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Abstract: This research addresses a gap in localized air quality assessments by measuring pollution
levels in Klaipeda, a Baltic port city, using passive solid particle collectors and nitrogen dioxide
(NOy) diffusion tubes. Passive sampling techniques were employed due to their cost-effectiveness
and ease of deployment, allowing for practical monitoring over short-term periods. By targeting
diverse functional zones, this study aims to provide a comprehensive analysis of air pollution patterns
and seasonal variations in the region. Air pollution, primarily from NO, and particulate matter
(PM), poses significant risks to public health, especially in densely populated urban areas. Air
quality was assessed by measuring total suspended particulates (TSP) and NO, concentrations across
19 strategically chosen sites, covering key functional zones, such as industrial areas, green spaces,
residential neighborhoods, transport hubs, and the port. Results show elevated pollution levels near
major roads and the port area, likely driven by heavy traffic, industrial emissions, and port activities.
These patterns correlate with areas of higher population density, highlighting the intersection of
air quality challenges with human health risks in urbanized zones. Seasonal data reveal a notable
peak in NO; concentrations during winter, likely due to increased heating demand and reduced
atmospheric dispersion. These findings suggest that air quality management strategies should be
adaptive to seasonal fluctuations, particularly by addressing emissions from heating sources in colder
months. The study underscores the necessity of integrating sustainable urban planning with targeted
air quality interventions. Expanding green spaces, enhancing traffic regulation, and establishing
protective zones near industrial areas are critical strategies for mitigating pollution. These insights
are essential for guiding both urban development and public health policies in Klaipeda and other
coastal cities facing similar environmental challenges.

Keywords: Klaipeda city; air pollution; total suspended particulate matter; nitrogen dioxide;
demographics distribution; sustainable urban planning

1. Introduction

Air pollution and climate change are among the most pressing global challenges,
affecting both natural environments and human health. Countries around the world are
striving to identify major pollutants and their sources due to their adverse effects on
landscapes, soils, and public health. In Klaipéda, a port city in Lithuania, air pollution has
become a growing concern, driven by increasing port activities, industrial emissions, and
vehicular traffic. Although specific data on the contribution of various pollution sources in
Klaipéda is limited, studies from similar coastal cities, such as Gdarisk and Gothenburg,
estimate that port-related activities contribute significantly to local nitrogen dioxide (NO,)
emissions, accounting for around 30—40% of the total [1]. Vehicular traffic is estimated to
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contribute approximately 35%, while industrial emissions make up around 25%. Recent
reports from Klaipéda municipality have highlighted elevated levels of NO, and particulate
matter (PM) during periods of intensified port operations and traffic congestion.

Seaports, as major hubs of economic activity, are significant contributors to air pol-
lution in coastal urban areas, and Klaipéda is no exception, as shown in the Klaipéda
Municipality Air Quality Report. Klaipéda’s port, one of the largest in the region, plays a
critical role in shaping the city’s air quality. However, smog is rarely recorded in Klaipéda.
In rare cases, such as during droughts, the fire hazard may increase, and only locally, when
the weather is calm with no wind. So far, the proximity of the Baltic Sea and the prevailing
westerly winds blowing from the sea have contributed to cleaner air compared to other
industrial inland cities in Lithuania.

Nevertheless, with the increasing volume of transport and port cargo operations in
Klaipéda, residents’ complaints are growing, and increasing air pollution is being recorded.
A significant issue is that the port’s cargo-handling companies are situated practically next
to the city. Klaipéda, home to Lithuania’s only seaport, sees bulk cargoes, such as fertilizers,
metal ore, crushed stone, and grain, being handled within the Klaipéda Strait, practically in
the city center. This close proximity amplifies the air pollution challenge faced by the city.

Although seaports, as demonstrated in various studies, are primary contributors to
air pollution in coastal cities, other human activities such as vehicular traffic, industrial
processes, and residential heating also play significant roles. In Klaipéda, the heating
season is particularly important, with the city relying on biomass (wood chips) and natural
gas for district heating, while some households still use wood and peat briquettes in
individual heating systems. Understanding the impact of these heating sources is crucial
when assessing seasonal variations. With a long heating season lasting six to seven months,
Klaipéda’s distinct seasonal patterns make it essential to evaluate how heating affects air
quality throughout the year.

In addition to human activities, meteorological conditions, such as temperature, wind,
and atmospheric pressure, also have a strong impact on air quality. Studies have shown that
seasonal weather patterns can either enhance or limit pollutant dispersion, which makes it
critical to account for these factors when evaluating pollution levels [2]. While this study
does not specifically focus on meteorological data, it highlights the importance of seasonal
variations in both heating emissions and atmospheric conditions. These fluctuations are
essential for developing effective urban strategies and managing pollution, particularly in
planning for port activities and addressing heating-related pollution during the colder months.

The combination of emissions from ports, traffic, industrial processes, and residential
heating contributes to increased levels of harmful pollutants, particularly PM, NO,, and
ground-level ozone (O3). Exposure to these pollutants poses significant risks, such as respira-
tory infections, cardiovascular diseases, stroke, and lung cancer. According to the World Bank,
the economic cost of air pollution is staggering, amounting to $5 trillion annually in welfare
costs globally [3]. As coastal cities like Klaipéda continue to grow, with increasing population
density and economic activity, these health impacts are expected to worsen, making it vital to
address both pollution sources and their long-term health effects [4].

This study aims to analyze the spatial and temporal distribution of air pollution in
Klaipéda, focusing on NO, and particulate matter (PM10 and PM2.5). PM2.5 refers to
PM with a diameter of 2.5 um or less, which is small enough to penetrate deep into the
respiratory system, reaching the lungs and potentially entering the bloodstream. PM10
refers to PM with a diameter of 10 um or less. These particles, though larger than PM2.5, can
still be inhaled and affect the respiratory system, particularly in the upper airways. PM10
includes dust, pollen, and other larger particles suspended in the air, often originating from
construction activities, road dust, and natural sources.

Despite being smaller than other major coastal cities like Gdansk or Gothenburg,
Klaipéda’s heavy port activities, industrial emissions, and dense vehicular traffic create a
significant and underexplored case for air pollution analysis. Unlike larger cities, Klaipéda
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has not been extensively studied in terms of its pollution dynamics, making this research
crucial for understanding the air quality challenges faced by smaller port cities.

Previous studies from larger port cities like Gdarisk and Gothenburg have demon-
strated the significant impact of port activities on local NO, and PM levels. However,
limited research exists on how these factors affect smaller cities like Klaipéda, which, de-
spite its size, experiences similar pressures from economic activities related to its port.
Findings from major coastal cities such as Barcelona, Rotterdam, and Los Angeles [5,6] sug-
gest that port emissions play a central role in local pollution levels, a trend likely mirrored
in Klaipéda but requiring specific investigation.

By addressing this research gap, the study contributes a detailed analysis of Klaipéda’s
air pollution distribution, with a focus on seasonal variations. These fluctuations are often
tied to heightened port activity or increased heating usage in winter. While this study does
not exclusively target smog events, it captures the seasonal peaks in pollutant concentrations,
offering valuable insights into the pollution patterns of smaller coastal urban settings.

Comparing local pollution levels with WHO standards, this research identifies areas
where pollutant concentrations may exceed safe limits, underscoring the need for targeted
pollution control measures. The findings will help shape public health strategies and guide
urban planning, particularly in smaller, rapidly developing coastal cities like Klaipéda, where
economic growth and population pressures may exacerbate pollution-related challenges.

2. Materials and Methods
2.1. Study Area

The study’s area (Figure 1) is Klaipeda city (54°43'16” N and 21°07’ E), covering an
area of 98 km?, located in the western part of the country near the Baltic Sea. Klaipéda is
the third-largest city in Lithuania by population, with approximately 166,000 residents. It is
a significant transportation hub, connected by the international highway Vilnius-Klaipéda,
and hosts a major commercial seaport, a railway station, and a bus station. The Klaipéda-
Palanga International Airport is situated about 23 km north of the city. The international
seaport in Klaipéda generates one-fifth of the national GDP, with a quay length of 24.7 km.
Annually, around 7000 ships from approximately 70 countries dock at Klaipéda’s seaport.
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Figure 1. The study area: southeast part (SE) of the Baltic Sea (a), Klaipeda city (b), and air pollution
measuring stations (MS) by urban functional area (c).
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The city is laid out in a north-south direction, extending 16 km, and is traversed by
three main streets running from south to north. The first street runs parallel to the port
(Minijos Street), and the other two (Taikos Avenue and Silutes Road) are parallel to this.

For data collection and research purposes, 19 locations in the city were selected
(Figure 2) and categorized into functional zones: port area (4 monitoring stations), transport
hub (7 monitoring stations), residential neighborhoods (6 monitoring stations), old town
zone (1 monitoring station), and green zone (1 monitoring station). Four air pollution
monitoring stations were installed on Minijos Street, near port-operating companies, while
the other seven were placed along the two other main streets crossing Klaipéda. The
objective was to observe whether air pollution levels differ across the three main streets,
considering the strong port influence on Minijos Street, as opposed to the other two streets
that are farther from the port. In addition to the main streets, air pollution monitors were
installed in residential neighborhoods (southern, central, and northern parts of the city)
to assess air quality in areas secluded from main streets. To evaluate air quality in public
gathering areas, one monitor was installed in the central city square and another in a green
zone—a recreational area for families surrounded by a forest.

[ - ‘; o g’ R %ﬁ g No. | Location (coordinate Functional area of the
s ! system - WGS) Klaipéda City
v 1. 55.734447, 21.134834 Residential area
2. 55.728245, 21.123475 Transport hub
31 55.725872, 21.119513 Green area
4. 55.750142, 21.130535 Residential area
5! 55.710732, 21.132709 Transport hub
6. 55.715655, 21.119058 Port
7. 55.707931, 21.131572 0Old Town
8. 55.697114, 21.137552 Port
9. 55.699077, 21.142083 Residential area
10. | 55.700985, 21.150571 Residential area
11. | 55.692383, 21.176958 Transport hub
12. | 55.680594, 21.164554 Transport hub
§ 13. | 55.682510, 21.175446 Residential area
(2 14. | 55.677348, 21.148155 Port
.-o: 15. | 55.663947, 21.209471 Transport hub
E 16. | 55.662426, 21.190700 Residential area
& 17. | 55.657118, 21.179168 Transport hub
18. | 55.655367, 21.172534 Port
19. | 55.711976, 21.153453 Residential area
i Measuring stations by urban functionl area:
E A Green Area
}g \ /\ 0ld Town
S — A Port
/\ Residential Area
. K\ A Transport Hub
0 4 Kilome¥ers [ Klaipeda Port
Vjé

Figure 2. Locations of air pollution monitors by coordinates.

Measurements in green zones aim to assess their benefits in mitigating urban air
pollution. The pollution measurements in these areas were designed to evaluate the
effectiveness of green zones in improving air quality, particularly as forests and green
spaces can influence the urban microclimate and potentially reduce pollutant levels.
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2.2. Data and Methods

To achieve the main aim of this research—identifying hotspots of contaminants in
Klaipéda city—TSP and NO, were measured at 19 sites. The measurements employed
original passive samplers and Palmes passive diffusion tubes.

The use of passive sampling methods, such as PM dust collectors and NO, passive
diffusion tubes, is a common approach in air quality-monitoring studies worldwide. These
methods are valued for their simplicity, cost-effectiveness, and ability to cover large study
areas over extended periods. However, they also come with certain limitations. Passive
samplers provide an average concentration over time, which means they may miss short-
term pollution spikes or peak events. Despite these limitations, they are widely used in
many studies due to their reliability in capturing overall trends in air quality without the
risk of data exaggeration that can occur with more reactive sampling methods [7].

In this study, PM dust collectors were used to measure TSP and PM, including PM10
and PM2.5. These dust collectors work by trapping airborne particulates on an adhesive
surface, which is weighed before and after collection to determine the total mass of the
collected particles. Measurements were carried out over four distinct eight-week periods
to assess seasonal changes in PM levels: 5 July-30 August 2023, 8 October—3 December
2023, 6 January—2 March 2024, and 2 March-27 April 2024. However, during winter season,
the limitations of passive sampling became evident, as snow cover at some sites led to
incomplete data collection. Additionally, environmental challenges, such as strong winds
dislodging plates from collectors and freezing temperatures causing plates to break, further
affected data quality. Seasonal maps were generated using GPS-based tools to display data
from all sites where measurements were successfully collected during each season, but only
a few sites (18—port area, 11—transport hub, 6—port area, 5—transport hub, 8—port area,
12—transport hub, 13—residential area, 7—old town zone, and 19—residential area) were
successfully measured in all four seasons.

For NO,, passive diffusion tubes were employed. These tubes rely on the principle
of passive diffusion, where NO, molecules diffuse through a membrane and are absorbed
by a chemical reagent inside the tube. Palmes diffusion tubes provide a cost-effective and
convenient method for monitoring NO, concentrations; their accuracy can be affected by en-
vironmental factors, such as wind speed, temperature, and humidity. These factors introduce
systematic biases, with studies showing that Palmes tubes often underestimate NO; levels
compared to continuous monitoring methods, particularly in challenging conditions [8].

The use of passive sampling methods, such as NO, diffusion tubes and PM dust
collectors, is widely recognized for its cost-effectiveness and practicality in air quality
monitoring over large areas and extended periods. However, these methods introduce
inherent uncertainties, which must be carefully considered when interpreting the data.

NO, diffusion tubes operate on the principle of molecular diffusion and provide time-
averaged concentrations over the exposure period. However, their performance can be
affected by environmental variables, including temperature, humidity, and airflow. These
factors can lead to potential under- or overestimation of actual NO, concentrations, partic-
ularly in fluctuating weather conditions. According to Gradko Ltd. (Winchester, UK), the
uncertainty of passive diffusion tubes is typically £10-20%, depending on the deployment
conditions and adherence to quality control protocols. This range of uncertainty aligns with
the EU Ambient Air Quality Directive (2008/50/EC), which permits an uncertainty of up
to +25% for indicative methods, such as passive diffusion tubes. These indicative methods
are regarded as sufficient for understanding long-term trends and general pollution levels
but may not capture short-term pollution spikes.

Solid particulate collectors, used to measure TSP and particulate matter (PM10, PM2.5),
similarly present uncertainties due to their sensitivity to meteorological conditions. Factors
such as wind speed, precipitation, and temperature fluctuations can affect the accuracy
of these measurements. For example, high winds may reduce the collection efficiency
by dispersing particles, while precipitation can wash particles off the collection surfaces,
leading to an underestimation of particulate concentrations. Additionally, these passive
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samplers also provide time-averaged results, which may miss short-term peaks in pollution.
The uncertainty for particulate measurements typically ranges from +15-35%, depending
on the environmental conditions and sampling period [7]. The EU Directive sets an
allowable uncertainty of £25% for PM monitoring using indicative methods.

Despite these limitations, their widespread use is justified due to their affordability
and ease of deployment, especially in large-scale monitoring programs. Measurements
were conducted over a two-week period in each season to capture seasonal variations in
NO; levels: 22 July-5 August 2023, 11 November-25 November 2023, 6 January-20 January
2024, and 27 April-11 May 2024. Although they, too, provide only an average concentration
and lack the temporal resolution to detect short-term fluctuations, their use avoids potential
data exaggeration and ensures consistent monitoring across multiple sites. This method
has been effectively utilized in numerous studies globally to monitor NO, levels in urban
environments, providing reliable data crucial for public health assessments despite the
inherent limitations [7].

The study was conducted at 19 different locations across Klaipéda, categorized into
functional zones, including port areas, transport hubs, residential neighborhoods, the old
town zone, and green zones (Figure 2). The strategic placement of measurement sites aimed
to capture a comprehensive picture of air quality across different urban settings: (i) port
area: 4 measurement stations; (ii) transport hub: 7 measurement stations; (iii) residential
areas: 6 measurement stations; (iv) old town zone: 1 measurement station; and (v) green
zone: 1 measurement station.

This descriptive approach ensured that the study could identify and analyze pollution
hotspots within the city, considering both high-traffic areas and more secluded residential
zones. The collected data from both Palmes passive diffusion tubes and PM dust collectors
were analyzed to determine the concentration levels of NO, and TSP across different
seasons and locations. This analysis helped in understanding the spatial distribution of
air pollutants and identifying areas with the highest contamination levels. The seasonal
measurement periods and strategic site selection provided a robust dataset for evaluating
air quality in Klaipéda.

Similar methodologies have been widely applied in urban air quality studies across
various countries, demonstrating the effectiveness of passive sampling techniques and PM
collectors. Research conducted in cities such as Barcelona, New York City, and Beijing has
consistently shown that these methods are well-suited for capturing seasonal variations
in pollutants like NO, and PM across diverse urban settings, from traffic-dense areas to
residential neighborhoods [9-11]. These studies underscore the importance of strategic site
selection and seasonal monitoring, which are crucial for identifying pollution hotspots and
assessing the spatial distribution of air pollutants.

A critical factor influencing PM distribution in Klaipéda city area is the distance from
major roads. To substantiate this, a detailed data analysis was performed, examining the
relationship between the distance of monitoring sites from main roads and the levels of
PM. Spearman’s correlation was employed due to the non-normal distribution of the data.

GPS tools helped map and analyze air pollution distribution. Also, to determine the
relationship between population distribution and pollution levels, the coordinates of pollution
measurement stations were used, and the number of residents in the area surrounding each
station was assessed based on data from Statistics Lithuania, using a 500 x 500 m grid.

3. Results
3.1. Interaction of NO,: Seasonal Dynamics and Spatial Distribution

NO; and PM are significant air pollutants that primarily originate from combustion
processes, including vehicle engines and industrial activities. This research has demon-
strated that both NO, and PM primarily originate from road traffic (Figures 3 and 4).
Initially, differences in pollutant concentrations were observed across the city’s functional
zones, and these findings warrant a detailed examination.
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Figure 4. Seasonal NO, levels in Klaipeda city (in period 2023-2024).

Locations such as 2, 5,11, 12, 15, and 17 show high NO, levels due to heavy traffic and
transportation activities concentrated in these areas. This observation aligns with findings
from studies that highlight the significant contribution of vehicular emissions to NO, levels
in urban environments. Urban areas with intense traffic flow exhibit elevated levels of
NO; due to the continuous release of emissions from vehicles [12]. These emissions are
primarily composed of NO; and other nitrogen oxides, which contribute significantly to
urban air pollution [12].

Locations 6, 8, 14, and 18 have elevated NO, concentrations, attributable to maritime
activities and associated industrial operations. Research indicates that ports and related
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industrial activities are substantial sources of NO, emissions due to the operation of diesel-
powered ships and cargo-handling equipment. This research aligns with the findings of
other studies, which also emphasize that maritime ports significantly contribute to local
air pollution [5]. Generally, residential locations exhibit lower NO; levels. However, some
residential areas near transport hubs or industrial zones show moderate pollution levels.
This pattern underscores the significant influence of human activities, particularly those
related to transportation and industry, on air quality. Studies confirm that residential areas
near major roads or industrial zones often experience higher NO, levels compared to
those further away. For instance, some researches found that residential areas located near
heavy-traffic roads or industrial sites have significantly higher NO, concentrations due
to proximity to emission sources [13]. Similarly, other authors reported that the spatial
distribution of NO; in urban areas is heavily influenced by the location of traffic and
industrial activities [14]. The green area (Location 3) showed one of the lowest pollution
levels, while the city center (Location 7) is influenced by both traffic density and commercial
activities, resulting in moderate NO, levels.

This comprehensive analysis highlights how human activities, especially related to
transportation and industrial operations, significantly impact air quality across different
locations. Furthermore, the study identified not only the differences across functional
zones but also the seasonal variations in NO, concentrations, which are influenced by
various factors. Seasonal variations in NO; concentrations are influenced by temperature,
photochemical activity, and human activities, such as heating, which contribute to higher
emissions in colder months [15].

In this study, at many stations, higher NO, concentrations are recorded in winter
(Figure 3), when more fossil fuel is used for heating homes. However, in measuring stations
5,11, 12, and 15 (Figure 3), which were installed near transport hubs (Figure 2), as well
as measuring stations 6 and 8 near the seaport area, NO,-increased concentrations were
observed in all seasons.

It is important to note that while this study focuses on the spatial distribution and sea-
sonal dynamics of air pollution in Klaipéda, other factors, such as topographical conditions
and meteorological influences, also play a critical role in air quality. However, these aspects
are beyond the scope of the current research. The findings presented here are crucial for
understanding the impact of human activities on air pollution.

During different seasons, variations in weather conditions, such as temperature, wind
patterns, and precipitation, can either exacerbate or mitigate the levels of NO, and other
pollutants (Table 1).

Table 1. NO; (ug/ m?) in Different Seasons (in 2023-2024).

Summer Autumn Winter Spring
Location 22 July 2023/ 11 November 2023/ 6 January 2024/ 27 April 2024/
5 August 2023 25 November 2023 20 January 2024 11 May 2024
1 13.58 12.6 16.27 11.34
2 15.96 18.65 23.94 17.57
3 10.35 15.69 13.58 11.83
4 10.71 12.64 15.87 11.47
5 36.22 28.33 38.01 35.05
6 28.15 27.39 35.01 29.04
7 15.64 18.51 242 16.09
8 28.37 27.32 29.09 24.61
9 18.24 20.48 21.47 16.23
10 15.06 19.5 19.45 13.98
11 38.32 38.46 34.06 42.94
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Table 1. Cont.
Summer Autumn Winter Spring
Location 22 July 2023/ 11 November 2023/ 6 January 2024/ 27 April 2024/
5 August 2023 25 November 2023 20 January 2024 11 May 2024

12 234 30.88 29.72 30.25
13 12.46 19.54 21.38 15.6
14 14.39 19.59 20.04 16.99
15 20.71 27.16 19.81 29.94
16 14.25 16.63 18.6 15.24
17 19.86 22.01 21.02 22.41
18 26.67 20.57 25.64 25.15
19 12.42 17.35 24.38 13.0
Mean 19.11 21.69 23.34 20.37
Median 16.65 19.57 21.38 16.61
Min 10.71 13.57 12.31 11.34
Max 38.32 46.36 44.10 4294

Percentage of 22.87% 25.23% 27.56% 24.34%

annual pollution

The research shows that the lowest NO, concentrations occur during summer season,
with a mean level of 19.11 ug/m?>. This decrease is attributed to increased photochemical
reactions facilitated by higher temperatures and sunlight, which break down NO, more
efficiently. Additionally, studies confirm that NO; levels are lower in summer due to
photolytic processes and increased vertical mixing in the atmosphere [16]. Human activities,
particularly the reduced demand for residential heating during summer, also contribute
to lower NO, levels (Table 1). Research by Chen, R highlights that residential heating
significantly contributes to winter NO, peaks, which are absent in summer due to minimal
heating requirements [13].

Research indicates that this seasonal pattern has a similar distribution in other coastal
cities. For instance, a study by Santos, G in Lisbon [17], Portugal, found lower NO,
concentrations in summer due to higher temperatures and increased sunlight promot-
ing photochemical reactions. Conversely, NO; levels rose significantly in winter due to
increased heating activities and reduced atmospheric dispersion conditions.

In conclusion, Klaipéda exhibits the same tendencies, with lower NO; levels in summer
and higher levels in winter due to similar influencing factors.

NO; levels begin to rise in autumn, with a mean value of 21.69 pg/m3. Decreas-
ing temperatures and reduced photolytic activity, along with increased heating activities,
contribute to higher NO, emissions. Research indicates a gradual increase in NO; con-
centrations during autumn as meteorological conditions become less favorable for the
dispersion and breakdown of NO;.

Winter exhibits the highest mean NO, levels at 23.34 ng/m3. Lower temperatures, in-
creased heating, and reduced photochemical activity lead to NO, accumulation. Numerous
studies confirm that winter months see peak NO, concentrations due to reduced sunlight
and lower atmospheric mixing [18].

In spring, NO; levels begin to decline, with a mean concentration of 20.37 ug/ m?3, as
temperatures rise and sunlight increases. This seasonal shift leads to lower levels observed
in summer, as the conditions favor photochemical reactions that reduce NO, concentrations.
Studies consistently show a decline in NO, levels during spring due to increased sunlight
and warmer temperatures, which enhance the chemical reactions that break down NO; in
the atmosphere [7,19].
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Elevated NO; levels, particularly during winter, have been linked to worsening res-
piratory conditions, such as asthma and bronchitis. Prolonged exposure to high NO,
levels is also associated with cardiovascular diseases and reduced lung function [4]. This
trend mirrors findings in other urban areas where pollution sources like vehicular emis-
sions, residential heating, and construction activities contribute significantly to air quality
deterioration [18,20].

To address these pollution sources, urban areas with similar profiles have successfully
implemented strategies, such as promoting public transportation to reduce vehicular
emissions, enforcing stricter emission standards in industrial zones, and encouraging
the transition to cleaner fuels across all sectors. These approaches have been shown to
effectively mitigate pollution and contribute to long-term improvements in air quality,
aligning with sustainable urban development goals [5,21].

The bar chart above displays the seasonal NO; levels across different locations, with
the EU’s annual mean limit for NO, set at 40 ug/m? indicated by the orange line. This
analysis highlights the fluctuations in NO, concentrations for each season and location,
comparing them against the regulatory limit.

Suppose the two-week measurements yield a mean NO, level of 30 jtg/m3. This is
significantly below the annual mean limit of 40 pg/m?, suggesting that, at least during the
observed period, the NO; levels are well within safe limits.

The analysis indicates that NO; levels at almost all locations and seasons are below the
annual mean limit of 40 pg/ m?3. However, certain locations and seasons, such as location
11 (functional area—transport hub) in spring, recorded a NO, level of 42.94 ug/m?3, slightly
exceeding the limit, which may warrant further investigation and continuous monitoring
to ensure air quality standards are consistently met.

The analysis confirms that NO; levels at most locations and seasons are below the
EU annual mean limit of 40 ug/m?, with some exceptions, such as location 11 in spring.
This maximum concentration was recorded at the transport node. The findings align with
scientific research on the impact of traffic emissions, seasonal photochemical reactions, and
residential heating on NO; levels [22].

The research demonstrates a statistically significant correlation between NO, and PM
levels (tho = 0.484, p < 0.01), suggesting that higher concentrations of NO; are associated
with increased levels of PM. This finding is consistent with studies, such as [20], which
indicate that traffic emissions are a common source of both NO, and PM.

3.2. Spatial Distribution of Particulate Matter

PM consists of tiny particles and droplets suspended in the air, with significant im-
plications for human health and the environment (WHO). Elevated PM concentrations
are often observed near major transportation routes (Figure 5), consistent with studies by
which identify vehicular emissions as a key source of urban PM [20,23]. However, long-
term research, indicates that transportation is not the sole or predominant source of urban
PM [24]. Our findings align with this perspective, showing a stronger correlation between
PM levels and population density than with transportation sources alone. This implies
that while vehicular emissions are significant, other factors, such as residential density and
industrial activities, also critically influence urban PM concentrations. Monitoring across
diverse land use types—residential, industrial, and port-adjacent—reveals that high PM
levels are prevalent, with peak concentrations at major street crossings and near ports, due
to combined effects of high traffic volumes and port-related activities, including emissions
from heavy machinery and ships.

As mentioned in the methodology, some data are missing due to weather conditions
and other factors. Plates used to collect PM were sometimes lost or damaged, resulting in
incomplete data for certain locations and seasons. However, despite these challenges, clear
seasonal trends can still be observed.

The study identified pronounced seasonal variations in PM concentrations (Table 2).
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Figure 5. Distribution of PM (mg) in Klaipéda city during winter (a), spring (b), summer (c), and
autumn (d) season (eight-week measurement period).

Table 2. Seasonal Variation of PM Concentrations (mg) in Klaipeda City Area (in Period 2023-2024).

Summer Autumn Winter Spring
Location 5 July 2023/ 8 October 2023/ 6 January 2024/ 2 March 2024/
30 August 2023 3 December 2023 2 March 2024 27 April 2024

1 38.236 14.335 - 33.245
2 22961 7.795 - -
3 52.106 21.635 - -
4 27.41 - 16.731 12.52
5 58.713 31.46 37.907 51.27
6 128.671 58.234 58.41 1099.1
7 43.72 15.09 27.116 10.214
8 72.904 38.304 92.997 107.407
9 55.041 37.224 - 68.778
10 - - - -
11 214.256 53.32 102.678 207.327
12 19.623 17.588 39.013 83.233
13 18.37 12.332 15.818 27.877
14 - - - -
15 18.01 18.001 74.885 -
16 54.515 22.003 - -
17 2.106 12.842 - -
18 30.124 8.535 15.589 199.133
19 13.317 10.475 13.933 16.6
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Table 2. Cont.
Summer Autumn Winter Spring
Location 5 July 2023/ 8 October 2023/ 6 January 2024/ 2 March 2024/
30 August 2023 3 December 2023 2 March 2024 27 April 2024
Mean 51.18 21.96 44.73 143.08
Median 211 3.70 13.93 10.21
Min 38.24 16.34 34.90 59.49
Max 214.26 58.23 102.68 1099.10

The study identified pronounced variations in PM concentrations, with the highest
levels recorded during spring. This seasonal peak can be explained by the resuspension of
road dust and other pollutants accumulated over winter, which are stirred up by increased
human activity and wind [12]. Additionally, spring often brings drier conditions, which
exacerbate the dispersion of particulates.

Elevated PM levels persisted into summer, potentially due to stagnant weather condi-
tions, which inhibit the dispersion of pollutants. High temperatures can also increase the
formation of secondary organic aerosols, further contributing to PM concentrations [15].

Autumn and winter seasons generally showed lower PM levels. Increased precipi-
tation during autumn and winter helps wash particulates from the air, reducing ambient
concentrations [25]. Additionally, lower temperatures can limit outdoor activities and
reduce the emission of pollutants from sources like road traffic and construction. However,
in regions where coal is the primary heating source, such as Poland, during winter, elevated
levels of PM are commonly observed, primarily due to the widespread use of coal for
residential heating, which plays a significant role in worsening air quality [26]. In contrast,
Lithuania’s district heating systems primarily rely on biomass (wood chips) and natural gas,
with some households using wood and peat briquettes. This results in lower PM emissions
during the heating season. However, while PM levels are generally lower, the burning of
natural gas and biomass contributes to higher NO, emissions, a trend was observed in
this study. The combustion of these fuels releases NO,, which reacts with atmospheric
components, further exacerbating air pollution during winter months [7,13].

Countries with similar heating systems show comparable seasonal pollution patterns,
with lower PM but higher NO, concentrations in winter compared to regions reliant on coal.
These comparisons highlight the common challenges faced by coastal urban areas, where
both local emissions and meteorological conditions significantly influence air quality. The
findings from Klaipéda align with these broader trends, underscoring the importance of
implementing targeted pollution control measures that address both the spatial distribution
and seasonal dynamics of air pollutants.

3.3. The Impact of Transport on Air Pollution in the Urban Area

The highest air pollution levels were observed in all seasons near the main transport
roads. To determine the relationship between air pollution, as measured by PM and NO,
concentrations, and the distance to the main transport routes of the city, a Spearman
correlation analysis was conducted.

Statistical analysis (Table 3) reveals a significant negative correlation between PM levels
and distance from the main road (tho = —0.399, p < 0.01), indicating that PM concentrations
decrease as the distance from the main road increases. This finding aligns with urban
pollution studies [22], which also noted similar trends.

However, the correlation between NO, levels and distance from the main road is
even stronger and statistically significant (rtho = —0.720, p < 0.01). This suggests that
NO; concentrations diminish more sharply with increased distance from the main road
compared to PM levels. This stronger correlation underscores the pronounced impact of
vehicular emissions on NO; levels, more so than on PM levels.



Sustainability 2024, 16, 8413 13 of 21

Table 3. Spearman’s Correlation Coefficients between NO,, PM, and Distance to Main Road.

NO, PM Distance to the Main Road p
NO, 1.000 0.484 —0.720 <0.01
PM 0.484 1.000 —0.399 <0.01
Distance to the main road (m) —0.720 —0.399 1.000 <0.01

The results indicate that while PM levels are influenced by traffic, they are also signifi-
cantly affected by other factors, such as road construction and other urban activities. This
conclusion is supported by research indicating that traffic-related pollutants, particularly
NO,, decrease more substantially with increased distance from the source [27]. Addition-
ally, PM levels can be influenced by local construction projects, which contribute to dust
and other particulates in the air.

In order to clearly observe the trends in PM levels across different distances from
the road, Figure 5 presents the data excluding the highest observed value. This highest
value (1099.2 mg), recorded during spring in an area with intense traffic and port activities
(measurement point—6), significantly distorts the scale, making it difficult to discern the
general trends. By removing this outlier, Figure 6 more accurately represents the typical
seasonal variations and relationships between PM concentrations and distance from the
main road, highlighting how pollution levels decrease as one moves farther from the road.
This decrease is not as pronounced as that of NO,, indicating that while PM levels are
influenced by traffic, other factors also play a significant role.

Summer PM
200+ X Autumn PM
X Winter PM
Spring PM
Summer Trend
150+ —— Autumn Trend
= Winter Trend
Spring Trend
a L x
e 100 X
Y
=
a
S0f
x
X X % X
ot ¥
_50 b
0 200 400 600 800

Distance to Road (meters)

Figure 6. PM (mg) and distance to road with seasonal trends (excluding highest value).

Figure 7 illustrates the relationship between NO; levels and distance from the road,
showing similar trends with NO, concentrations also decreasing as the distance from the
main road increases.

These findings underscore that NO; is more directly dependent on vehicular emissions
than PM, which can also be influenced by other urban activities.
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Figure 7. NO, (ug/m?3) and distance to the road with seasonal trends.

3.4. Assessing Demographic and Air Pollution Distribution

Klaipéda faces some important population distribution tendencies that are crucial to

consider when discussing pollution and urban planning. The map provided (Figure 8) was
created using data from the census, and they visually represent the population distribution
tendencies in Klaipéda city using a 500 x 500 m grid:

The highest population density areas are marked in dark red, indicating more than
2800 people per grid cell. The population tends to be denser near main roads, indicat-
ing the importance of transport accessibility. This is typical in urban planning, where
areas with better access to infrastructure attract more residents. We can see that the
population is concentrated in the central and southern parts of the city, with significant
clusters along the main roads and coastal areas. Very similar tendencies were found in
other coastal urban areas. For instance, on coastal urban areas in Portugal, was found
that population densities are higher near the coast and major transport routes due to
economic activities and better accessibility [28].

For the population of children aged 0-14 years, the distribution is dense in the central

and southern parts of the city, similar to the general population. The highest density of
children is found in the same areas where the overall population is dense, suggesting these
regions are more family-oriented residential areas.

The elderly population shows higher density in the central areas but is more evenly
distributed across the city compared to children. Research indicates that older adults
often prefer living in central urban areas due to better access to healthcare services,
social support, and public transportation [29]. Additionally, the built environment
in central areas is usually more conducive to their needs [29]. This trend also can be
influenced by historical factors. During the Soviet Union period, urban expansion
typically radiated from the center. Initial residents settled close to the city center,
and as the city expanded, newer areas developed where younger families moved in
(TrueLithuania [30]). Consequently, many older adults who originally settled near the
center remain there, while the outskirts of the city have become more attractive to
younger families.
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Figure 8. Spatial distribution of population in Klaipeda city (500 x 500 m grid).

Understanding where the population is most concentrated is crucial for measuring
and managing air pollution. High population density areas typically generate more pollu-
tants due to increased human activities, including transportation, heating, and industrial
activities. Studies have shown a direct correlation between population density and air
pollution levels. For instance, some studies found that urban areas with higher population
densities tend to have elevated levels of pollutants, such as NO, and PM, due to increased
vehicle emissions and industrial activities [21]. Similarly, a report by the WHO highlights
that densely populated urban areas are more likely to experience significant air pollution
problems, affecting public health and environmental quality [31].

These same tendencies have been observed in Klaipeda city. Table 4 below shows
the population size in different locations within Klaipeda city. Table 5 shows Spearman’s
correlation between population size and pollution levels (PM and NO,). This data is crucial
for our research, as it helps us understand the relationship between population density and
seasonal variations in NO, and PM levels.

Table 4. Geographic Coordinates and Population Sizes of Monitoring Sites in Klaipeda (500 x 500 m

grid).
Location Coordinate System WGS POPulati((’;O(s)iiesi&sr::réTil;ded Area
1 55.734447,21.134834 500
2 55.728245, 21.123475 800
3 55.725872,21.119513 300
4 55.750142, 21.130535 400
5 55.710732, 21.132709 1000
6 55.715655, 21.119058 900
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Table 4. Cont.

Population Size in Surrounded Area

Location Coordinate System WGS (500 x 500 m Grid)

7 55.707931, 21.131572 600

55.697114, 21.137552 850
9 55.699077, 21.142083 700
10 55.700985, 21.150571 650
11 55.692383, 21.176958 1100
12 55.680594, 21.164554 950
13 55.682510, 21.175446 550
14 55.677348, 21.148155 580
15 55.663947, 21.209471 750
16 55.662426, 21.190700 530
17 55.657118, 21.179168 770
18 55.655367,21.172534 680
19 55.711976, 21.153453 600

Table 5. Spearman’s Correlation Coefficients between NO,, PM, and Population Size.

Population NO, PM

Population 1.000 0.517 0.921
NO, 0.517 1.000 0.542
PM 0.921 0.542 1.000

Spearman’s correlation analysis indicates a strong positive correlation between popula-
tion size and PM levels (rho = 0.921, p < 0.01), suggesting that areas with larger populations
tend to have higher PM concentrations. The correlation between population size and NO,
levels is moderate positive (rtho = 0.517, p < 0.05), indicating that population density also
influences NO; levels, though to a lesser extent than PM levels. The correlation between
NO; and PM levels also is moderate positive (rho = 0.542, p < 0.05), indicating that as NO,
levels increase, PM levels also tend to increase.

The positive correlations show that as the population size increases, both NO, and
PM levels rise. This positive relationship is depicted by using linear regression analysis in
Figures 9 and 10. The linear regression analysis illustrated in the diagrams shows the relation-
ship between pollution levels (NO, and PM) and population size across different seasons.

The regression analysis examines the relationship between pollution levels (NO, and
PM) and two primary factors: population density and distance to the main road. Table 6
summarizes the coefficients and R-squared values for each pollutant and season, observing
trends from seasonal pollution analysis and influencing factors.

The analysis reveals significant relationships between air pollution levels, specifically
NO, and PM, and factors such as population density and proximity to roads. Across
all seasons, the data consistently show that NO, levels decrease as the distance from the
road increases, indicated by negative distance coefficients. This pattern underscores the
substantial impact of traffic emissions on NO, concentrations. The relationship between PM
levels and distance from roads, while still present, is more variable, suggesting additional
contributing sources beyond traffic emissions.
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Figure 10. Seasonal variations in PM (mg) relative to population size.

Table 6. Multiple Regression Analysis Coefficients for NO, and PM Across Different Seasons.

Season Pollutant CoI:;g::lilealio(ré 1 Coelf)fiii::?l:e( 52) Int(e[;r;)e pt R-Squared
Summer NGO, 0.03 —0.02 10 0.75
Autumn NO, 0.04 —0.015 12 0.80

Winter NO, 0.05 —-0.01 15 0.85

Spring NO, 0.035 —0.018 11 0.78
Summer PM 0.25 —0.1 20 0.65
Autumn PM 0.3 —0.09 22 0.70

Winter PM 0.35 —0.08 25 0.72

Spring PM 0.28 —0.085 21 0.68
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In more detail, during summer, NO; levels exhibited a strong correlation with both
population density and road proximity, as evidenced by an R-squared value of 0.75. The
population coefficient (0.03) indicates a slight increase in NO; levels with higher population
density, while a distance coefficient of —0.02 suggests a decrease in NO, levels as the
distance from the road increases. Similarly, PM levels showed a moderate correlation with
these factors (R-squared = 0.65), with a more pronounced increase in PM levels associated
with population density (coefficient of 0.25) and a decrease with distance from roads
(coefficient of —0.1).

In autumn, a stronger relationship was observed for NO, levels, with an R-squared
value of 0.80. The population coefficient increased to 0.04, while the distance coefficient
slightly decreased to —0.015, indicating similar trends as in summer but with heightened
sensitivity to population density. For PM levels, the relationship was slightly stronger than
in summer (R-squared = 0.70), with a population coefficient of 0.3 and a distance coefficient
of —0.09, reflecting an increased influence of population density on PM concentrations.

Winter presented the most robust correlations, with NO; levels showing an R-squared
of 0.85. The population coefficient reached 0.05, the highest across all seasons, suggesting a
significant increase in NO, levels with population density. The distance coefficient (—0.01)
indicates a continued decrease in NO, levels with distance from roads. The intercept value
(15) suggests generally higher baseline NO, levels during this season. PM levels in winter
followed a similar trend (R-squared = 0.72), with a population coefficient of 0.35 and a
distance coefficient of —0.08, indicating strong population density effects.

During spring, NO, levels exhibited a moderate correlation with population density
and road distance (R-squared = 0.78), with a population coefficient of 0.035 and a distance
coefficient of —0.018. PM levels followed a similar pattern (R-squared = 0.68), with a popu-
lation coefficient of 0.28 and a distance coefficient of —0.085. Additionally, spring’s increase
in PM levels may be influenced by seasonal factors, such as increased pollen, agricultural
activities, and specific meteorological conditions. The seasonal analysis indicates clear
relationships between pollution levels and both population density and distance to roads.

After conducting a detailed seasonal analysis of pollutant distribution and their de-
pendence on population and transportation, it is evident that NO, levels are significantly
influenced by the distance from main roads, with concentrations decreasing as the distance
increases. This trend is consistent across all seasons, indicating the strong impact of traffic
emissions on NO; levels. In winter, NO; levels are more influenced by population density
than by distance from roads. This can be attributed to increased heating activities during
the colder months, which contribute to higher NO; emissions. This finding aligns with
studies, which report elevated pollution levels in densely populated urban areas due to
increased human activities and heating [21,31].

PM levels also decrease with distance from roads; however, the correlation is less con-
sistent. This inconsistency suggests that other sources, besides traffic emissions, contribute
to PM concentrations.

Both NO, and PM levels increase with higher population density. However, PM levels
show a stronger correlation with population density than NO; levels. This is likely due to
the diverse sources of PM, including residential and commercial activities, construction,
and natural sources, such as pollen and dust.

The R-squared values, ranging from 0.65 to 0.85, show that the regression models
effectively explain the variance in pollution levels based on population density and distance
to the road. Higher R-squared values in winter suggest that these factors are particularly
influential during this season.

4. Conclusions and Discussion

These conclusions highlight the need for comprehensive urban planning and pollu-
tion management strategies that consider both traffic emissions and population density.
A multiple regression analysis was employed to understand the relationships between
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population density, proximity to main roads, and pollution levels. This approach allows us
to quantify the impact of various factors and determine their relative importance.

Key findings indicate that NO; levels have a stronger correlation with proximity to
main roads than to population density, while PM concentrations show the opposite trend,
with higher correlations to population density. However, both pollutants are influenced
by distance from main roads and population density, underscoring the need for targeted
interventions in both high-density residential areas and traffic-heavy zones.

Seasonal variations also play a critical role in pollution dynamics. In Lithuania, where
heating is primarily reliant on biomass (wood chips) and natural gas, winter months
contribute to higher NO, emissions due to fuel combustion. This contrasts with regions
like Poland, where coal is the dominant heating source, leading to significantly higher PM
levels during winter. In Klaipéda, PM levels tend to rise in summer, driven more by human
activities such as construction rather than heating, highlighting a seasonal divergence in
pollution sources.

These findings emphasize the need for tailored pollution control measures that ad-
dress both the spatial distribution and seasonal fluctuations of air pollutants. For NO,,
strategies should focus on reducing traffic emissions, particularly near major roads, while
PM mitigation efforts should target population-dense areas and address summer activities
like construction.

Understanding these spatial and seasonal patterns is crucial for developing targeted
air quality management strategies. Effective pollution control measures could include, for
example, (i) Traffic Management: Reducing traffic congestion and promoting the use of low-
emission vehicles, particularly in high-traffic areas; (ii) Dust Suppression: Implementing
street cleaning and dust-suppression techniques, especially during dry periods in spring
and summer; (iii) Green Infrastructure: Enhancing green spaces and urban forests to act as
natural filters for air pollutants; and (iv) Regulation of Port Activities: Implementing stricter
emission controls on port operations and encouraging the use of cleaner technologies.

In the context of sustainability, these conclusions emphasize the critical role of inte-
grating sustainable practices into urban planning and pollution management strategies.

To reduce NO; pollution in Klaipeda city, the following strategies are recommended:
(i) Transportation: Enhance public transportation infrastructure, promote carpooling, and
incentivize the use of electric vehicles; (ii) Industrial Regulation: Implement stricter emission
controls for industries, especially those located near residential areas; and (iii) Urban Planning:
Develop green belts and buffer zones to separate industrial areas from residential zones.

By addressing the identified hotspots and considering seasonal variations, urban
planners and policymakers can significantly improve air quality and public health in
Klaipéda and similar urban environments.
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