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Abstract: The purpose of this study was to use principal component analysis to determine the effect
of meteorological elements on the concentration of PMj; 5 particulate matter in Krakow, the capital
of the Lesser Poland Voivodeship in southern Poland. Daily values for selected meteorological
elements measured in spring, summer, autumn, and winter over a 10-year period, obtained from
the Institute of Meteorology and Water Management—National Research Institute, were adopted
as variables explaining PM; 5 concentrations. Data on particulate air pollution were obtained from
the air monitoring station in Krakow. In spring, autumn, and winter, the first factor significantly
influencing the PMy 5 concentration was the maximum, minimum, and average temperature. In
summer, the average and maximum temperatures were significant. The second factor in spring
was precipitation and wind speed, and the third was relative humidity. In summer, the second
factor was atmospheric pressure, and the third was relative humidity. The second factor in autumn
was atmospheric pressure and precipitation, and the third was relative humidity. In winter, the
second factor was wind speed, and the third was precipitation and relative humidity. Throughout the
study, the annual mean PMj, 5 concentrations exceeded acceptable and target levels defined by the
Regulation of the Minister of the Environment, and even further exceeded the level recommended by
the WHO.

Keywords: meteorological conditions; PM; 5 concentration; principal component analysis; Krakow

1. Introduction

Compared to Europe as a whole, Poland has exceptionally poor air quality, largely
due to excessive concentrations of PMj 5 and PM; particulate matter. Studies of PM; 5
particulate pollution in Europe show that the annual average PM, 5 concentrations in
southern Poland are among the highest. The northern industrialized part of Italy also has a
large number of stations recording concentrations exceeding levels recommended by the
WHO [1,2]. The spatial distribution of emissions of pollutants in Poland is highly varied.
The highest levels of pollution are noted in large metropolitan areas and major industrial
districts [3]. The World Health Organization classified Krakow as the 11th most polluted
city in the European Union in 2016 [4].

Analysis of the maximum annual average concentrations of PM; 5 particulate matter
in six European cities, i.e., Brussels, Krakow, Milan, Ostrava, Sofia and Stuttgart, shows
that the level recommended by the WHO was exceeded in each of them. The limit defined
in Directive 2008/50/EC was not exceeded in 2016 only in Brussels, Sofia, and Stuttgart.
The level was highest in Krakow, where almost no progress was observed in relation to
2009 [5].
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Air protection programmes have been implemented in Krakow in recent years, and a
decline in emissions of particulate matter from the most environmentally harmful industrial
plants has been observed. Nevertheless, the concentration of particulate matter is still high
and exceeds the limits defined in the regulation of the Minister of the Environment of 24
August 2012 [6-8].

The main sources of particulate matter in the air emitted due to human activity
include the burning of fossil fuels—in the municipal, industrial, and transport sectors—and
emissions from production processes and agriculture. Primary particulate matter emitted
to the atmosphere can undergo chemical and physical changes [9,10].

Particulate matter under 2.5 um in diameter (PM, 5) comes mainly from gaseous pollu-
tants, such as sulfur and nitrogen oxides. When these oxides are emitted to the atmosphere,
they undergo chemical transformations, changing from gas to liquid to form acidic aerosol,
and subsequent transformations produce nitrates and sulfates [11,12]. Suspended partic-
ulate matter appearing in the atmosphere in this way is secondary pollution. Thus, the
concentration of PM; 5 particulate matter is to some extent determined by air pollution in
the form of gaseous pollutants, hydrocarbons, metal ions (including heavy metals), and
nanoparticles [13]. Fine particulate matter is often a source of dangerous heavy metals,
such as lead, cadmium, and mercury [14]. Xu et al. [15] reported that most particulate
mercury (PHg) was concentrated in finer PM; 5 particles. Average mercury concentrations
in PMj; 5 in urban, rural, and remote locations throughout the sampling period were nearly
equal in spring, autumn, and winter, but approximately twice as high as in summer.

Suspended PM has a significant impact on human health [10,16,17]. Its presence is
an indicator of air quality, as stated in the Environmental Protection Act of 27 April 2001,
which establishes acceptable concentrations of pollutants and thus an air quality standard.
This standard can be the basis for estimating the health effects of air pollution.

People spending time in air polluted with PM; 5 particulate matter experience various
pathological reactions depending on how long they are exposed to the pollution. Suspended
particulate matter is a carcinogenic agent [18]. When it enters the respiratory tract it leads
to the development of cancer, mainly of the larynx. Suspended particulate matter can also
lead to the development of tumours in the lower respiratory tract (lungs) [19,20]. Moreover,
it significantly affects the circulatory system [21,22].

PM; 5 levels exceeding WHO guidelines in the European Union caused about 400,000 pre-
mature deaths in 2011 and about 220,000 in 2020 [23]. According to the WHO [13], at an
annual average PM, 5 concentration of 10 1g/m3, long-term exposure increases rates of
cardiopulmonary and lung cancer, with more than 95% confidence. WHO guidelines
from 2021 define the acceptable annual average PM; 5 concentration as 5 ug/ m? and the
acceptable 24-h average as 15 pg/m?, which can be exceeded 3-4 days a year [24].

Air pollution levels are influenced not only by current emissions associated with
the municipal and housing sector, transport, and industry, but also by meteorological
conditions (air temperature, precipitation, and wind speed) and the type of atmospheric cir-
culation [25-30]. Atmospheric circulation is one of the most important factors determining
weather conditions, due to the temperature inversion occurring during anticyclonic circula-
tion [31], when pollutant concentrations increase. This study focused on the concentrations
of PMj; 5 particulate matter in Krakow, the capital and largest city of the Lesser Poland
Voivodeship. The aim of the study was to determine which meteorological elements influ-
ence the PM; 5 concentration in Krakow in the calendar seasons—spring, summer, autumn,
and winter—and to what extent. The scope of this work fits within the subject of improving
air quality, which is associated with sustainable development addressed in strategic docu-
ments. Among specific actions that can improve air quality, we can distinguish relevant
legislation and cleaner production, i.e., the use of technologies that generate less pollution.
In addition, it is important for people to act in accordance with environmental awareness,
i.e., an understanding of the mechanisms of nature and the limits of its exploitation [24].
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2. Materials and Methods

Air pollution was presented on the basis of daily average PM;, 5 concentrations ob-
tained from the measuring point of the air monitoring station on ul. Bujaka in Krakow
(urban background station; ® 50.010575, A 19.949189, 223 m a.s.l.; Figure 1).
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Figure 1. Location of air monitoring station in Krakow in relation to Poland and Europe (® 50.010575,
A 19.949189, 223 m a.s.L.).

Data on PMj; 5 concentrations were made available by the State Environmental Moni-
toring Service, which was established by the Environmental Protection Inspection Act of 20
July 1991 [32]. Measurements were made in accordance with EN 14907:2005 Ambient air
quality—Standard gravimetric measurement method for the determination of the PM; 5
mass fraction of suspended particulate matter. According to Directive 2008/50/EC of
the European Parliament and of the Council of 21 May 2008 on ambient air quality and
cleaner air for Europe, for particulate matter and substances analysed in it (e.g., lead), the
measurement volume refers to ambient temperature and atmospheric pressure on the day
of measurement [33]. According to the K&ppen classification, this area is within a cold
climate zone (Dfb) with a warm summer and no dry season [34].

Daily average values for meteorological elements, i.e., average air temperature (T),
maximum temperature (TM), minimum temperature (Im), relative humidity (RH), precipi-
tation totals (PP), atmospheric pressure at the level of the station (Pxraxow), and wind speed
(V), were obtained from the Institute of Meteorology and Water Management—National Re-
search Institute. The research period covered spring (March-May), summer (June-August),
autumn (September-November), and winter (December—February) in the decade from 2010
to 2019.

The dependence of the concentration of particulate matter on meteorological factors
was analysed using principal component analysis (PCA) [35], a method derived from
factor analysis. This method can be used to reduce the number of variables influencing
concentrations of particulate matter and to determine new components (PCs), independent
of one another, which to a large extent explain the variability in the PM; 5 concentration.

The variables adopted were Tm, TM, T, HR, V, PP, and Px:axow. These will be meteoro-
logical elements of the principal components (PCs), each designated PCx, where x is the
number of the component.

Three PCs were chosen for the analysis, as their eigenvalues of the correlation matrix
were greater than one (the Kaiser criterion). In each component, only the variables with the
highest correlation (absolute value) were considered.

The calculations were made using Statistica 13.
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3. Results and Discussion
3.1. PM; 5 Levels—Seasonal Variation

Based on the calendar of circulation types for southern Poland created by T.
Niedzwiedz [36,37], the anticyclonic circulation type was determined to have occurred on
58.7% of days in winter, 45.4% in spring, 53.5% in summer, and 56.9% in autumn during
the study period. Comparison of the average temperature in each season during the study
period with the long-term average (1991-2020) for that season revealed that the temperature
in the study period was higher than the long-term average: by 0.1°C in winter, by 0.3 °C in
spring, and by 0.5 °C in summer and autumn.

Measurements of the concentration of PMj, 5 particulate matter at the urban back-
ground station in Krakow on ul. Bujaka in the years 2010-2019 varied between 25 pg/m?
(annual average in 2019) and 41 nug/ m? (annual average in 2012) (Table 1). These values
exceeded the acceptable and target levels defined in the Regulation of the Minister of the
Environment of 2012. The causes of the excessive levels were emissions associated with
vehicular traffic in the city centre, emissions from industrial plants, heating plants, and
power plants, and emissions associated with private heating of buildings, the specific local
conditions of the spread of pollutants, and unfavourable climatic conditions [38—40].

Table 1. Annual average PM,; 5 concentrations in Krakow in 2010-2019.

Year

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

PM; 5 (ug/m°)

35 37 41 33 33 34 30 32 31 25

In each of the years analysed, the annual average PM, 5 concentrations exceeded the
level of 10 pg/m? recommended by the WHO [13], and even more so the level of 5 ug/m?
recommended by the WHO [24].

The highest concentrations were noted in the winters, when the 24-h concentrations
ranged from 4 to 306 pg/ m3. The 24-h concentration of PM, 5 recommended by the WHO
in 2005, amounting to 25 pg/m?3, was exceeded on average on 22 days in each winter
month, while the level recommended by the WHO in 2021 (15 pg/ m?3) was exceeded on
26 days. In the spring periods, the 24-h concentrations ranged from 6 to 158 j1g/m>. The
24-h concentration of PM; 5 recommended by the WHO in 2005 was exceeded on average
on 12 days in each spring month, while the level recommended by the WHO in 2021 was
exceeded on 24 days. In summer, the 24-h concentrations ranged from 3 to 40 pg/ m3.
The 24-h concentration of PMj; 5 recommended by the WHO in 2005 was exceeded on
average on one day in each summer month, while the level recommended by the WHO
in 2021 was exceeded on 12 days. In autumn, the 24-h concentrations ranged from 2 to
161 pg/ m3 (Figure 2). The 24-h concentration of PM; 5 recommended by the WHO in 2005
was exceeded on average on 13 days in each autumn month, while the level recommended
by the WHO in 2021 was exceeded on 21 days (Figure 2). It is often the case that the highest
concentrations of PM, 5 are noted during winter months. This is due to a combination of
factors related to weather conditions and human activity [41].
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Figure 2. 24-h PM; 5 concentrations in Krakow in 2010-2019 in four calendar seasons: (a) spring,
(b) summer, (¢) autumn, (d) winter.
3.2. PCA Analysis
The correlation matrix between factors (Table 2) clearly shows that the variables
(meteorological elements) were interdependent. This was the reason for choosing PCA
analysis, which can be used to determine linearly independent principal components as
combinations of meteorological elements.
Table 2. Correlation matrix.
Spring PM; 5 ™ Tm T PP \'% RH Pxrakow
PM, 5 1.00
™ —0.34 1.00
Tm —0.61 0.70 1.00
T —0.49 0.95 0.86 1.00
PP —-0.19 —0.01 0.22 0.07 1.00
A\ —0.28 —0.28 —0.05 —0.22 0.08 1.00
RH —0.03 —0.42 0.10 —0.26 0.38 0.02 1.00
Pirakow 0.26 —0.02 ~0.16 —0.07 —0.22 —0.17 023 1.00
Summer PM,5 ™ Tm T PP \% RH Pirakow
PM, 5 1.00
™ 0.59 1.00
Tm 0.25 0.53 1.00
T 0.58 0.94 0.70 1.00
PP —0.09 —0.11 0.10 —0.10 1.00
A\ —0.38 —0.27 0.04 —0.23 0.07 1.00
RH —0.28 —0.48 0.09 —0.42 0.38 0.04 1.00

Pirakow 0.15 0.04 ~0.16 0.01 —0.29 022 —0.26 1.00
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Table 2. Cont.
Autumn PM; 5 ™ Tm T PP \Y% RH Pxrakow
PM; 5 1.00
™ —0.30 1.00
Tm —0.53 0.71 1.00
T —0.45 0.93 0.90 1.00
PP —0.20 0.03 0.21 0.11 1.00
\% —0.40 —0.25 0.03 —-0.12 0.10 1.00
RH 0.26 —0.50 —0.22 —0.42 0.17 —-0.12 1.00
Pxrakow 0.06 0.02 —0.04 0.00 —0.09 —0.01 0.27 1.00
Winter PM; 5 ™ Tm T PP \Y% RH Pxrakow
PM; 5 1.00
™ —0.33 1.00
Tm —0.58 0.78 1.00
T —0.51 0.93 0.93 1.00
PP —0.21 0.16 0.22 0.22 1.00
\% —0.59 0.11 0.30 0.24 0.17 1.00
RH 0.18 —0.18 0.04 —0.07 0.17 —0.28 1.00
Pxrakow 0.06 —0.08 —0.12 -0.11 —0.10 0.00 0.30 1.00
Data highlighted in red represent a statistically significant correlation between variables (significance level 0.05).
Abbreviations: average temperature (T), maximum temperature (TM), minimum temperature (Tm), relative
humidity (RH), precipitation totals (PP), atmospheric pressure (Px;akow), wind speed (V)
The correlation matrix eigenvalues indicated that three PCs were sufficient to explain
the variability in the concentration of particulate matter in spring, as they explained 79.01%
of the variability. Three principal components were also sufficient in summer (77.70% of
the variability), autumn (80.13%) and winter (78.66%) (Table 3).
Table 3. Eigenvalues of the correlation matrix.
Spring Summer
V) V)
Factor No.  Eigenvalue o Of. Total .Cumul. Cumul.%  Eigenvalue o Of. Total .Cumul. Cumul.%
Variance Eigenvalue Variance Eigenvalue
PC1 2.82 40.23 2.82 40.23 2.72 38.83 2.72 38.83
PC2 1.71 24.37 4.52 64.60 1.69 24.10 4.40 62.92
PC3 1.01 14.41 5.53 79.01 1.03 14.78 5.44 77.70
PC4 0.76 10.79 6.29 89.80 0.70 10.01 6.14 87.72
PC5 0.59 8.45 6.88 98.25 0.65 9.26 6.79 96.97
Autumn Winter
PC1 2.99 42.72 2.99 42.72 3.05 43.52 3.05 43.52
PC2 151 21.60 4.50 64.32 1.34 19.08 4.38 62.60
PC3 1.11 15.81 5.61 80.13 1.12 16.07 5.51 78.66
PC4 0.68 9.67 6.29 89.80 0.77 11.06 6.28 89.72
PC5 0.56 8.06 6.85 97.86 0.57 8.13 6.85 97.85

Analysis of the eigenvalues (Table 3) of variables in individual seasons reveals dif-
ferences between them. In spring, factor 1 (spring-PC1), which is a linear combination of
the average (T), maximum (TM), and minimum (Tm) temperature, had the greatest effect
on the concentration of particulate matter and explains 40.23% of the variability in the
concentration of particulate matter. The second factor (spring-PC2), precipitation (PP) and
wind speed (V), explains 24.37% of the variability in the concentration of particulate matter.
The third factor (spring-PC3) was relative humidity (RH), which explains 14.41% of the
variability. In addition, analysis of the correlation coefficients of the principal components
shows that the concentration of particulate matter depends significantly on the linear com-
bination of all three temperature values (Table 4). The lower the temperature, the higher
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the concentration of particulate matter. The concentration of particulate matter was less
affected by precipitation (PP), atmospheric pressure (Pxyakow), and wind speed (V). As
atmospheric pressure and wind speed increased, the concentration of particulate matter
increased. This may have been due to an influx of pollutants from communes adjacent to
Krakow [42,43]. Relative humidity (RH) had a similar but much smaller influence (Table 4).

Table 4. Coefficients of principal components of selected meteorological elements.

Factor Coefficients of Variables Based on Correlations

Spring Summer
Meteorological PC1 PC2 PC3 PC1 PC2 PC3
Elements
™ —0.963 —0.137 0.050 0.950 0.087 —0.019
Tm —0.852 0.355 0.017 0.628 0.597 0.022
T —0.992 0.027 0.040 0.970 0.192 0.005
PP —0.069 0.743 —0.200 —0.247 0.657 —0.306
RH 0.284 0.276 0.823 —0.299 0.262 0.853
\% 0.295 0.738 —0.403 —0.557 0.544 —0.386
Pirakow 0.077 —0.622  —0.352 0.143 —0.700  —0.251
Autumn Winter
Meteorological PC1 PC2 PC3 PC1 PC2 PC3
Elements
™ —0.944 0.168 —0.090 —0.899 —0.086 0.279
Tm —0.875 -0.197 —0.069 —0.919 0.030 0.202
T —0.986 0.004 —0.065 —0.969 —0.018 0.221
PP —0.133 —0.768 —0.242 —0.355 0.500 —0.587
RH 0.103 —0.431 0.831 —0.378 —0.485 —0.592
A% 0.551 —0.352 —0.582 0.097 0.841 0.233
Pkrakow 0.170 0.739 —0.042 0.421 —0.368 0.458

In summer, the average (T) and maximum temperature (TM) were most important,
together explaining 38.83% of the variability in the concentration of particulate matter
(summer-PC1). The second factor (summer-PC2) was atmospheric pressure (Pxrakow), €X-
plaining 24.10% of the variability in the concentration of particulate matter, and the third fac-
tor (summer-PC3) was humidity (RH), explaining 14.78% of the variability (Tables 3 and 4).
In summer, we see that higher temperature (maximum and average), to a lesser extent
a decrease in atmospheric pressure (Pxraxow), and to a much lesser extent an increase in
relative humidity cause an increase in PMj; 5 pollution (Table 4). A similar relationship was
observed by Juda-Rezler and Toczko [44]. In their study, the concentration of particulate
matter in summer increased with the air temperature and decreased when the temperature
decreased. The correlation coefficient was also positive in the warm months from April to
September. Research by Rozbicka and Michalak [45] carried out in Warsaw also indicates a
relationship between meteorological conditions and the concentration of air pollution. The
authors report that the concentration of suspended particulate matter in summer increases
mainly due to an accumulation of pollutants from transport sources. Gliniak et al. [46]
showed that car traffic is 20% responsible for the PM; 5 concentrations in Krakow, due to
the abrasion of vehicle tires and road material. Borowiak et al. [47] found that air pollution
levels are characterized by seasonality, both daily and yearly. This is linked to increased
emissions from different sources at different times of year.

In autumn, the greatest effect was exerted by the average (T), maximum (TM), and
minimum (Tm) temperature, which together explain 42.72% of the variability in the con-
centration of particulate matter (autumn-PC1). The second factor (autumn-PC2), which
includes atmospheric pressure (Pkraxow) and precipitation (PP), explains 21.60% of the
variability, while the third factor (autumn-PC3), consisting of humidity (RH), explains only
15.81% of the variability in the system (Tables 3 and 4). During this period, we also observe
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an increase in the PM concentration depending on a decrease in temperature, to a lesser
extent on a decrease in precipitation (PP) and an increase in atmospheric pressure (Pxrakow).
and to the least extent on higher relative humidity (Table 4).

In winter, the particulate matter concentration is influenced by three factors, which
determine 80% of the PM, 5 concentration. The first factor (winter-PC1) is a linear combina-
tion of air temperatures (TM, Tm, and T)—43.52%; the second factor (winter-PC2) is mainly
wind speed (V)—19.08%; and the third factor (winter-PC3) is precipitation (PP) and relative
humidity (RH)—16.07% (Tables 3 and 4). In winter, the increase in the concentration of
particulate matter was most influenced by the decline in temperature (TM, Tm, and T), to a
lesser extent by increased wind speed (V), and least by declines in precipitation (PP) and
relative humidity (RH) (Table 4). During autumn and winter, the main sources of pollution
are emissions from the combustion of solid fuels (coal and wood) and waste in household
heating systems and pollution from transportation and industry [48-50]. This resulted in
a resolution of the Lesser Poland Voivodeship Assembly (Resolution No. XVIII/243/16
of the Sejmik of the Lesser Poland Voivodeship of 15 January 2016 on the introduction of
restrictions on the operation of installations in which fuels are burned in the Municipality of
Krakow) prohibiting the burning of solid fuels, wood, and heavy oil in household furnaces,
beginning in September 2019. The resolution forced the elimination of previously used
furnaces. This piece of legislation should prompt air quality researchers to test PM, 5 air
pollution after 2019.

In winter, the first factor (winter-PC1), which was a linear combination of temperatures
(TM, Tm, and T), can be reduced to only one of these temperatures. All temperature data
provide the same information, and their vectors overlap. In summer, similar information is
provided by the average (T) and maximum (TM) temperatures. Therefore, further analysis
of the summer period can take into account the average (T), maximum (TM), or minimum
(Tm) temperature.

Figure 3 presents the relationships between the variables and the PCs for seasons.
A positive or negative correlation is indicated by an acute or obtuse angle, respectively,
between vectors; a lack of dependency is represented by a right angle between vectors.

Similar relationships were reported by Zuska et al. [51], who used PCA for concen-
trations of PM; particulate matter in Nowy Sacz. In that case, it was also possible to
reduce the number of meteorological variables to determine concentrations of particulate
matter. In the present study, the first factor in winter for PMys (winter-PC1, PM; 5) was the
combination of the air temperatures, whereas in the case of PMy in the study cited, the
first principle component included not only the combination of air temperatures, but the
wind speed as well (winter-PC1, PM;; Table 5). The second factor in the case of PM;y was
the combination of humidity and atmospheric pressure, while the second factor for the
concentration of PM; 5 (winter-PC2, PM; 5) was mainly wind speed (V). The components
of the third factor differ as well. The PM; 5 concentration was influenced by precipitation
(PP) and relative humidity (RH), while in the case of the concentration of PM;, there
was no significant meteorological factor in the third component (winter-PC3, PMyg). The
differences observed may be explained by the geographic location of the two cities.

The location of the city of Krakow in the Vistula River valley determines certain fea-
tures of its natural climate, including the formation of cold air pools, frequent temperature
inversions, and increased frequency of freezing temperatures, calm or light wind, and fog.
These circumstances favour the accumulation of pollutants near the ground and the forma-
tion of smog, causing values to exceed the acceptable and target levels [31,43,52-58]. This
explains the substantial differences in the PM, 5 concentrations between calendar seasons
(spring, summer, autumn, and winter). Understanding seasonal variation is important for
managing air quality and implementing measures to reduce pollutant emissions, especially
in regions prone to poor air quality in specific seasons [59].



Sustainability 2024, 16, 4797

10 of 14

Projection of the variables on the factor area (1x2)

Projection of the variables on the factor area (1x2)

PC2:2437%
PC2:24.10%

10 05 00 05 10
BC1:4023%

(a) (b)

Projection of the variables on the factor area (1x2) Projection of the variables on the factor area (1x2)

M
/ ;\\\
B

7

FIERN /

10 05 00 05 10
PC1:4352%

(0) (d)

Figure 3. Dependence of variables on principal components of selected meteorological elements:
(a) spring, (b) summer, (c) autumn, (d) winter. Abbreviations: average temperature (T), maximum
temperature (TM) minimum temperature (Tm), relative humidity (RH), precipitation totals (PP),
atmospheric pressure (Px;akow), wind speed (V).

Table 5. Coefficients of principal components of selected meteorological elements of PM;y Zuska
etal. [51].

Winter
Meteorological Elements PC1 PC2 PC3
T —0.88 —0.40 0.22
™ —0.87 —0.22 0.25
Tm -0.77 —0.51 0.22
H -0.12 0.84 0.44
\Y -0.72 —-0.32 —0.52
PP —0.07 0.16 0.43
VM -0.72 0.41 0.49
Po 5on20E —0.31 0.89 0.24

Meteorological conditions have a significant impact on air pollution, but systematic
and detailed studies on the effects of meteorological conditions on pollutant concentrations
are rare. Studies most often compare average PM concentrations between the heating
season and the period outside the heating season. During these periods, meteorological
conditions such as wind speed, wind direction, temperature, and temperature inversion
differ. However, the use of wood or coal to heat rooms in many areas and the much higher
pollution associated with transport in winter are also important factors. Similar results were
obtained by [60-64] (Table 6). Meteorological conditions are undoubtedly an important
factor affecting PM concentrations, but their complexity remains a subject of research.
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Table 6. Results of similar studies from nearby regions.
Year of Each Study Research Locations Main Findings Methodology Title and Authors
The CESAR and PEACE
studies showed that
Six Central and Eastern mean PMy ‘PM1g and PMy 5
European countries: concentrations during . concentrations in
Analysis of

November 1995 to

Bulgaria, Czech Republic,

the heating season

variance and

Central and Eastern

October 1996 Hungary, Poland, are generally higher in correlation analvsis Europe: results from
Romania, and Central and Eastern y the Cesar study’,
Slovakia Europe than in Houthuijs et al. [60]
Scandinavia and
Western Europe
A decrease in Comparison of mean ‘Temperature effect on
October to March in temperature has a PM concentrations PMy concentrations

four years, 2017-2020

Burgas, Bulgaria

negative effect on PMj
levels in January
and February

during heating and
non-heating seasons

during the heating
season in Burgas’,
Hasan et al. [61]

First
measurement—Kosice,
Slovakia;

Strong correlation

‘Determining the
correlation between
particulate matter PMyg

January, March, and second measurement—a between PM and wind C . . )
May 2022 small village near Kosice speed, humidit orrelation analysis and meteorological
y & peed, Y factors’
(one street with and temperature KireSova a,n d
five family houses Guzan [62]
clustered together)
Dunn test for
10-year period from PMyp an(.i PMy 5 multiple comparison “The effect of drogght
2010 to 2019, during . concentrations werg of mean PM .on PM concentrahor}s
the growing, season Czech Republic stroggly correlated with concentrations in the C?ech Kepubllc’,
(April-September) soil temperature and between station type, Smejkalova and
P P soil moisture separately for dry Brzezina [63]
and wet period
‘Impact of seasonal
Correlation between the Pﬁatligrﬁjr;riﬁ}c(i)ofﬁn
Village of heating season, the PM Correlation and 2.5

Winter 2019

Sucany, Slovakia

concentration, and
wind direction

regression analyses

Suéany, Slovakia: a
temporal and spatial
analysis’, Jandacka
et al. [64]

4. Conclusions

The use of principal component analysis (PCA) to study the effect of selected meteoro-
logical elements on the concentration of suspended PM; 5 particulate matter showed which
of them have a decisive influence (are statistically significant). Three principal components
are sufficient to explain the variability in the PM; 5 concentration in each season of the
year. In most seasons, the dominant factor was the maximum, minimum, and average
temperature (PC1), but in summer, it was only the maximum and average temperature.
The second factor was precipitation and wind speed in spring, atmospheric pressure in
summer, atmospheric pressure and precipitation in autumn, and wind speed in winter. The
third component consisted mainly of relative humidity in spring, summer, and autumn,
and precipitation and humidity in winter. These analyses show that the variability in the
PM, 5 concentration can be determined. No regression equation of the expected PM; 5
concentration was presented; however, we can observe that in winter (when the concen-
tration of PM; 5 is the highest), the temperature can explain 44% of the variability in the
level of PM, 5 concentration, the wind speed can explain about 19%, and precipitation and
humidity only 16%. Knowledge of which meteorological elements strongly affect PM; 5
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levels, obtained using the PCA method, can be used in warnings to the public regarding
the dangerous effects of particulate matter on human health. This study should be repeated
in a few years to track the changes in the values of the characteristics studied and diagnose
progress in sustainable development in the study area.
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