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Abstract

Daily PMyo limit-value exceedances remain an urban air-quality concern even where
long-term mean concentrations are moderate. This study assessed PM;o exceedance
observations in six Lithuanian cities during 2019-2025 and examined their
meteorological context. Daily PM;, records were matched with precipitation, wind
speed, relative humidity and air temperature. Exceedance observations were defined
as station-days with PMyo >50 pg/m3. Seasonality, episode duration, and dry and low-
wind conditions were evaluated; station-level patterns, NO, concentrations and
prevailing wind direction were additionally analysed in Vilnius and Kaunas.
Exceedances were episodic and most frequent in spring in all cities. They were
generally characterised by lower precipitation, lower relative humidity and, in most
cities, lower wind speed than non-exceedance observations. Most occurred when daily
precipitation was <1 mm. At the Vilnius and Kaunas stations, PMjc was negatively
correlated with precipitation, wind speed and relative humidity, while NO,
concentrations were higher during exceedances. Higher exceedance rates were also
observed under easterly and south-easterly winds. The findings associate PMso
episodes with dry conditions and limited dispersion; their spring predominance is
consistent with conditions favourable to road-dust resuspension, although individual
source contributions were not directly quantified.

Keywords: air quality, road dust, precipitation, wind speed, relative humidity, non-
exhaust emissions.
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1. Introduction

Particulate matter with an aerodynamic diameter of up to
10 um (PMyo) is one of the principal indicators of ambient
air quality in urban areas, as its concentrations depend not
only on direct emission sources but also on meteorological
conditions controlling particle dispersion, deposition and
resuspension from surfaces. European air-quality studies
show that, despite the long-term decline in the
concentrations of many pollutants, exceedances of the
daily PMyo limit value remain relevant in certain urban
areas and are associated with a combination of traffic, local
emission sources and unfavourable atmospheric
conditions (Guerreiro et al., 2014). The daily PMio limit
value applied in the European Union during the study
period was 50 pg/m?3; consequently, exceedance analysis
makes it possible to assess not only general air-quality
levels but also short-term episodes that may be relevant to
the urban environment. Short-term PM episodes may
also be important from an exposure perspective, because
the deposition of inhaled particles in the respiratory tract
depends not only on ambient concentrations but also on
breathing intensity, physical activity and age group (Linell
etal., 2024).

https://doi.org/10.30955/gnj.08815

Previous studies have shown that variations in urban PMq
concentrations are often episodic. Engler et al. (2012),
analysing exceedances of the daily PMyo limit value in
Leipzig, emphasised that short-term daily exceedances
may result from interactions between local and regional
factors even when annual concentrations remain below
the prescribed limits. Similarly, Ferenczi et al. (2021),
examining long-term changes in PM;o concentrations in
Hungarian cities, assessed annual, seasonal and daily
variations and the effects of meteorological conditions on
PMyo levels. These studies demonstrate the importance of
considering not only mean concentrations but also
exceedance frequency, seasonality and episode duration
when assessing urban air quality.

Meteorological factors are among the most important
environmental determinants of variation in PMyo
concentrations. Precipitation reduces airborne particle
concentrations through wet scavenging and surface
wetting, whereas low wind speeds restrict pollutant
dispersion.  Relative  humidity, temperature and
atmospheric  pressure may also modify particle-
concentration dynamics, although their effects often
depend on local conditions and season. Lazurca (2015)
investigated the influence of meteorological conditions on
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PM;o concentrations in the urban area of Suceava,
Romania. Arslan and Toltar (2023) likewise found
associations between PM;, and PM,.s concentrations and
meteorological factors, particularly wind speed, while Li et
al. (2017) showed that the relationships between PM;o and
meteorological variables may differ according to spatial
scale and local conditions.

A substantial proportion of PMyo in urban environments is
associated with traffic and non-exhaust particles. Thorpe
and Harrison (2008) noted that traffic-related particulate
matter originates not only from combustion but also from
brake, tyre and road-surface wear and the resuspension of
deposited dust. These processes are particularly relevant
to the PMyo fraction because coarser particles are more
readily resuspended from dry surfaces by vehicle
movement. Road-traffic PMio and PM,.s concentrations
and emission factors have also been investigated under
Nordic conditions (Ferm and Sjoberg, 2015). Studies in
Nordic countries identify road dust as an important source
of PMyo, especially in spring, when mineral particles
accumulated during the cold season may be resuspended
as street surfaces dry after winter (Kupiainen et al., 2017).
Stojiljkovic et al. (2019), assessing road-dust mitigation
measures in a Helsinki street canyon, also emphasised the
contribution of road dust to urban PMjo concentrations.
Recent urban monitoring studies have further shown that
PMio concentrations and their relationships with wind
speed, temperature and humidity vary by season and
monitoring location (Sellamuthu and Jeyadharmarajan,
2023).

Air-quality studies in Lithuanian cities indicate that traffic
and characteristics of the urban environment are also
important in explaining particulate-matter concentrations.
Orru et al. (2012) assessed the health effects of particulate
matter in Vilnius and Kaunas, while the more recent study
by Kecorius et al. (2025), conducted in six Lithuanian cities,
demonstrated the relevance of assessing traffic emissions
and urban pollution under Lithuanian conditions.
Nevertheless, detailed multi-city studies of daily PMy limit-
value exceedance episodes, their seasonality and duration,
and their relationships with meteorological conditions
remain limited in Lithuania.

The relevance of this study stems from the fact that urban
PMio problems often arise not from persistently high
pollution levels but from short-term episodes in which local
particle sources coincide with dry conditions, lower relative
humidity and reduced dispersion. Analyses based solely on
annual or mean concentrations may therefore fail to reveal
the circumstances under which such episodes develop. This
study examines daily PMio concentration exceedances in
Lithuanian cities during 2019-2025, including their
frequency, seasonal distribution, episode duration and
associations with meteorological conditions. A more
detailed station-level analysis was conducted in Vilnius and
Kaunas because these cities included several monitoring
stations representing different site types.

Previous Lithuanian studies have addressed the health
effects of particulate matter and traffic-related pollution,
but a harmonised multi-city assessment of the duration,
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seasonal distribution and meteorological context of daily
PMo exceedance episodes during 2019-2025 has not yet
been reported. The same methodology was applied to six
Lithuanian cities, enabling exceedance observations,
episode duration and accompanying meteorological
conditions to be assessed across different urban
environments.

The aim of this study was to assess daily PMyo
concentration exceedances in Lithuanian cities during
2019-2025 and determine their associations with
meteorological conditions.

2. Materials and Methods

Daily PMyo data published in the air-quality summaries of
the Environmental Protection Agency of Lithuania for
2019-2025 were analysed. The analysis included air-quality
monitoring stations in Vilnius, Kaunas, Klaipeda, Siauliai,
Panevezys and Mazeikiai. PM;o concentrations were
assessed against the daily limit value of 50 pug/m?; station-
days on which this value was exceeded were classified as
PM:o exceedance observations. The locations of the
monitoring stations are shown in Figure 1.
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Figure 1. Locations of the analysed air-quality monitoring
stations in Lithuania

The types and coordinates of the analysed air-quality
monitoring stations were determined from the description
of the national air-monitoring network provided by the
Environmental Protection Agency of Lithuania (2024). The
following stations were analysed: Vilnius Senamiestis
(urban background; N 54°40'53", E 25°17'17"), Lazdynai
(urban background; N 54°41'08”, E 25°12'39"), Zirmunai
(traffic; N 54°42'55", E 25°17'22") and Savanoriai Ave.
(industrial; N  54°40'24", E 25°14'56"); Kaunas
Petrasiunai/Dainava (traffic; Petrasiunai: N 54°53'42", E
23°59'10”; Dainava: N 54°55'00”, E 23°58'59”) and
Noreikiskes (urban background; N 54°53'01", E 23°50'09");
Klaipeda Centras (traffic; N 55°42'27", E 21°08'29") and
Silutes Ave. (traffic; N 55°41'24", E 21°10'46"); Siauliai
(traffic; N 55°56'16"”, E 23°18'29"); Panevezys Centras
(urban background; N 55°43'30”, E 24°21'56"); and
Mazeikiai (industrial; N 56°18'35", E 22°19'53"). PM1o mass
concentrations were measured using automatic analysers
based on beta-ray absorption.

Meteorological data were obtained from the archive of the
Lithuanian Hydrometeorological Service, using daily
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observations from meteorological stations serving the
respective cities. Air-quality and meteorological data were
matched by city and observation date. The meteorological
variables used in the analysis were mean air temperature,
daily precipitation, mean wind speed and relative humidity.

The unit of analysis was the station-day, defined as one
valid daily PMjo record from one monitoring station.
Because the number of monitoring stations differed among
cities, absolute exceedance counts were interpreted
descriptively.

To assess the seasonality of PM;, exceedances,
observations were grouped into four seasons: winter,
spring, summer and autumn. The number of PMyo
exceedance observations was calculated for each season
and city, and the dominant exceedance season was
identified. The monitoring stations in Vilnius and Kaunas
were examined in greater detail because these cities
included several stations representing different site types.

At station level, the mean, median and maximum PMso
concentrations, number and rate of exceedance
observations, mean NO, concentration and number of
PMo observations were calculated. On 17 December 2022,
the traffic-oriented air-quality monitoring station in Kaunas
Petrasiunai was relocated to the Dainava district; data from
these two consecutive periods were treated as one
continuous traffic-site series (Environmental Protection
Agency of Lithuania, 2023).

Episode duration was analysed to characterise PMyo
exceedances. An episode was defined as one or more
consecutive days at the same station on which the PMyo
concentration exceeded 50 pg/m3. Station-level episodes
were summarised by city in terms of their number, mean
and maximum duration, proportion of single-day episodes
and number of longer episodes. The proportion of PMyo
exceedance observations occurring under dry or nearly dry
conditions (daily precipitation <1 mm) and low-wind
conditions (mean wind speed <2.5 m/s) was also assessed.

Non-parametric methods were used for the statistical
analysis. Differences in meteorological conditions between
PM;o exceedance and non-exceedance observations were
assessed using the Wilcoxon rank-sum test. Spearman’s
rank correlation was used to evaluate associations
between PM;, concentrations and meteorological
variables. These methods were selected because the
distributions of daily PMi concentrations and
meteorological variables may not satisfy the assumption of
normality, and relationships between variables may be
monotonic but not necessarily linear. Differences and
associations were considered statistically significant at p <
0.05.

Prevailing daily wind direction was additionally analysed in
Vilnius and Kaunas. It was derived from hourly
observations of the Lithuanian Hydrometeorological
Service, with wind direction assigned to eight sectors: N,
NE, E, SE, S, SW, W and NW. This analysis was used only as
an additional indicator of meteorological conditions and
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not as a method for identifying specific pollution sources.
Wind-direction analysis was limited to Vilnius and Kaunas,
where station-level patterns were examined in greater
detail. Data processing, statistical analysis and figure
preparation were performed in R version 4.5.2 (R Core
Team, 2025).

3. Results

During 2019-2025, daily PMie concentrations in the
analysed Lithuanian cities were generally below the limit
value of 50 pg/m3, although episodic concentration
increases occurred in every city. The overall distribution of
daily PM1o concentrations by city is shown in Figure 2.
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Figure 2. Distribution of daily PMso concentrations by city, 2019—

2025

Median PM;o concentrations in all cities remained well
below 50 pg/m3, whereas the upper tails of the
distributions and individual high values demonstrate the
episodic nature of elevated PMio concentrations. More
pronounced clusters of high values were observed in
Vilnius, Kaunas and Siauliai; the subsequent analysis
therefore focused on exceedance observations and their
accompanying meteorological conditions rather than on
general background levels.

Comparison of meteorological conditions between PMo
exceedance and non-exceedance observations revealed
clear differences between the two groups. In all analysed
cities, exceedance observations were characterised by less
precipitation, lower relative humidity and, in most cases,
lower mean wind speed than non-exceedance
observations (Table 1).
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Table 1. Meteorological contrast between PM;o exceedance and non-exceedance observations by city.
Mean PMyo Mean PMyo Wind- Relative-
PMso . . o -
. during during non- Precipitation speed humidity PMio
City exceedance . . . .
. exceedance, exceedance, difference, mm difference, difference, observation, n
observation, n 3 3
ug/m ug/m m/s %
Vilnius 217 68.1 19.1 -1.36 -0.39 -16.4 9366
Kaunas 198 67.9 21.4 -1.11 -0.73 -8.6 4856
Klaipeda 54 68.7 17.0 -1.88 -0.32 -20.1 2767
Siauliai 52 66.1 21.1 -1.37 -0.46 -12.3 1733
Panevezys 46 65.2 18.0 -0.79 -0.90 -9.8 2392
Mazeikiai 28 67.1 17.1 -1.61 -0.47 -8.4 2430
Note. Differences were calculated as the mean value during PMyo exceedance observations minus the mean value during non-
exceedance observations.
As shown in Table 1, the difference in precipitation exceedance observations in all cities (p < 0.001).

between PMj, exceedance and non-exceedance
observations was negative in every city. The largest
precipitation differences were found in Klaipeda (-1.88
mm), Mazeikiai (-1.61 mm), Siauliai (-1.37 mm) and Vilnius
(-1.36 mm). Relative humidity was also lower during PMyq
exceedance observations in all cities, with the largest
differences in Klaipeda (-20.1%) and Vilnius (-16.4%).
Wind-speed differences were likewise negative, although
their magnitude varied among cities.

Wilcoxon rank-sum tests showed significant differences in
precipitation between PM;, exceedance and non-

Differences in relative humidity were also significant in
every city (p < 0.001 in most cities; p = 0.021 in Mazeikiai).
Wind-speed differences were significant in Kaunas,
Panevezys and Vilnius (p < 0.001), Siauliai (p = 0.001) and
Mazeikiai (p = 0.023), whereas no statistically significant
difference was found in Klaipeda (p = 0.196).

Seasonal analysis showed a clear association between PMyo
exceedances and time of year. Spring accounted for the
largest number of exceedance observations within each
analysed city (Table 2).

Table 2. Seasonal distribution of PMo exceedance observations by city

City Winter Spring Summer Autumn Exceedance observations, n Dominant season
Vilnius 27 127 20 43 217 Spring
Kaunas 41 87 26 44 198 Spring

Klaipeda 12 35 0 7 54 Spring
Siauliai 11 28 4 9 52 Spring
Panevezys 16 26 3 1 46 Spring
Mazeikiai 10 12 0 6 28 Spring

Table 3. PM;, exceedance characteristics at selected monitoring stations in Vilnius and Kaunas

Monitoring Mean Median Maximum PM,, exceedance PMio Mean NO,, PMio
station PMuo, PMuo, PMo, observations, n exceedance /m? observations, n
ug/m? ug/m? ug/m? ’ rate, % He !
Kaunas
Petrasiunai 23.9 20 144 124 5.07 47.0 2447
/Dainava
Kaunas
. 22.7 20 164 74 3.07 28.2 2409
Noreikiskes
Vilni
vrnius 24.9 22 152 100 4.38 53.0 2284
Zirmunai
Vilni
s 215 19 155 53 2.22 36.4 2392
Senamiestis
Vilnius
Savanoriai 16.7 14 140 43 1.83 43.9 2344
Ave.
Vilnius
. 17.7 16 149 21 0.90 34,5 2346
Lazdynai

Note. Kaunas Petrasiunai/Dainava represents a continuous traffic-site series: the station was relocated from Petrasiunai to Dainava on

17 December 2022.
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As shown in Table 2, spring was the dominant season for
PM;o exceedance observations in all cities. The numbers
recorded in spring were 127 in Vilnius, 87 in Kaunas, 35 in
Klaipeda, 28 in Siauliai, 26 in Panevezys and 12 in Mazeikiai.
Exceedances were much less frequent in summer, with
none recorded in Klaipeda or Mazeikiai. This seasonal
pattern is consistent with spring conditions under which
the drying of road surfaces after winter may increase the
likelihood of accumulated particles being resuspended.

The monitoring stations in Vilnius and Kaunas were
examined in greater detail because these cities included
several stations representing different site types. This
analysis enabled assessment of whether exceedance rates
varied among monitoring locations within the same city.

A more detailed analysis of selected monitoring stations in
Vilnius and Kaunas (Table 3) showed that PM;, exceedance
rates differed among monitoring locations. The highest
rate was recorded at the Kaunas Petrasiunai/Dainava
station (5.07%); in Vilnius, the highest rate was observed at
Zirmunai (4.38%). The lowest rate was recorded at Vilnius
Lazdynai (0.90%).

Higher PM,o exceedance rates were generally observed at
monitoring locations with higher NO, concentrations. In
Kaunas, mean NO; concentration increased from 36.3
pg/m3® on PMs;e non-exceedance observations to 71.4
ug/m?® on exceedance observations. The corresponding
values in Vilnius were 41.1 and 76.6 pg/m?3. The Wilcoxon

CERNULIENE AND ABALIKSTIENE

test showed statistically significant differences in NO,
concentrations between PM;, exceedance and non-
exceedance observations in both cities (p < 0.001).
Spearman’s correlation also indicated positive associations
between PMo and NO, in Kaunas (p = 0.300; p < 0.001) and
Vilnius (p = 0.333; p < 0.001).

These results support the use of NO, as an indicator of
traffic influence and a more intensively urbanised
environment. However, the associations were only
moderate, and PM;, exceedances cannot be explained by
traffic emissions alone. The episodes were likely associated
with a combination of traffic influence, local dust
resuspension from dry surfaces and meteorological
conditions.

Analysis of episode duration showed that most PMso
exceedances were short-lived (Table 4). Mean episode
duration ranged from 1.56 days in Mazeikiai to 1.93 days in
Siauliai. Single-day episodes accounted for more than half
of all episodes in most cities and exceeded 70% in Vilnius
and Klaipeda. The station-level episodes summarised by
city included 17 episodes lasting three or more days in both
Vilnius and Kaunas; the longest episodes lasted 15 and 14
days, respectively. Thus, PM;o exceedances were usually
brief, although longer periods of unfavourable
meteorological and local pollution conditions occasionally
occurred in the largest cities.

Table 4. Duration of station-level PM;o exceedance periods summarised by city

Number of Mean Maximum . . .
. . Single-day Episodes Episodes
. PM;, exceedance PM;o episode episode N R N
City R . ., episodes, lasting 2 lasting 23
observations, n exceedance duration, duration,
. % days days
episodes days days
Vilnius 217 119 1.82 15 75.6 12 17
Kaunas 198 108 1.83 14 69.4 16 17
Klaipeda 54 31 1.74 10 71.0 3 6
Siauliai 52 27 1.93 59.3 4 7
Panevezys 46 26 1.77 5 57.7 5 6
Mazeikiai 28 18 1.56 61.1 5 2
Table 5. PM;o exceedance observations under dry and low-wind conditions
Share of
Share of Share of exceedance
Exceedance Exceedance .
PM;o . exceedance . exceedance observations
observations . observations . .
. exceedance . observations R R observations with
City . with . with wind R - s
observations, L with with wind precipitation <1
precipitation <1 e . speed <2.5 .
n mm. n precipitation <1 m/s, n speed <2.5 mm and wind
! mm, % ! m/s, % speed <2.5 m/s,
%
Vilnius 217 203 93.5 128 59.0 56.2
Kaunas 198 184 92.9 95 48.0 47.0
Klaipeda 54 48 88.9 26 48.1 40.7
Siauliai 52 49 94.2 34 65.4 61.5
Panevezys 46 41 89.1 33 71.7 65.2
Mazeikiai 28 26 92.9 17 60.7 53.6

Because Table 1 showed that precipitation, wind speed and
relative humidity were lower during PMjo exceedance
observations than during non-exceedance observations,
the proportion of exceedances coinciding with dry and low-
wind conditions was also evaluated. Dry or nearly dry

https://doi.org/10.30955/gnj.07806

conditions were defined as daily precipitation <1 mm, and
low-wind conditions as mean wind speed <2.5 m/s.

As shown in Table 5, most PM,o exceedance observations
in all cities coincided with dry or nearly dry conditions. Daily

Global NEST Journal, 28(XX), 1-14
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precipitation <1 mm occurred during 88.9-94.2% of all
PMo exceedances. The highest proportions were found in
Siauliai (94.2%), Vilnius (93.5%), and Kaunas and Mazeikiai
(92.9% each). Low-wind conditions were also common,
although their frequency varied more among cities, from
48.0% in Kaunas to 71.7% in Panevezys. The combination
of dry and low-wind conditions was most frequent in
Panevezys (65.2%) and Siauliai (61.5%) and least frequent
in Klaipeda (40.7%) and Kaunas (47.0%). These findings

indicate an association with dry conditions, under which
particles may be more readily resuspended from surfaces
and are not efficiently removed by precipitation.

PMio concentrations and exceedance rates were
additionally compared between observations with daily
precipitation <1 mm and 21 mm (Table 6).

Table 6. PMyo concentrations and exceedance rates according to daily precipitation

Daily precipitation n Median PM,,, Mean PM,,, PM;o exceedance Exceedance rate,
Y precip ug/md ug/m? observations, n %
<1l mm 16350 19 22.1 551 3.37
21 mm 7194 15 16.4 44 0.61

Table 7. Spearman correlations between PM;o and meteorological variables at monitoring stations in Vilnius and Kaunas

Monitoring station Precipitation Wind speed Relative humidity Air temperature n
K
raunas - -0.270 -0.213 -0.203 0.133 2447
Petrasiunai/Dainava
Kaunas Noreikiskes -0.239 -0.153 -0.219 0.099 2409
Vilnius Senamiestis -0.325 -0.205 -0.313 0.146 2392
Vilnius Lazdynai -0.251 -0.161 -0.284 0.201 2346
Vilnius Savanoriai Ave. -0.320 -0.197 -0.346 0.139 2344
Vilnius Zirmanai -0.354 -0.232 -0.410 0.213 2284

Note. All correlations were statistically significant at p < 0.001.

The additional comparison confirmed the importance of
precipitation conditions. On observations with daily
precipitation <1 mm, the median PM;o concentration was
19 pg/m3, the mean was 22.1 pg/m? and the exceedance
rate was 3.37%. When precipitation was 21 mm, the
median decreased to 15 pg/m?3, the mean to 16.4 pg/m?3
and the exceedance rate to 0.61%. Overall, 551 of 595 PMo
exceedance observations (92.6%) occurred with
precipitation <1 mm. The Wilcoxon rank-sum test
confirmed a significant difference in PM;, concentrations
between the two precipitation groups (p < 0.001).

Associations  between PM;, concentrations and
meteorological variables were subsequently assessed at
selected monitoring stations in Vilnius and Kaunas.

Spearman correlations showed that PM;o concentrations at
the selected Vilnius and Kaunas stations were significantly
and negatively associated with precipitation, wind speed
and relative humidity (Table 7). The strongest negative
association with precipitation was found at Vilnius
Zirmunai (p = —0.354), and the strongest association with
relative humidity was also observed at this station (p =
-0.410). Associations with wind speed were weaker but
negative at all stations. Correlations with air temperature
were positive but weak, indicating that temperature was
not the principal factor associated with variation in PMso
concentrations.

Additional analysis in Vilnius and Kaunas, using prevailing
daily wind directions (Figure 3) calculated from hourly
meteorological observations, showed that PMyo
exceedance rates varied among wind-direction sectors.

https://doi.org/10.30955/gnj.08815

The highest exceedance rates in both cities occurred under
easterly and south-easterly winds. In Vilnius, the highest
rates were recorded for SE (9.64%) and E (8.05%) winds; in
Kaunas, they occurred under SE (13.1%), E (10.8%) and S
(10.5%) winds. The lowest rates in both cities were
observed under westerly winds. These results suggest that
prevailing wind direction may have contributed to the
meteorological context of PMi, episodes. However,
without a detailed spatial analysis of emission sources,
these associations should not be interpreted as direct
identification of particular pollution sources.

4. Discussion

The results showed that daily PMg limit-value exceedances
in Lithuanian cities during 2019-2025 were predominantly
episodic rather than persistent. PM;o concentrations
remained below 50 ug/m?3 on most observations, although
short-term concentration increases occurred in every
analysed city. The air-quality issue was therefore
associated less with a persistently high urban background
and more with individual periods in which local particle
sources coincided with meteorological conditions
favourable to accumulation. A similar interpretation of
PMio episodes was presented by Kukkonen et al. (2005),
who emphasised interactions between local emissions,
regional background and meteorological conditions during
episodes of high PM;o concentrations.

The episodic nature of PMj, exceedances was also
supported by episode-duration analysis. Most episodes
lasted one day or were otherwise short-lived, although
episodes of three or more days also occurred at stations in
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Vilnius and Kaunas. This suggests that some PMyo
exceedances were related to short-term local processes,
whereas others coincided with longer periods of
unfavourable meteorological conditions. Kassomenos et al.
(2014) likewise emphasised the importance of intra-urban
variability, station surroundings and seasonal conditions
for PMio and PM.,.s concentrations. The differences
identified among cities and monitoring locations may
therefore reflect not only variations in the general urban
background but also station surroundings, traffic influence,
road-surface conditions and the proximity of local dust
sources.
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Figure 3. PM;, exceedance rates by prevailing daily wind
direction in Vilnius (a) and Kaunas (b)

One of the clearest findings was the association between
PMio exceedances and dry or nearly dry conditions.
Precipitation was lower during exceedance observations
than during non-exceedance observations in every city,
and most exceedances coincided with daily precipitation <1
mm. Lower relative humidity and, frequently, lower wind
speed also indicated conditions more favourable to particle
accumulation and resuspension from surfaces. Spearman
correlations at the Vilnius and Kaunas stations confirmed
negative associations of PM;o with precipitation, wind
speed and relative humidity. These results are consistent
with the findings of Birim et al. (2023) and Zender-Swiercz
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et al. (2024), who showed that relationships between PM;o
and meteorological variables depend on environmental
setting and local air quality; meteorological effects should
therefore not be assumed to be uniform across monitoring
locations.

The seasonality of PMj, exceedances was another
important finding. Spring accounted for the largest number
of exceedance observations in every analysed city. This
pattern is consistent with conditions under which mineral
particles accumulated on roads and other surfaces during
winter may be resuspended as those surfaces dry.

The importance of road-dust resuspension has been
described in previous studies. Source-apportionment
analysis based on elemental composition has identified
road dust, soil dust and vehicle exhaust as distinct
contributors to urban PM;o concentrations (Triantafyllou et
al., 2020). Amato et al. (2009) showed that dust
resuspended from road surfaces may contribute
substantially to PMje concentrations. Rienda and Alves
(2021) likewise identified road-dust resuspension as an
important source of air pollution in road environments and
noted that its intensity depends on meteorological
conditions, road-surface condition and traffic flow. Similar
processes have been described in northern European cities
(Norman and Johansson, 2006; Gustafsson et al., 2008).
The seasonal and meteorological patterns observed in the
present study are consistent with dry spring conditions
being favourable to road-dust resuspension in Lithuanian
cities, although the contribution of this source was not
quantified directly.

This interpretation is also relevant to the new European
Union air-quality framework. Article 17 of Directive (EU)
2024/2881 provides separately for the assessment of PMyo
exceedances attributable to particle resuspension
following winter sanding or salting of roads, while requiring
evidence of the contribution and reasonable measures to
reduce concentrations (European Parliament and Council
of the European Union, 2024). The spring pattern and
association with dry conditions observed here are
therefore relevant to the seasonal management of road
dust in Lithuanian cities.

Station-level analysis in Vilnius and Kaunas showed that
higher PMi, exceedance rates occurred at stations
representing more intensively urbanised environments and
recording higher NO, concentrations. NO, concentrations
were significantly higher during PMio exceedance
observations than during non-exceedance observations,
and correlations between PMy, and NO, were positive.
Similar  patterns were observed during mobility
restrictions, when concurrent decreases in NO, and PMyo
were associated with reduced anthropogenic urban
emissions (Elass et al., 2020). These findings support the
use of NO; as an indicator of traffic influence and a more
intensively urbanised environment. They are also
consistent with Liu et al. (2023), who showed that peaks in
lung-deposited particle surface-area concentrations in
European urban environments frequently coincided with
morning and evening traffic peaks and varied with emission
sources and meteorological conditions. However, the
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relationships observed in the present study were not
strong, and PMo episodes cannot be explained by traffic
exhaust alone. Traffic influence was more likely to have
acted together with non-exhaust particle processes, road-
dust resuspension and dry meteorological conditions.

Recent research on traffic-related particles supports this
interpretation. Harrison et al. (2021) emphasised the
increasing relative importance of non-exhaust particles
generated by brake, tyre and road-surface wear and by
road-dust resuspension. Beddows and Harrison (2021) also
analysed emission factors for non-exhaust PM;e and PM,.5
and highlighted the relevance of vehicle mass and wear
processes. In the context of Lithuanian cities, this
interpretation is complemented by the study of Andriulé et
al. (2024) in Klaipeda, which showed that the distribution
of NO, and particulate matter was related to urban
functional zones and local pollution sources.

When interpreting PMjo exceedances, it is important to
recognise that the PMyo fraction is not an indicator of a
single source. It may include contributions from
combustion, traffic, road dust, mineral particles, industry,
construction and regional transport. Meteorological
variables or NO, concentrations alone therefore cannot
distinguish specific sources, although they may help
identify the conditions under which PM;, exceedances
occurred. This is consistent with recent studies showing
that particle mass concentration does not always
adequately represent differences among urban
environments and local pollution sources (Lepisto et al.,
2023). Studies of particle composition in European cities
further confirm the diversity of PMyo sources. Querol et al.
(2004) showed that PM, and PM,.s concentrations and
composition depend on site type, geographical setting and
anthropogenic sources. Putaud et al. (2010), summarising
data from rural, urban and kerbside environments across
Europe, emphasised that particulate matter is a mixture of
components from different origins, while Pérez et al.
(2008) found that mineral particles may constitute an
important fraction of PMyo.

Additional wind-direction analysis in Vilnius and Kaunas
showed that PMy, exceedance rates were not distributed
uniformly among wind-direction sectors. Higher rates in both
cities were observed under easterly to south-easterly winds.
This finding indicates that the direction of air-mass movement
may have formed part of the meteorological context of PMyo
episodes. Nevertheless, the association should be interpreted
as directional and meteorological rather than as direct
identification of specific pollution sources.

The findings have practical relevance for urban air-quality
management. Because most PM:o  exceedance
observations occurred under dry or nearly dry conditions
and were especially frequent in spring, air-quality
measures could address seasonal road-dust management
alongside general emission reduction. Such measures may
include timely street cleaning after winter, reduction of
dust resuspension during dry periods, and control of
unpaved surfaces, construction sites and high-traffic zones.
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4.1, Limitations

This study has several limitations. The analysis was based
on daily PMyo mass concentrations and meteorological
variables; particle chemical composition could therefore
not be assessed, and the contributions of individual
pollution sources could not be quantified. Data on traffic
intensity, street cleaning, winter road treatment and other
local activities were not analysed. In addition, observations
from urban meteorological stations may not fully represent
conditions at every air-quality monitoring location.

5. Conclusions

Daily PMio limit-value exceedances in Lithuanian cities
during 2019-2025 were episodic rather than persistent.
Although PM;o concentrations remained below the limit
value of 50 pg/m® on most observations, short-term
concentration increases occurred in every analysed city.
Most episodes were single-day or otherwise short-lived.

PMio exceedance observations showed clear seasonality,
with the largest numbers recorded in spring in all analysed
cities. This pattern is consistent with the period when road
and other surfaces dry after winter and conditions may
become favourable to the resuspension of mineral
particles and road dust.

PMio exceedance observations were clearly associated
with meteorological conditions. They were characterised
by lower precipitation and relative humidity in every city
and by lower wind speed in most cities. Most exceedances
coincided with dry or nearly dry conditions, with daily
precipitation <1 mm.

Station-level analysis in Vilnius and Kaunas showed higher
PM,o exceedance rates at more intensively urbanised and
traffic-influenced monitoring locations where NO,
concentrations were also higher. These findings are
consistent with a combined role of traffic influence, road-
dust resuspension and meteorological conditions in the
occurrence of PMyo episodes, although the contribution of
individual sources was not quantified.

Wind-direction analysis in Vilnius and Kaunas showed
higher PM,o exceedance rates under easterly and south-
easterly winds. These findings complement the assessment
of meteorological conditions and suggest that air-mass
movement direction may also have contributed to the
context in which PMy episodes occurred.
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