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Abstract: Particulate matter (PM;o and PM, 5) is a key contributor to urban air pollution and
poses significant health risks, particularly in densely populated areas. While conventional
air quality monitoring focuses on particle size and concentration, this study emphasizes the
importance of understanding chemical composition and emission sources for effective air
pollution management. PM samples were collected between 2019 and 2022 at two locations
in the Republic of Slovenia: a traffic-dominated urban site and an industrial area. Annual
average PM;o concentrations ranged from 14 to 34 ug/ m3, and those of PM; 5 ranged
from 9 to 22 pg/m3. In addition to decreasing annual concentrations, a notable reduction
in exceedance days was observed between 2019 and 2022, indicating the effectiveness
of recent air quality improvement measures. Meteorological data and statistical models
were used to assess environmental influences on PM variability. Advanced SEM-EDS
analysis revealed substantial seasonal and spatial differences in particle composition,
with key elements such as silicon (4.3-28.4%), carbon (13.1-61.7%), and trace amounts
of lead and zinc varying across sites and particle types. Mineral dust (Si, Al, Ca, Fe,
Mg), originating from soil resuspension, construction, and Saharan dust, was dominant.
Combustion-related particles containing C, Pb, Zn, and Fe oxides were associated with
vehicle emissions, industrial processes, and biomass burning. Secondary aerosols, such as
sulphates and nitrates, showed seasonal trends, with higher concentrations in summer and
winter, respectively. The results confirm that PM levels are driven by complex interactions
between local emissions, weather conditions, and seasonal dynamics. The study supports
targeted policy measures, particularly regarding residential heating and traffic emissions,
to improve air quality.

Keywords: air pollution; air quality; PM particles; SEM-EDS; Slovenia

1. Introduction

Air pollution is a global challenge and remains one of the most pressing environmental
issues of our time, with widespread direct and indirect effects on nearly all nations [1,2].
Within the European Union (EU), it has long been a high-priority concern, prompting exten-
sive efforts in monitoring, regulation, and mitigation. While certain member states have ob-
served improvements due to the enforcement of updated environmental standards—such
as the revised World Health Organization (WHO) Air Quality Guidelines (2021) [3] and the
2024 Air Quality Directive [4]—others continue to struggle with persistently high pollution
levels [5].
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Air pollution is primarily driven by emissions from industry [6], transport [7], agri-
culture [8], and domestic heating [9], releasing a complex mix of pollutants, including
particulate matter (PM), nitrogen oxides (NOy), sulphur dioxide (SO;,), and volatile or-
ganic compounds (VOCs). These substances contribute significantly to climate change
acceleration, acidification of ecosystems, and biodiversity loss [10].

In addition to environmental degradation, air pollution poses serious risks to human
health, being strongly linked to respiratory and cardiovascular diseases, elevated mortality,
and weakened immune function [11,12]. Recent studies have established air pollution as
one of the leading environmental determinants of premature death in the EU, with associ-
ations with lung cancer, stroke, and chronic obstructive pulmonary disease (COPD) [13].
Moreover, long-term exposure has been correlated with reproductive disorders, adverse
birth outcomes, and increased healthcare burdens [14,15]. Despite localized improve-
ments, persistent pollution continues to threaten public health and long-term demographic
stability [16].

Among the major air pollutants, particulate matter (PM) stands out due to its complex
composition, atmospheric persistence, and widespread impact. PM consists of a hetero-
geneous mixture of solid and liquid particles suspended in the air, originating from both
natural and human sources, including organic compounds, mineral dust, metals, and other
inorganic species [1,17]. The primary sources of PM include anthropogenic, geogenic,
and biogenic activities, leading to a broad spectrum of emission profiles and atmospheric
transformations [1,18]. PM is typically categorized by size—PMj 5 (particles < 2.5 pm) and
PM; (particles <10 um)—Dboth of which are widely monitored due to their health impli-
cations [19]. Growing awareness of PM’s contribution to climate and health hazards has
intensified scientific and policy interest, reinforcing the call for more stringent regulations
and evidence-based mitigation strategies [3,4,20].

As numerous studies have emphasized [18,21-24], characterizing the physical and
chemical properties of PM is critical for identifying emission sources, understanding at-
mospheric behaviour, and elucidating toxicological mechanisms. A range of analytical
techniques are applied, including Atomic Absorption Spectroscopy (AAS), Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) or Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) for trace metal qualifications. Techniques such as Field Emis-
sion Scanning Electron Microscopy (FE-SEM) or Energy-Dispersive X-ray Spectroscopy
(EDS) provide high-resolution imaging and elemental analysis, while X-ray Diffraction
(XRD) is used to identify crystalline structures and mineral phases. Additionally, Fourier
Transform Infrared Spectroscopy (FT-IR) spectroscopy enables detection of organic func-
tional groups, contributing to insights into secondary organic aerosol formation. These
methods collectively enhance our understanding of PM composition, enabling precise
source attribution and comprehensive health risk assessment [18]. The resulting data form
the foundation for evidence-based air quality policies and regulatory decisions.

Air quality in the Republic of Slovenia (RS) exhibits distinct regional and seasonal
variability, with lower pollution levels generally observed in rural regions compared to
urban industrial areas such as Ljubljana, Maribor, and Zasavije [25]. During winter, air qual-
ity deteriorates due to increased solid fuel combustion and unfavourable meteorological
conditions, such as temperature inversions, which trap pollutants near the ground [19]. Key
sources include vehicular traffic, residential heating, and industrial activities [5]. PMjp and
PM, 5 remain the pollutants of greatest concern, due to their established links to health risks
and premature mortality. Slovenia’s topography and climatic conditions further contribute
to PM accumulation, especially in the heating season [5,26].

To contextualize Slovenia’s air quality challenges within a broader regional framework,
recent studies from Central and Southeastern Europe offer valuable insight. In Slovenia,
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high levels of PM; 5 in rural areas due to residential wood burning have been documented,
especially during winter, and are often underestimated in official monitoring [27]. In the
Western Balkans, independent monitoring in cities such as Pljevlja (Montenegro) has re-
vealed frequent exceedances of PM;g and PM; 5 limits [28]. Similarly, in Central Europe,
studies in Krakow (Poland) have highlighted the strong influence of meteorological con-
ditions on PM; 5 variability, further illustrating the complex interplay between climate,
emissions, and geography in the region [29].

This study presents a detailed analysis of air quality in Slovenia over a four-year
period (2019-2022), utilizing data from two strategically located monitoring stations with
differing pollution profiles. Measurements include PM concentrations, meteorological
data (temperature, humidity, wind speed, precipitation), and elemental composition anal-
ysis using Scanning Electron Microscopy coupled with Energy-Dispersive Spectroscopy
(SEM-EDS). The results reveal significant variations in PM levels, sources, and behaviour
under different environmental conditions. Heavy metal content was also examined to
assess pollution sources and potential health risks. The findings contribute to a deeper
understanding of air pollution dynamics in Slovenia, offering a scientific basis for targeted
environmental interventions and regulatory planning. This study expands upon previous
work [5,30,31] and aims to support national strategies for cleaner air and improved public
health outcomes.

2. Materials and Methods
2.1. Study Area

Slovenia, situated in Central Europe, features a diverse climate shaped by its complex
topography, with continental conditions dominating the interior and Mediterranean in-
fluences present along the coast [31]. In the sub-Mediterranean zone, the average annual
temperature is around 12 °C, while in the lower-elevation areas of central Slovenia, it
ranges between 8 °C and 1 °C [32]. Precipitation levels vary considerably across regions,
from approximately 800 mm in the far northeast to over 3000 mm in the mountainous
northwest [32]. Owing to its geographical position between the Alps and the Adriatic
Sea, Slovenia experiences moderate levels of air pollution, with elevated concentrations
typically observed in urban and industrial areas. For example, in 2023, the annual mean
PMj concentration was approximately 27 pg/m? [19].

2.2. Site Selection

This study was conducted at two air quality monitoring sites located in distinct geo-
graphical and environmental regions of Slovenia (Figure 1). The selected stations represent
contrasting pollution profiles, encompassing both urban traffic-related and industrial emis-
sion sources [19]. Both chosen stations (designated as site A and site B) are part of the
national air quality monitoring network, ensuring high data reliability and comparability.
Each station is equipped with air-conditioning and ventilation systems to maintain optimal
and controlled sampling conditions. Air samplers were installed indoors, positioned at
approximately 1 m above ground level [5]. The measurement campaign spanned four full
years, from 1 January 2019 to 31 December 2022.

Site A is located in the centre of Ljubljana. This urban location is characterized by dense
traffic and is surrounded by buildings, which can influence air circulation and pollutant
dispersion. The city’s topography, situated in a Ljubljana basin, can lead to thermal
inversions [33-36], especially during colder months, trapping pollutants near the ground
level. Site B is situated close to the Sostanj Thermal Power Plant. This industrial setting is
influenced by emissions from the power plant, particularly under certain meteorological
conditions. The surrounding area includes hilly terrain, which can also contribute to the
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occurrence of thermal inversions [33-36]. In terms of population, Ljubljana is the capital
and largest city of Slovenia, with approximately 280,000 residents, while Sostanj is a smaller
town, with around 8000 inhabitants. This demographic difference, along with the distinct
urban and industrial characteristics of the two sites, provides a diverse context for assessing
air quality variations.
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Figure 1. Graphical presentation of locations of monitoring stations A and B.

Table 1 presents a comprehensive overview of the station characteristics, including
the elevation, geographic coordinates, site classification, and instrumentation used. The
inclusion of spatially and functionally diverse locations enables a more representative
assessment of air quality across Slovenia, considering variability in emission patterns,
meteorological conditions, and socio-economic parameters, such as industrial intensity,
population density, and traffic volume.

Table 1. Characteristics of monitoring stations.

Measurement Characteristics

. . . 1 1
Sampling Site  Altitude (m) D96_E D96_N Area Type Type of Area
A 299 504,134 137,503 Urban Traffic Residential,
commercial
B 362 461,548 102,067 Urban Industrial Residential,
industrial

1—D96—national coordinate system.

2.3. PM Sampling

Real-time hourly measurements of PM;y and PM; 5 concentrations were continuously
recorded by the Environment Department of the Milan Vidmar Electric Power Research
Institute (EIMV) and the Slovenian Environment Agency (ARSO). The dataset is publicly
available at https://www.arso.gov.si/zrak/kakovost%20zraka/podatki/ (accessed on
11 March 2025).

As described in previous work [5,37], PM concentrations were determined using an
automatic gravimetric analyzer (Sven Leckel, model SEQ47/50, Berlin, Germany). For
sample collection, Whatman™ glass fibre filters (47 mm in diameter, porosities of 8.0 pm
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and 0.4 um, Burlington, MA, USA) were utilized. Prior to deployment, filters were pre-
conditioned by thermal treatment at 850 °C for 3 h to eliminate potential residues. Both
before and after sample collection, filters were equilibrated for at least 48 h in a controlled
environment with a relative humidity of 50 & 5% and a temperature of 25 & 2 °C, before
being weighed using a Mettler Toledo analytical balance (model AG 245, resolution 0.01 mg,
Columbus, OH, USA). Particle mass concentrations were then calculated and expressed in
ug/m?.

Sampling adhered to rigorous quality control protocols to minimize contamination,
and was conducted in line with the SIST EN 12341:2014 standard gravimetric method [5,36].

Daily averages of PMjy and PM, 5 were computed only if at least 16 h of valid data
were available, following established protocols [5,37]. The data were further aggregated
into daily, monthly, and annual means to facilitate temporal trend analyses.

Simultaneously, daily meteorological data were obtained from the EIMV and ARSO
stations, including the average temperature (T}), relative humidity (RHp), precipitation
(Pp), and wind speed (WSy,). These parameters were integrated into the analysis to evaluate
their influence on pollutant dispersion and accumulation. The methodological approach
is consistent with prior research investigating atmospheric dynamics and air pollution
interactions in Slovenia [5,36].

2.4. SEM-EDS Analysis

To investigate the elemental composition and morphological features of fine partic-
ulate matter, Scanning Electron Microscopy (SEM; Quanta 200 3D model, Hillsboro, OR,
USA) was combined with Energy-Dispersive X-ray Spectroscopy (EDS). This integrated
technique enabled high-resolution imaging and qualitative elemental analysis at the level
of individual particles. A total of four samples, two PMjy and two PM; 5 samples, col-
lected at both monitoring sites in August 2023, were selected for analysis. Particles were
deposited onto plasma-treated Ni-Ti alloy substrates to enhance surface adhesion and
reduce analytical interference during SEM-EDS examination. Imaging was performed at
100x magnification, allowing for a representative overview of both chemical composition
and particle morphology across the observed size range. Elemental identification was
conducted using electron beam scanning at an accelerating voltage of 20 kV, providing
reliable detection of major and trace elements within the samples.

To quantify elemental concentrations, the relative weight percentages (normalized
to 100%) were computed for the following elements: carbon (C), oxygen (O), sodium
(Na), aluminum (Al), silicon (5i), potassium (K), sodium (S), chlorine (Cl), zinc (Zn),
magnesium (Mg), iron (Fe), and copper (Cu). This analysis provided critical insights
into the potential sources and atmospheric transformation processes influencing airborne
particulate matter composition.

2.5. Statistical Analysis

To explore the relationship between PM;y and PM; 5 concentrations, Pearson correla-
tion analysis was performed, accounting for differences across sampling sites and study
years. This statistical method allowed for the assessment of linear associations between
the two particulate matter fractions, offering insight into their co-variability and possible
shared emission sources. A significance threshold of p < 0.05 was applied throughout the
analysis, indicating that observed correlations were unlikely to occur by random chance.
Correlation strength was interpreted using conventional criteria, with r-values above 0.7
considered strong, those between 0.5 and 0.7 considered moderate, and those below 0.5
considered weak.
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3. Results and Discussion
3.1. PM;jg Concentrations Through the Years

Figure 2 illustrates the daily average concentrations of PMy recorded at the traffic
and industrial monitoring stations (sites A and B) throughout the entire study period
(2019-2022), while Figure 3 depicts the corresponding mean, minimum, and maximum
values, along with their standard deviations. The temporal pattern of PM;g concentrations
revealed substantial variability, with pronounced seasonal fluctuations and frequent ex-
ceedances of the 50 j1g/m3 daily limit. The highest single-day concentration, 195 ug/m?,
was observed at site A on 28 March 2020.

2019 —2020 —2021 —2022 —Daily limit value

—2019 2020 —2021 —2022 —Daily limit value

Figure 2. Daily concentrations of PM;g at monitoring station A (left) and B (right), 2019-2022.
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Figure 3. Mean, minimum, and maximum PM;g concentrations, with standard deviation, at monitor-
ing station A (left) and B (right), 2019-2022.

At site A, the annual number of exceedance days showed a decreasing trend, with
39 days in 2019, followed by 37 in 2020, 31 in 2021, and 30 in 2022. Despite the mobility
restrictions introduced during the COVID-19 pandemic in 2020, a marked reduction in
PMjg levels was not observed. This outcome is likely due to the continued dominance of
residential wood burning as a major emission source, particularly in urban environments.
While traffic-related emissions declined, overall PM1y concentrations remained relatively
stable, largely influenced by meteorological conditions such as temperature inversions,
wind speed, and precipitation [33-36]. At site B, the highest daily PM;g concentration was
recorded on 27 March 2020—just one day before the peak observed at site A—indicating
a strong influence of regional meteorological conditions in both locations. However, the
maximum value at site B was approximately 100 ug/m? lower, likely reflecting its lower
population density and fewer emissions from residential wood combustion in the surround-
ing area. The lowest daily PM;y concentration at site B occurred on May 19, 2021, when
moderate temperatures and steady precipitation helped to suppress particle accumulation,
keeping levels below 10 pg/m?> throughout the day [33-36]. Despite its proximity to the
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goétanj Thermal Power Plant, site B consistently exhibited lower PM;y concentrations
compared to site A. This contrast is likely due to elevated urban emissions at site A, which
is located at a busy city intersection with high traffic volumes and widespread use of solid
fuels for residential heating. Additionally, Ljubljana’s topographic basin shape increases the
frequency of temperature inversions, which limit vertical mixing and prolong atmospheric
residence times of PM;, [33-36]. Exceedances of the daily PM;g limit (50 pg/ m?3) were
most common at site A during winter, with 21 exceedance days in January, 2 in February, 3
in March, 1 in April, and 5 in both November and December. In contrast, site B recorded
significantly fewer exceedances, with one day in February, three in March, one in April,
and five in both November and December [33-36].

Monthly PMjg concentrations displayed a pronounced seasonal pattern, with elevated
levels during winter and markedly lower values in summer. The highest concentrations
typically occurred in January and December, coinciding with increased solid fuel com-
bustion and unfavourable atmospheric conditions for pollutant dispersion. At site A,
monthly PMj values ranged from 20.00 + 0.60 pg/m3 to 64.00 & 1.92 pug/m?>, while at
Site B, concentrations were substantially lower, varying between 1.00 + 0.33 p1g/m3 and
29.00 4 0.87 ug/m3. Interestingly, the highest quartile averages at site A were recorded
during the transitional spring and summer periods (April-June and July—September), reach-
ing up to 50.00 4 1.00 pg/m?. In contrast, site B exhibited peak quartile values in the colder
January-March period, underscoring the dominant influence of seasonal heating and local
meteorological factors on site-specific PM dynamics [33-36]. The lowest annual PM;g con-
centration at site A was recorded in 2022, with a mean value of 25.91 ug/m?, representing a
modest decrease compared to 29.06 pg/m? in 2021. At site B, a consistent downward trend
was observed across the four-year period, with annual averages of 18 pg/m? in both 2019
and 2020, 16 pg/m? in 2021, and a minimum value of 15 pg/m3 in 2022 [33-36].

Meteorological factors played a key role in modulating PMg concentration variability.
Spring 2020 was marked by above-average temperatures and a 50% decrease in precipita-
tion compared to historical norms, with only one-third of the amount of rainfall recorded
in the same period of 2019 [33-36]. This significant reduction in wet deposition likely
contributed to elevated PMj levels, as airborne particles were not efficiently removed from
the atmosphere, despite a concurrent decline in traffic-related emissions. The highest PM1g
values were typically observed during winter months, largely due to weak wind condi-
tions, frequent temperature inversions [33-36], and increased emissions from residential
heating—particularly the combustion of solid fuels such as wood and coal. Furthermore,
intensified transport activity in densely populated areas further exacerbated PM; pollution.
In addition to local sources, episodic atmospheric events also caused sharp increases in
PM; concentrations. These included Saharan dust intrusions in spring, forest fire smoke
during summer, and elevated pollen levels during the blooming season.

For broader spatial context, PMj concentrations were compared with measurements
from Zagreb and Luxembourg, both located at comparable altitudes [38]. Daily levels in
Zagreb averaged around 50 pg/m3, likely reflecting the impact of higher traffic volumes
and greater population density [38]. In contrast, Luxembourg reported an annual mean
PMj concentration of 22 nug/ m? in 2021, a value comparable to that observed at site A [38].
However, Luxembourg’s population is approximately half that of the area surrounding site
A, and emissions from residential solid fuel combustion are notably lower. Additionally,
Luxembourg’s hilly terrain promotes more effective pollutant dispersion, reducing PMjg
accumulation compared to densely urbanized, low-lying areas, such as those around
site A [38].
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3.2. PM; 5 Concentrations Through the Years

Figure 4 displays the daily average PM; 5 concentrations at the traffic and industrial
monitoring sites (A and B) over the full study period, while Figure 5 presents the corre-
sponding mean, minimum, and maximum values, along with their standard deviations.
At site A, a clear seasonal pattern was observed, with elevated concentrations during
colder months, primarily attributed to emissions from residential heating systems. The
highest recorded PM, 5 concentration occurred on 27 January 2019, reaching 62.42 ug/m?,
which exceeded the peak value from 17 January 2022 by nearly 60 pg/m?. January con-
sistently registered the highest monthly concentrations in 2019 and 2021; however, an
unexpected peak was noted in April 2020, potentially due to long-range atmospheric trans-
port of fine particulates [33-36]. Throughout the study period, maximum daily values
frequently occurred in late January, coinciding with the coldest days and increased heating
demand. Conversely, lower concentrations were typically measured between April and
July, when warmer temperatures and reduced combustion-related emissions improved air
quality [33-36]. At site B, PM; 5 concentrations also exhibited a seasonal increase during
colder months, similarly to at site A. However, the interannual variability at site B was less
pronounced, indicating more stable pollution patterns over the years. Although minimum
daily values were comparable at both sites, peak PM, 5 concentrations at site A were up to
100 pg/m3 higher, emphasizing the stronger influence of urban emission sources, particu-
larly from traffic and domestic heating. Daily PMj 5 levels varied significantly across years
and locations. In 2020, the average daily concentration at site A was 18.35 & 0.55 pg/m3,
whereas no data were available for site B, due to instrument malfunction. Over the en-
tire study period, a general downward trend in PM, 5 concentrations at both sites was
observed, with the most substantial reduction occurring in 2021 [33-36]. This improvement
is likely associated with the adoption of the revised WHO Air Quality Guidelines [39] in
2021, which raised public awareness and triggered the implementation of stricter national
air quality policies. In response, governments introduced tighter regulatory measures,
including the promotion of modern heating systems, incentives for cleaner fuel usage,
and the deployment of emission-reducing technologies such as particulate filters for wood
combustion appliances. These interventions contributed to a gradual improvement in air
quality, particularly in urban areas, by lowering ambient fine particulate concentrations. In
2020, the weekly average PM, 5 concentration at site A was 13.96 & 0.41 pg/m3, further
supporting the observed trend of seasonal and regulatory-driven fluctuations. Monthly
averages showed distinct seasonal variation, with elevated levels in winter and lower
values during summer months. At site A, monthly PM; 5 concentrations ranged from
20.00 £ 0.60 ng/ m3 to0 43.00 + 1.29 ug/ m?3, whereas at site B, values fluctuated between
1.00 4 0.33 pg/m?> and 29.00 + 0.87 ng/m3 [33-36].

—2019 2020 —2021 —2022
2020 —2021 —2022

Figure 4. Daily concentrations of PM; 5 at monitoring station A (left) and B (right), 2019-2022.
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Figure 5. Mean, minimum, and maximum PM, 5 concentrations, with standard deviation, at monitor-
ing station A (left) and B (right), 2019-2022.

For comparative purposes, Zagreb—located at a similar elevation to site A—displayed
comparable PM, 5 concentrations. Despite its higher population density, Zagreb’s flat
topography limits the occurrence of temperature inversions [38], which may help to explain
the similarity in pollution levels. In contrast, Luxembourg—also situated at a similar
altitude—reported significantly lower PM; 5 values, averaging approximately 9 ug/ m3.
Its hilly terrain enhances air circulation, while a smaller population base and reduced
residential emissions contribute to better overall air quality. Although all three cities
experience a moderate continental climate, these comparisons underscore the influence of
topography and population density as key drivers of PM; 5 variability [38].

3.3. Analysis of Annual PMjg and PM, 5 Concentrations at Monitoring Station A and Monitoring
Station B

A consistent downward trend in annual average PM;g concentrations was observed at
both monitoring stations between 2019 and 2022. At site A, the highest value was measured
in 2019 (~34 pg/m3), followed by gradual declines to 30 pg/m3 in 2020, 28 pg/m? in 2021,
and 26 pg/m? in 2022. Similarly, site B reported ~20 pg/m?3 in 2019, which decreased to
17 ng/ m?3 in 2020, 18 ug/ m?3 in 2021, and reached the lowest level of 14 ug/ m?3 in 2022.
Although site A consistently exhibited higher PM;g levels, reflecting greater exposure
in traffic-dominated urban areas, interannual variability was evident. Notably, site B
experienced a slight increase in 2020, suggesting localized changes in emission patterns.
The overall decrease may be attributed to stricter national policies, following the adoption
of the revised WHO Air Quality Guidelines in 2021 [39]. In urban settings like site A,
additional factors, such as increased promotion of public transport, cycling infrastructure,
and rising environmental awareness, may also have contributed.

For PM; 5, the highest annual average at site A was recorded in 2019 (~22 pg/m?),
declining to 20 pg/m? in 2020, and further declining to 15 pug/m3 in 2021. However, 2022
saw a reversal, with concentrations rising to 18 pg/m>. This modest increase may be
attributed to a combination of factors, including delayed policy impacts, unfavourable
meteorological conditions—such as more frequent temperature inversions—and increased
use of biomass for residential heating during the European energy crisis. At site B, levels
began at 14 pg/m? in 2019, increased slightly in 2020 (15 g/m?), then declined to 12 pug/m?3
in 2021, and reached a minimum of 8 pug/m3 in 2022. Overall, PM, 5 concentrations followed
a decreasing trend, with the exception of a modest uptick at site A in 2022. The smaller
disparity between the two stations for PM, 5 suggests that fine particles are more evenly
distributed across urban and industrial areas, unlike PM;(, which is more sensitive to
local emission sources. In 2021, annual PM; 5 averages at both sites were nearly identical,
indicating similar emission profiles and atmospheric dynamics.
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3.4. Correlations Between PMyg and PM, 5: Seasonal Variability and Influencing Factors

The correlation between PM;g and PM; 5 at monitoring stations A and B across the
four-year period is summarized in Table 2. At site A, the correlation coefficients were
r=0.95 (p = 0.045) in 2019, r = 0.99 (p = 0.020) in 2020, r = 0.98 (p = 0.010) in 2021, and
r=0.95 (p = 0.030) in 2022, indicating a consistently strong linear relationship between the
two particulate fractions. The consistently high correlation (r > 0.95) suggests that PMg and
PMj 5 share similar emission sources and atmospheric behaviour, likely governed by urban
combustion activities and meteorological influences. The statistical significance of these
relationships (p < 0.05) confirms that the observed associations are unlikely due to random
variation. At site B, the correlation coefficients were r = 0.92 (p = 0.070) in 2019, r = 0.87
(p = 0.040) in 2020, r = 1.00 (p = 0.000) in 2021, and r = 0.92 (p = 0.020) in 2022. Although
slightly lower than at site A, these values still indicate strong correlations (r > 0.87), with
statistical significance achieved in most years. The perfect correlation observed in 2021
(r = 1.00, p = 0.000) points to an exceptionally uniform emission regime, likely driven
by stable heating practices and consistent meteorological conditions. In contrast, the
weaker statistical significance in 2019 (p = 0.070) may reflect greater variability in PMyg
sources, such as the increased resuspension of coarse particles. These results reinforce the
understanding that both PM;g and PM; 5 in urban and industrial environments are shaped
by common processes, including biomass burning, vehicular traffic, industrial emissions,
and secondary aerosol formation. The consistently strong correlations between the two
particle size fractions highlight the need for integrated air pollution control strategies, with
a particular focus on PM; 5, which poses greater health risks, due to its ability to penetrate
deep into the respiratory tract.

Table 2. The correlation coefficients between the PM7y and PM, 5 fractions.

Monitoring 2019 2020 2021 2022
Station
A 0.95 (p = 0.045) 0.9 (p=0.020) 0.98 (p = 0.010)  0.95 (p = 0.030)
B 0.92 (p = 0.070)  0.87 (p = 0.040) 1(p=0) 0.92 (p = 0.020)

* Statistically significant at level < 0.05.

Moreover, these findings align with trends identified in our previous research [5,30,31],
thereby confirming the reliability of long-term monitoring and the necessity of sustained,
multi-pollutant management approaches.

3.5. Meteorological Conditions Through the Years

Meteorological conditions significantly influenced PM concentration variability at
both sites. Tables 3 and 4 show meteorological parameters obtained between studied years.
At site A, the average annual temperatures ranged between 11.5 °C (2021) and 12.9 °C
(2022), while the relative humidity gradually declined from 74% in 2019 to 69% in 2022.
Precipitation peaked in 2021, at 1442.3 mm, with similar totals in 2019 (1378.9 mm), 2020
(1262.2 mm), and 2022 (1264.3 mm). Wind speed remained constant at 1.3 m/s throughout.
Recorded temperature extremes ranged from —8.5 °C to 35.2 °C, reflecting pronounced
seasonal contrasts [32]. At site B, the temperature trends were comparable, ranging from
8.9 °C (2021) to 10.2 °C (2019). The relative humidity stayed at 77% until 2021, slightly
dropping to 75% in 2022. The annual precipitation was stable (~1700 mm), except for a
small dip to 1600 mm in 2021. Unlike at site A, the wind speeds at site B varied, from a high
of 1.227 m/s (2019) to a low of 0.836 m/s (2022) [32]. Extreme temperatures ranged between
—11.3 °C and 33.0 °C at site B, again indicating high seasonal variability. The prevailing
wind directions differed between the two sites: northeastern winds were dominant at site
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A, while southeasterly winds prevailed at site B [29]. These site-specific meteorological
differences, shaped by local climate and topography, play a key role in pollutant dispersion,
accumulation, and overall PM behaviour.

Table 3. Meteorological parameters at site A.

Monitoring Station

A (Your 2019 2020 2021 2022
Ty (°C) 12.5 12.1 115 12.9
RHp, (%) 74 71 72 69
Py (mm) 1378.9 1262.2 14423 12643

WS, (m/s) 13 13 13 13

Table 4. Meteorological parameters at site B.

Monitoring Station B

Yoar) 2019 2020 2021 2022
Tp (°C) 10.2 9.5 8.9 10.1
RHp, (%) 77 77 77 75
P (mm) 1226.7 1074.2 1083.6 836.6

WS, (m/s) 17 17 1.6 17

3.6. Elemental Composition and Morphological Characteristics of PM Analyzed by SEM-EDS

Scanning electron microscopy (SEM) images of PM;y and PM; 5 particles collected
on filters from both monitoring stations revealed a broad spectrum of particle sizes and
morphologies (Figure 6). The analyzed PM;y and PM; 5 samples were collected in Au-
gust 2022, during the final phase of the four-year measurement campaign. This sampling
period was selected to represent typical summer conditions. Particles were evaluated
based on their size, shape, and elemental composition, and subsequently classified into
two primary categories: natural and anthropogenic. Natural particles were predominantly
composed of mineral dust, characterized by irregular geometries, rough surface textures,
and a tendency to form agglomerates. These particles likely originated from soil resus-
pension and long-range dust transport. In contrast, anthropogenic particles—mainly from
combustion sources—exhibited spherical or rounded shapes with smooth surfaces [40].
Energy-Dispersive Spectroscopy (EDS) confirmed the presence of various elements, with
oxygen (O), carbon (C), and silicon (Si) being the most abundant. Their concentrations
ranged from 29.6 to 42.1% for O, 13.1 to 61.7% for C, and 4.3 to 28.4% for Si (Figure 6).
The high silicon content is attributed to geological sources, particularly Saharan dust
transport, consistent with previous reports of transboundary aerosol movement across
Europe [33-36]. Elevated carbon levels likely reflect fossil fuel combustion, especially from
vehicular traffic in urban areas. Other elements were present in lower concentrations,
including sodium (Na: 3.0-8.3%), calcium (Ca: 0.4-7.6%), magnesium (Mg: 0.4-1.6%),
and aluminum (Al 0.3-1.8%). These elements indicate a combination of crustal material,
marine aerosols, industrial emissions, and resuspended dust. Among heavy metals, only
zinc (Zn) and copper (Cu) were detected, both in trace amounts, suggesting minor but
relevant anthropogenic contributions.
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Figure 6. SEM-EDS images of PMj (b,d) and PM; 5 (c,e) particulates collected at both monitoring
stations in August 2022. A blank filter is shown as an example in (a).

Altogether, these findings confirm the mixed natural and anthropogenic origin of both
coarse (PMj) and fine (PMj 5) particulate matter, with composition influenced by regional
sources, seasonal conditions, and local human activity.

4. Conclusions

This study examined daily and annual PM;g and PM; 5 concentrations in Slovenia
between 1 January 2019-31 December 2022, with a focus on temporal variability. Measure-
ments were conducted at two contrasting sites: an urban, traffic-influenced location (site
A) and an industrial site (site B). The concentration levels were consistently higher at site
A, underscoring the dominant role of vehicular emissions in urban air pollution. Peak
concentrations occurred during winter months, particularly in January and February, due
to increased residential heating and reduced atmospheric dispersion. PMj levels were
strongly influenced by local emission sources, seasonal dynamics, and meteorological con-
ditions. Concentrations were lowest during warmer months, reflecting decreased heating
demand and improved dispersion. The observed decline in exceedance days from 2019 to
2022 strongly suggests the effectiveness of air quality interventions and policy measures
implemented during this period. Similarly, PM; 5 concentrations peaked in winter, driven
by temperature inversions [33-36], stagnant air, solid fuel combustion, and intensified
traffic. Episodic events, such as Saharan dust intrusions and forest fires, also contributed to
short-term spikes.
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To investigate PMg and PM; 5 composition, SEM-EDS analysis was performed. Parti-
cles exhibited diverse morphologies, with combustion-derived and mineral dust aggregates
prevalent. Elemental analysis revealed the presence of C, O, Na, Al, Si, S, Pb, Cd, Fe, and
Zn, allowing for differentiation between natural and anthropogenic sources. The presence
of Pb and Zn pointed to traffic and industrial emissions, while high Si suggested crustal
dust and long-range transport.

These results underscore the need for integrated monitoring and targeted mitigation
strategies to manage urban particulate pollution effectively.
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