution; however, over shorter time scales. Depending on
the pollutants, different factors are expected to play a
dominant role in the future, particularly changes in emissions
themselves (Shen et al., 2021), temperature variations
affecting chemical reactions (Doherty et al., 2013), and
secondary pollutant formation (Wu et al., 2023). The
estimated contribution of climate change to air pollution
varies across different regions but is generally considered to
be less than 10 % (Brasseur et al., 2006).

Given the uncertainties in assessing the dependence of
air pollution on climate change, this study is aimed to
determine the net contribution of climate change to pollutant
concentrations over Ukraine using statistical time series
analysis methods. The paper consists of the following parts:
(1) a methodological section presenting the selected time
series decomposition model and describing the input data;
(2) an analysis of the results with a step-by-step breakdown of
time series components; and (3) a discussion of the findings.

Methods

The model for time series decomposition of pollutants
concentrations. Among the various approaches to statistical
time series decomposition, an additive model has been
selected due to its relative ease of implementation and
practical applicability to meteorological and climate data
(Chang et al., 2021; Moreno-Carbonell et al., 2020). The
additive model assumes that a time series can be
decomposed into separate components step by step,
isolating individual elements of the series. The sum of these
components, along with an unexplained term (so-called
statistical “noise”), allows for obtaining the series value at a
given moment in time t. The convenience of using the
additive model for meteorological and climate series is
explained by the fact that meteorological parameters (as
well as atmospheric pollution parameters) are always
shaped by the influence of high-frequency processes (daily
and annual cycles), some interannual trends, and low-
frequency components (long-term variability). In climate
data analysis, it is common practice to work with anomalies,
i.e., the differences between actual values and the climatic
normal (Arguez, & Vose, 2011; Wang et al, 2023).
Essentially, anomaly calculation is already the first step in time
series decomposition, where the contribution of a higher-
frequency mean component is extracted from the actual
values. The general form of the additive model for a time
series element at a given moment ¢ is as follows (formula 1):

X, = Xseas; + Xtrend, + Xint; + ¢, (1)

where X, — the element (actual value) of the time series at
time t; Xseas; — the contribution of the high-frequency
(seasonal) component at time t; Xtrend, — the contribution
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determined by the presence of a trend; Xint, — the
contribution of the low-frequency (interannual) component;
& —an unexplained term of the time series, usually “white noise”
if all statistically significant components have been extracted.

The decomposition of the time series components
occurs step by step in the order presented in formula 1.
First, high-frequency (seasonal) fluctuations are assessed
by calculating daily or monthly mean values and
constructing an annual cycle. For the purpose of this study,
monthly data were used; in this case, the high-frequency
component and annual cycle are determined based on
monthly averages. The average value for each of the
12 months is calculated using the arithmetic mean formula.
Thus, the contribution of the high-frequency component of
the time series for month i at time t is calculated using
formula 2:

Xseas! = %Z{LIX@, )
where Xseas! — the multi-year average value for month i;
Xt" — the actual value for month i at time t; n — the total
number of values for month i.

In the case of air pollution, pollutant concentrations
exhibit intra-annual fluctuations influenced by both the
seasonal variability of meteorological conditions and
changes in emission volumes throughout the year (e.g., the
heating season, etc.). When calculating the Xseas
component the contributions of both factors affecting intra-
annual air pollution variability are considered simultaneously.
A similar procedure is applied to the time series of climate
parameters and pollutant emissions. For further time series
decomposition, it is necessary to transition from actual values
to anomaly time series by subtracting the Xseas component:

X'} =X} — Xseast, (3)
where X'} — anomaly for month i.

Determining the contribution of the high-frequency
component from time series and transitioning to anomalies
allows for the calculation of the trend component. In the case
of air pollution, trends in concentration changes are largely
driven by variations in pollutant emissions. Therefore,
extracting the trend is a necessary step in transitioning to
new anomalies that exclude emission source activity and are
primarily shaped by interannual climate variability. Based on
the calculated anomalies X' linear trends in the time series
were computed, and their contribution was determined
(formula 4). Additionally, it is important to account for the
possibility of a nonlinear relationship between pollutant
concentrations (X) in cities and anthropogenic emissions (E).
This is achieved by analyzing the regression dependence of
X', from E', after extracting linear trends. Thus, formula 4 for
computing anomalies without trend contributions and
interannual dependence on anthropogenic emission
sources takes the following form:

X" =Xy — (at + b) — cE',, (4)
where X', — anomaly of pollutant concentration; E’,—
anomaly of the volume of anthropogenic emission sources;
X", — anomaly excluding the trend contribution and
interannual dependence on anthropogenic emissions;
a i b — linear trend coefficients; ¢ — regression coefficient for
the interannual dependence of concentrations on
anthropogenic emissions. The component (at + b + cE’;)
corresponds to the component Xtrend, in formula 1.

It is important to note that we performed a checking
procedure for the presence of trends with different
directions during the study period. This is crucial for
correctly excluding the contribution of anthropogenic
emission sources from the time series of pollutant
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concentrations. However, no such cases were recorded in
the selected cities during the study period.

Formula 4 is not applied to climate parameters because
their trends directly reflect the impact of climate change.

After computing X", for pollutants, the next step is to
assess the contribution of climate change to pollutant
concentrations. The time series X", has been decomposed
and cleared of intra-annual variations and anthropogenic
emission dependencies. That is, for pollutants X",
correspond (Xint, +¢) from formula 1. The analysis of
dependence on climate parameters was conducted using
multiple regression, where the predictors are anomalies of
air temperature, wind speed, and precipitation sums, while
the dependent variable is X', (pollutant concentration
anomalies excluding trend contributions and interannual
dependence on anthropogenic emissions). The general
form of the dependence on K number of climate parameters
is as follows:

X"y =Bo+ Tke1 B CL € + &, (5)
where X", — anomaly excluding the trend contribution and
interannual dependence on anthropogenic emissions;
CL'F — anomaly of climate parameter k; B, — regression
coefficient of climate parameter k; 8, — intercept term in the
multiple regression equation.

The time series decomposition can be extended further
to find the long-term fluctuations, transitioning to the residual
component, which corresponds to “white noise”. However,
further decomposition goes beyond the scope of the
presented study. In this study, the unexplained component
¢ is used to determine the percentage of variability that
remains after extracting all time series components and
accounting for key climate indicators.

Input data and processing methodology. To
implement the calculations using the additive model of time
series decomposition, monthly data from three different
types were used for the period from 2003 to 2021: ground-
level concentrations of pollutants, emissions of pollutants,
and climatic parameters. The observation period was
chosen based on available data from the reanalysis services
of the Copernicus Atmospheric Monitoring Service (CAMS,
2025; Inness et al., 2019).

Pollutants have different physicochemical properties and
lifetimes in the atmosphere. As a result, the degree of
influence of meteorological and climatic conditions on them
will vary significantly depending on the chosen substances
for the study. In the presented research, more chemically
active substances have been selected, the concentrations
of which in the atmosphere significantly depend on
environmental conditions: nitrogen  dioxide (NO2),
formaldehyde (CH20), and tropospheric (ground-level)
ozone (O3). NO2z is one of the most common pollutants,
emitted by most anthropogenic sources, and serves as an
indicator of overall air quality (Moshammer et al., 2020). NO2
is always included in monitoring programs regardless of the
country or approach. The choice of CH20 is due to the need
to include an organic compound (with a carbon molecule in
its structure), which is quite common due to anthropogenic
emissions, but with a stronger dependence on
meteorological conditions than, for example, carbon
monoxide (CO) (Miller et al., 2008). Os is the only substance
in the list that is not directly emitted but is formed as a result
of photochemical reactions in the atmosphere in the
presence of precursors. Having a highly harmful effect on
human health and ecosystems, Os is also a mandatory
substance in monitoring programs for air pollution worldwide
(Zhang et al., 2019). It is clear that the formation of O3 due
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to photochemical processes in the atmosphere indicates a
dependence of concentration formation on meteorological
conditions, and therefore, a potential strong signal for
studying the dependence on climate change.

The data for the monthly concentrations of pollutants
were taken from the global reanalysis ECMWF Atmospheric
Composition Reanalysis 4 (EAC4) of the CAMS service
(EAC4, 2025; Inness et al., 2019), where ground-level
concentrations are represented as a mixture ratio [kg/kg] in
a model grid with a horizontal resolution of 0.75° in both
latitude and longitude. For convenience, the concentrations
of pollutants were converted to [ug/kg]. To calculate the
average concentration in the studied city, all grid cells
covering the city area were averaged. For remote natural
areas, data were taken from a single grid cell.

The pollutant emissions were estimated based on the
global emission inventory data from CAMS (CAMS
emissions, 2025; Granier et al., 2019). Since the aim of the
conducted research was to determine the role of the climatic
component, it was necessary to separate anthropogenic
emissions (which need to be considered and accounted for)
from biogenic emissions (which contribute to the
concentration depending on climate change and therefore
should not be excluded from the time series). Anthropogenic
emissions are represented with a horizontal resolution of
0.1° in both latitude and longitude. To link the formed
concentrations with pollutant emissions, the values of
anthropogenic emissions were summed across all grid cells
in the inventory that intersected with the grid cells
designated for pollutants. In this way, emissions were
calculated for the entire city area or the entire section of
natural areas. Emission data in inventories represent the flux
of a substance and are therefore usually expressed in [kg-m"
2.¢1. For ease of analysis, all anthropogenic emissions
were converted into tons per month [t-month].

For studying the relationship with climatic parameters,
three key indicators were chosen, which significantly
influence the selected pollutants (Seroji et al., 2004): (1) air
temperature, which determines the rate of chemical
transformation in the atmosphere; (2) wind speed, which
affects accumulation and transport; and (3) precipitation,
which determines the intensity of wet deposition. It was
decided not to use moisture parameters due to their strong
statistical dependence on air temperature and precipitation.
This would distort the process of determining statistically
reliable results and the role of individual climatic parameters
during multiple regression analysis. Climate data were taken
from the ERAS5 reanalysis (ERA5, 2025; Hersbach et al.,
2023). Air temperature values were converted from [K] to
[°C], and precipitation values from [m] to [mm] and
integrated over the month.

To study the contribution of climate change to the
formation of pollutant concentrations, three large cities
(Kyiv, Odesa, and Lviv) and three locations in natural
reserves, which are among the cleanest areas in Ukraine
(Askania-Nova, Medobory, and Shatsk Lakes), were
selected. The initial idea of using data from even cleaner
mountainous regions of Ukraine — the Carpathian and
Crimean Mountains — was discarded during the data
processing due to the unreliability and low accuracy of the
reanalysis and CAMS inventory data over areas with
complex terrain.

Calculation of the contribution of time series
components to the total variability. At each stage of
extracting components of the time series related to different
processes using formulas 2, 4, and 5, the coefficients of
determination (R?) were calculated. The R? value ranges from
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0 to 1 and reflects the proportion of variability of the studied
process within the total variability of the series. For
convenience in interpreting the results, this proportion was
expressed as a percentage [%]. Clearly, if at the first stage of
time series decomposition (calculation of seasonal variability)
R? indicates the proportion of the total variability, then at
subsequent stages, it indicates the proportion of the residual
variability (since the contribution of the process is subtracted
and anomalies are found). To convert R? from residual
variability to total variability, the corresponding R? at the
decomposition stage i was multiplied by the unexplained term
that remained after the decomposition at all previous stages.
Thus, for the calculation of the contribution of interannual
trends, the formula used was R?-(1—RZ,), and for the
interannual dependence on climatic parameters, it was
R?-(1—R?%, — R%,). Therefore, when recalculating R? for
all the studied processes, their sum, including the unexplained
part, equals 100%, meaning R? = 1.
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At all stages of the calculation, statistical significance
was verified using the student's t-test with a 95 %
confidence level for the result.

Results

Seasonal variability of pollutants. The calculation
of average multi-year values showed that seasonal
variability plays a key role in the variability of monthly
average concentrations of pollutants both in cities and in
pristine natural areas. In fig. 1, the role of seasonal (intra-
annual) fluctuations is clearly observed for the example
of Kyiv and the "Medobory" Nature Reserve. The intra-
annual fluctuations of the studied pollutants depend both
on the seasonality of meteorological conditions
(especially the increased role of solar radiation in the
formation of CH20 and Os in the summer) and on the
seasonality in activity of specific emission sources
(particularly the change in NO2 from additional emissions
during the heating season).

(b) NO,, Medobory
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Fig. 1. Time series of the observed pollutants' concentrations
and determined seasonal component on the example of Kyiv (a, c, ) and Medobory (b, d, f)

For CH20 and Oz, whose formation and removal
depends on the seasonality of solar radiation, the R? of the
seasonal component ranges from 89 % to 93 %. CH20
shows slightly better seasonal variability in cleaner natural
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reserves, with an R? around 93 %. The lowest R? values
were observed in Kyiv (89.7 %).

The clarity of Os seasonal variability depends more on
the latitudinal distribution than on differences in the volume
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of anthropogenic emissions. The farther south the area is
located, the more clearly Os seasonal variability is
observed, primarily due to the higher intensity of solar
radiation reaching the Earth's surface. As a result, the R?
for Os seasonal variability exceeds 92.6 % in Odesa and
Askania-Nova, while in Lviv and the Shatsk Lakes, it is
3 % lower, at 89.6 %.

Among the studied components, seasonal variability is
most poorly observed in NO2 time series. Furthermore, in
cities, the seasonality worsens. While in natural areas, the
R? for NOz ranged from 70.3 % in Askania-Nova to 74.1 %

in Medobory, in cities it ranged from 61.5 % in Lviv to 67.4 %
in Kyiv. Therefore, the presence of anthropogenic emission
sources and higher concentrations of NO2 lead to a
deterioration in the clarity of intra-annual fluctuations.

Trends in pollutants changes and their dependence
on emissions at interannual scale. The calculation of
concentration anomalies for pollutants allowed for the
analysis of the presence of interannual trends. Fig. 2
displays the trends for all the studied pollutants and areas,
where statistically significant trends are highlighted in green,
while insignificant ones are marked in yellow.
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Fig. 2. Trends of anomaly time series for NO; (first column), CH,O (second column)
and O; (third column) for all study locations
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For the overwhelming majority of time series, interannual
trends are observed, although most of them are relatively
weak, yet statistically significant. Askania-Nova is the only
location where no significant trends were found for all the
studied pollutants. Additionally, the absence of trends is
characteristic for NO2 in Kyiv.

NOz is the only pollutant whose concentrations decrease
in the case of significant trends (see fig. 2, first column). The
magnitude of these trends is as follows: in Lviv, the R? of the
NO:2 trend, when adjusted for total variability, is around
3.6%. The trends are somewhat less intense in natural
zones: about 2.1 % in the Shatsk Lakes and 1.2 % in the
Medobory Nature Reserve. The smallest contribution from
significant NO2 trends is observed in Odesa, where R2
accounts for only 0.6 % of the total variability in the series.

The concentrations of CH20 are increasing in all studied
locations except for Askania-Nova. The most intense
increase is observed in Lviv, where the R? of the trend
reaches approximately 1.1 % of the total variability of the
series. In Shatsk Lakes and Medobory, the R? values for
CH20 trends reach 0.8 % and 0.9 %, respectively.

Similarly to CH20, the concentrations of Oz also
increased over the studied period in all locations except for
Askania-Nova. The R? values of the trends increased in
Medobory and Shatsk Lakes by approximately 0.6 % and
0.9 %, respectively. In urban areas, the most significant
increase in Oz was recorded in Lviv, with an R? value of
approximately 0.7 % of the total variability of the time series.
The values in Odesa and Kyiv were lower, amounting to
05% and 0.3 %, respectively, but they remained
statistically significant over the studied period.

Thus, between 2003 and 2021, there was a slight
decrease in NO2 levels and an increase in CH20 and O3
concentrations. The trends for NO2 and CH20 are driven by
the growth of anthropogenic emissions and are well aligned
with them. However, the role of precursor emissions in the
interannual trends of O3 requires further investigation, as O3

is not directly emitted but is significantly influenced by
anthropogenic emissions of other pollutants.

It is important to note that emission inventories from
CAMS reanalyses do not always fully capture the entire
spectrum of anthropogenic emissions in Ukrainian cities
due to wunderreported emission volumes and the
limitations of emission assessments in Ukraine (Savenets
et al., 2024). CAMS estimates partially rely on national
inventories. Therefore, the reduction in NO2 levels in
major cities may reflect broader background trends.
Based on the available time series, it is impossible to
determine this with certainty. In such a case, the trends
for NO2 may not necessarily be negative but rather
statistically insignificant.

Contribution of interannual variability of climatic
parameters. The absence of distinct seasonal fluctuations
and interannual trends in the time series allows for the
calculation of anomalies in which only interannual variations
remain as the deterministic component. Such anomalies
enable the assessment of the interannual dependence on
climatic parameters, which helps determine whether climate
makes a significant contribution to the variability of air
pollutants. Using equation 5, multiple regression analysis
was performed, and the significance of the impact of climatic
parameters on air pollutants was tested.

Firstly, it is important to note the absence of significant
Bo (i.e., the intercept of the multiple regression equation).
Secondly, a significant net contribution of climate change to
the formation of pollutant concentrations was identified at all
studied locations except for NO2 in Odesa. Table 1 presents
the results of the multiple regression analysis. Specifically,
the nature of the relationship between climatic parameters
and pollutants is illustrated, where a red upward arrow
indicates an increase in pollutant concentrations with an
increase in a specific climatic parameter, while a green
downward arrow indicates a decrease in pollutant
concentrations as the climatic parameter increases.

Table 1

Characteristics of statistical dependence (multiple regression) between pollutant concentrations
and climatic parameters

2
Location Air temperature Wind speed Precipitation depeRng;nce Contribution (%)
NO,
Kyiv - | | 0.12 3.94
Odesa - - - 0.03 -
Lviv |} | | 0.27 9.47
Shatsk Lakes l | l 0.22 5.85
Askania-Nova | | — 0.05 1.56
Medobory l ) l 0.22 5.45
CH,0
Kyiv 1 - ! 0.16 1.56
Odesa 1 - - 0.11 0.86
Lviv 1 | - 0.10 0.67
Shatsk Lakes 1 - ! 0.15 0.90
Askania-Nova 1 — - 0.17 1.17
Medobory 1 — l 0.15 0.97
0,
Kyiv 1 - 1 0.35 2.86
Odesa 1 - - 0.16 1.08
Lviv 1 - 1 0.37 3.61
Shatsk Lakes 1 - 1 0.42 4.05
Askania-Nova 1 | - 0.30 2.20
Medobor 1 - 1 0.31 2.35
1 concentrations increase if climate variable increase
l concentrations decrease if climate variable increase
- insignificant relationships
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Overall, the role of climatic parameters in shaping
pollutant concentrations varies from 0.7 % to 9.5 %. The
strongest relationship was observed for NO2, while the
weakest was for CH20. Among the selected pollutants,
interannual changes in air temperature (which influences
chemical transformations) and precipitation (which affects
wet deposition) showed a significantly stronger impact
compared to wind speed (which determines accumulation
conditions), except in the case of NO2. At the same time,
wind speed consistently demonstrated a uniform
relationship, with increasing wind speed leading to a
decrease in pollutant concentrations. In contrast, air
temperature and precipitation exhibited variable relationships
depending on the specific pollutant.

The contribution of climatic parameters to the total
variability of NOz2 time series is the highest among the studied
pollutants. Except for Odesa, it ranges from 1.6 % in Askania-
Nova to 9.5 % in Lviv. No clear pattern distinguishes urban
areas from natural territories. An increase in precipitation (and
consequently, an increase in wet deposition intensity) and an
increase in wind speed (enhancing dispersion) expectedly
lead to a decrease in NO2 concentrations. Regarding air
temperature, its interannual increase results in a decrease in
NO:2 concentrations due to the intensification of chemical
transformation processes, where NO2 acts as a precursor to
other compounds.

The role of climatic parameters in shaping the
interannual variations of ground-level O3z ranges from
approximately 1.1 % in Odesa to 4.1 % in the Shatsk Lakes
region. The dependence appears weaker in southern
locations, where Os levels are generally higher. An increase
in air temperature leads to an increase in O3 concentrations
due to the enhanced intensity of its formation from
precursors. On an interannual scale, wind speed has almost
no impact on Os formation, with the only significant

dependence observed in Askania-Nova. Notably, O3
concentrations increase on an interannual scale with rising
precipitation levels. This dependence does not reflect a
direct impact but rather the creation of specific conditions
favorable for Oz accumulation during periods of higher
precipitation. These conditions include an increased influx of
volatile organic compounds (VOCs) from moist soil and
vegetation after rainfall, which serve as Os precursors.

Interannual changes in climatic parameters have the
smallest impact on CH20 concentrations, contributing
between 0.9 % in Odesa and the Shatsk Lakes to 1.6 % in
Kyiv. Air temperature is the only variable whose interannual
changes affect CH20 concentrations across all studied
locations. Higher air temperatures lead to increased CH20
levels, primarily due to enhanced chemical formation. Wet
deposition plays an important role in reducing CH20
concentrations, but a significant dependence on
precipitation was found only in Kyiv, as well as in the Shatsk
Lakes and Medobory nature reserves. Wind speed was only
significant in Lviv, where decreasing wind speeds correlate
with rising CH20 concentrations.

General characteristics of time series components
and their residual part. After extracting the main
components of the time series and assessing the
dependence of pollutant concentrations on interannual
climatic variations, a certain unexplained residual part
remains. Of course, this residual unexplained component
could be further analyzed to identify long-term fluctuations
and other dependencies until reaching "white noise", but
such an approach falls outside the scope of this study.

As a result of the analysis, the largest residual
component is observed for NO2, ranging from 19.2 % to
33.4 % (Table 2). In contrast, the residual part is significantly
smaller for CH20 (Table 3) and Os (Table 4), amounting to
5.3-8.0 % and 5.2-6.1 %, respectively.

Table 2

The contribution (in %) of NO, time series components to total variability

L . Seasonal Trends and interannual Interannual dependence Residual part
ocation o s s . - -
variability dependence on emissions on climate variables (unexplained)
Kyiv 67.35 - 3.94 28.71
Odesa 65.93 0.64 - 33.43
Lviv 61.54 3.55 9.47 25.44
Shatsk Lakes 71.36 2.05 5.85 20.74
Askania-Nova 70.29 - 1.56 28.15
Medobory 74.09 1.23 5.45 19.23
Table 3
The contribution (in %) of CH,O time series components to total variability
L . Seasonal Trends and interannual Interannual dependence Residual part
ocation o P . ! .
variability dependence on emissions on climate variables (unexplained)
Kyiv 89.68 0.74 1.56 8.02
Odesa 92.10 0.24 0.86 6.80
Lviv 92.16 1.06 0.67 6.11
Shatsk Lakes 93.00 0.79 0.90 5.31
Askania-Nova 92.98 — 1.17 5.85
Medobory 92.60 0.89 0.97 5.54
Table 4
The contribution (in %) of O; time series components to total variability
L . Seasonal Trends and interannual Interannual dependence Residual part
ocation i s . . ! .
variability dependence on emissions on climate variables (unexplained)
Kyiv 91.43 0.32 2.86 5.39
Odesa 92.69 0.51 1.08 5.72
Lviv 89.60 0.67 3.61 6.12
Shatsk Lakes 89.57 0.87 4.05 5.51
Askania-Nova 92.58 - 2.20 5.22
Medobory 91.80 0.64 2.35 5.21

ISSN 1728-3817



FEOrPA®IA. 1/2(92/93)/2025

~ 49 ~

A key feature is that, on average, the residual (unexplained)
variability in pollutant concentrations is slightly higher in urban
areas than in natural regions. These differences primarily stem
from seasonal variability in pollutant concentrations. This is well
justified, as emissions in cities are often non-deterministic and
chaotic throughout the year, leading to greater residual
variability compared to natural areas.

Overall, the seasonal variability of CH20 and Os is well-
defined and explains most of the variability in pollutant
concentrations. In contrast, NO2 exhibits smaller intra-
annual variations, while its trends are more pronounced,
and its interannual dependence on climatic variability is
more evident.

Thus, the pure impact of climate change on pollutant
concentrations represents a relatively small part of total
variability, but it remains significant for identification
purposes. Across the studied region, this contribution does
not exceed 10 %, averaging 5 % for NO2, 3 % for Oz, and
only about 1 % for CH20.

Discussion and conclusions

The contribution established in studies, where
interannual variability of climatic parameters determines the
variability of atmospheric air pollution, is relatively small in
magnitude but significant. While some scientists emphasize
that the dependence of air pollution on climate change
should become more evident in the future (Hong et al.,
2019), most publications still point to the complexity of
connections within the climate system and their
manifestation in various atmospheric processes, making it
difficult to link the consequences of climate change to air
pollution (Dewan, & Lakhani, 2022). Clearly, analyzing only
time series of pollutants is insufficient to account for all
possible connections. This approach is more of a simplified
statistical model for determining the overall share of
variability rather than a final assessment. Theoretically, the
contribution of climate change to air pollution could be
greater if the increasing frequency of wildfires and dust
storms in the future is taken into account.

It is important to assess projections of future changes in
precipitation frequency and atmospheric boundary layer
parameters; however, the accuracy of these estimates in
climate models remains in question (Jacob, & Winner,
2009). Some studies indicate the decisive influence of wind
characteristics (Shen et al., 2021), whereas the estimates
obtained in this study suggest that wind does not play a
determining role, unlike precipitation and air temperature,
especially for Os and CH20. The further rise in air
temperature is expected to worsen air quality, but Giorgi &
Meleux (2007) emphasizes the non-linearity of atmospheric
interactions, where additional precursor emissions may
have a reverse effect due to chemical transformations and
removal processes.

The contribution values of climate change obtained in
this study, particularly for Os, align well with Brasseur et al.
(2006), where the contribution of climate to concentrations
was determined to range from -8% to 10 %. The
calculations in this study showed values ranging from 1 %
to 4 %. As highlighted by Murazaki and Hess (2006), air
temperature has a determining influence, but our study also
identified the impact of precipitation.

The well-established importance of air temperature
changes for NO2 (Syafei et al., 2019) was also confirmed in
this study. Atmospheric precipitation and wind speed were
also identified as significant factors shaping the interannual
variations of NOz. It is worth noting that some researchers
consider climate-induced changes in NO2 emissions to be
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more influential than the direct impact on already formed
concentrations (Shen et al., 2021).

For CH20, significant dependencies on air temperature
and precipitation were obtained. The role of thermal
conditions has been previously emphasized, particularly due
to its secondary formation under higher air temperatures in
the future (Wu et al., 2023). Wind dependence was
characteristic only for Lviv; however, Chauhan et al. (2025)
highlighted the secondary importance of wind parameters
after air temperature. It is entirely possible that such
manifestations have regional specificities, being significant
in some areas while absent in others. In any case, studying
the predominant role of specific climatic parameters in the
context of climate change requires more complex analyses
beyond statistical assessment.

Overall, despite the relatively small contribution of
climate change to the formation of pollutant concentrations,
studying their interactions is crucial for planning
development (Afifa et al., 2024). Further expansion of similar
research is essential for assessing the implications for public
health (de Sario et al., 2013), as changes in pollutant
concentrations under climate change conditions can
increase population mortality rates (Orru et al., 2013).

The formation of pollutant concentrations in any territory
of Ukraine significantly depends on the anthropogenic
factor, which largely determines both the seasonal variability
of pollution and interannual trends. The study of three
pollutants — NO2, CH20, and O3 — whose physicochemical
properties contribute to a stronger dependence on
meteorological conditions, revealed the dominant role of
seasonal fluctuations in shaping concentration variability.
While for NOz, intra-annual variability accounts for 61 to
74 % of total variability, for CH20 and Os, it is predominantly
above 90 %. During the study period, there were no
extremely high trend coefficients or dependencies on
interannual emission trends, with NO:2 concentrations
showing a tendency to decrease.

The net impact of climate change, assessed based on
interannual dependence on the variability of key climatic
parameters (air temperature, wind speed, and precipitation),
constitutes a relatively small but statistically significant
portion of variability, with values reaching up to 10 % of total
variability. On average, this contribution is about 5 % for
NO2, 3% for Os, and only around 1% for CH20. The
obtained results indicate that urban air quality management
should primarily focus on reducing pollutant emissions and
adapting urban areas to minimize pollution impacts on public
health. At the same time, the presence of a small but
statistically significant dependence of pollution on climate
change should be considered when planning the
reconstruction and development of industrial enterprises
and implementing optimization measures to reduce
emissions from mobile sources. Such considerations in the
future will help eliminate the factor of air quality deterioration
due to climate change and allow a direct focus on measures
to reduce pollutant emissions.

Authors contribution: Mykhailo Savenets — conceptualization,
supervision, methodology, writing; Sofiia Krainyk — data validation,
computations; Daria Hrama, Maryna Rudas, Oksana Skliar — data
preparation, computations.
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CTATUCTUYHE OL|IHIOBAHHSA YNCTOIO BHECKY 3MIHU KNIMATY
Y ®OPMYBAHHA KOHLEHTPALIUA 3ABPYOHIOBAINIbHUX PEHYOBUH
B ATMOC®EPHOMY MOBITPI HAQL TEPUTOPIEIO YKPAIHU

B cTyn. 3a6pydHeHHss ammocghepHO20 nogimpsi ma 3miHa KniMamy € 0OHUMU 3 OCHOBHUX YUHHUKI@ He2amueHo20 aHMPOMO2eHHO20 8ruU8y
Ha doekinns. BapiamueHicmb 3a6pyOHIo8anbHUX pe408UH BiNlbWworo Mipoto 3anexums eid eukudie, npome 3anuwaemscsi HEOOCMamHbO 8UBYEHOIO
posib 3MiHU Krlimamy y ¢ghopMyeaHHi KOHUeHmpauiil, wo eaxsiueo epaxosyeamu npu doe2omepMiHO8OMY nniaHyeaHHI MnoslinuweHHs1 skocmi ammocgep-
HO20 noegimpsi ma cmpameeii 3MeHweHHs1 sukudie. Y daHili po6omi npedcmaesieHo aHasli3 YUCMO20 8HECKY 3MiHU KiliMamy y ¢hopMyeaHHs1 KOHUeHmpayili
wkidnueux GoMiWOK Ha OCHO8I 3acmocyeaHHs1 cCmamucmu4yHo20 nidxody 0o po3knadaHHs Yacoeux psidie.

M e To aun. BocHoei docnidxeHb nexams micsiyHi daHi eukudie i kKoHueHmpauil diokcudy asomy (NOz), pomansdezidy (CH20) ma mponocgbe-
PHo20 (npu3emHoz0) o30HY (O3) 3 peaHanisie Copernicus Atmospheric Monitoring Service (CAMS) 3a nepiod 3 2003 do 2021 p., a makox AaHi mem-
nepamypu noeimpsi, weudkocmi eimpy i Kinbkocmi onadie i3 peaHanizy ERA5. 3acmocyeaHHs1 aGumueHoi Modesi 0aso 3Mo2y po3kiacmu Yacosi
PSA0U KOHUeHmpauili Ha ce30HHY (8 HympiwWHLOPIYHY) cknadosy, MiXpidyHi MpeHOU ma MiXpiyHy 3anexHicmb eapiamueHocmi koHUyeHmpayiit NO,
CH;0 i O3 8id miHnusocmi KniMamu4Hux napamempis.

Pe3ynbTaTtun. Ce30HHa MiHnugicmb KOHUeHMpauyil, ujo 3anexums siK 8i0 3MiHU MemeoposIo2iYHUX YMO8, makK i iOMiHHocmi y eukudax
3abpydHiosasibHUX Pe408UH, NosICHIoE 8id 61 do 74 % 3azanbHoi eapiamueHocmi NO2, ma 6nu3bko 90 % CH>0 U Os. MixpiyHi meHOeHYil docnidxy-
8aHux 3abpydHI08asIbHUX Pe4Y08UH, W0 3asiexamb 8i0 3MiHU aHMPONo2eHHO20 HadaHMa)KeHHsl, cmaHoensime 8id 0,6 do 3,6 % dnsi NO2 ma nepesa-
xHo meHwe 1% dnsa CH:0 i Os, npome 3i cmamucmuyHo 3Havyyuwumu 3miHamu. Yucmuli eHecok 3MiHU Knimamy, oyiHeHuUll Yyepe3 cmamucmuyHy
3anexHicms MixpidyHUX eapiayili aHomanili yacoeux psidie 3a6pyOHI08aIbLHUX PEYOBUH 3 aHOMalisIMU KfliMamuy4HuUx napamempie, nokasae, wjo 3MiHa
knimamy eu3sHa4yae meHwe 10 % 3a2anbHOT eapiamueHocmi KOHYeHmpauiii 3a6pydHroeanbHUX pe4oe8uH. Y cepedHbOMY Ueli MOKa3HUK csi2a€e 6/1u3bKo
5 % 0ns NO2, 3 % 0nsa O3 ma nuwe 6nu3sbko 1 % Ansi CH20.

BucHoBKMW. OmpumaHi pesynbmamu eKka3ylomb Ha me, W0 po3pobrieHHss cmpamezili 3MeHWeHHs1 sukudie 3a6pydHI08aIbHUX PEYOBUH
ma noninweHHs1 skocmi ammocghepHo20 nosimpsi, nepedycim mae nepedbadamu 3MeHWeHHSsI PSIMUX aHMPONo2eHHUX eukudie i Ix HeezamueHo20 ennuey
Ha 300po8'st HacesnieHHs1 U ekocucmemu. [l[pome posib 3MiHU KiliMamy makox mae 6ymu epaxoeaHa siKk 3Ha4yuwuli YUHHUK y ¢ghopMyeaHHi ammocgbep-
HO20 3a6pyOHEeHHs.

KniwoyoBi cnoBa: diokcudazomy, popmanbdezid, mpornocgepHuli 030H, 3a6pyOHeHHs1 ammocghepu, aBumueHa Modesib, 3MiHa Kilimamy.
ABTOpM 3aABNSIOTb NPO BiACYTHICTb KOHMMIKTY iHTepeciB. CnoHcopy He Bpanu yyacTi B po3pobneHHi AocnimKkeHHs; y 36opi, aHanisi un
iHTepnpeTaLii AaHKX; y HANUCaHHI pyKonucy; B pilleHHi Npo nybnikaLito pe3ynbTaris.
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