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Abstract

This study investigates the variability of major air pollutants, such as nitrogen oxides
(NOy, including nitric oxide (NO) and nitrogen dioxide (NO5;)), ozone (O3), and particulate
matter with a diameter < 10 pm (PM10), in Thessaloniki over the period 2001-2022,
highlighting their evolution in response to vehicle technology adoption and the COVID-19
pandemic. Four monitoring stations representing urban traffic, urban background, urban
industrial, and suburban industrial environments were analyzed. PM10 concentrations
generally decreased until 2015 but rose thereafter, mainly due to increased petrol car
usage, with the highest levels recorded at the urban traffic station during colder months,
influenced by domestic heating and local wind patterns. NO and NO, concentrations
peaked at urban traffic and industrial sites, closely linked to vehicle emissions and industrial
activities, respectively, with notable reductions during the 2020 COVID-19 lockdown. O3
levels showed steady trends with diurnal and seasonal variability inversely related to
NOx concentrations and positively correlated with temperature. Despite some pollutant
reductions, air quality issues persist in Thessaloniki. The findings emphasize the need for
robust governmental policies promoting cleaner heating alternatives; two policy scenarios
are presented in this respect with the corresponding air pollutant concentrations estimates
up to 2035.

Keywords: ozone; nitrogen oxides; PM10; urban area; air quality monitoring

1. Introduction

According to the World Health Organization (WHO), air pollution is defined as the
infection of the indoor or outdoor environment with any chemical, biological, or physical
substance that causes modifications in the natural characteristics of the atmosphere. Indoor
and outdoor air pollution are responsible for the premature death of 7 million people
annually [1]. Some of the main air pollutants are the ozone (Os3), nitrogen oxides (NOy),
i.e., the sum of nitric oxide (NO) and nitrogen dioxide (NO,), and particulate matter with
a diameter < 10 um (PM10) [2]. Exposure to polluted atmospheric environments has
countless impacts, leading to severe health problems and significant changes to ecosystems
(e.g., [3-5]).

The main air pollutants examined in this study, i.e., NOyx, O3, and PM10, arise from
both anthropogenic and natural sources [3]. In urban areas like Thessaloniki, Greece,
NOx emissions predominantly originate from fossil fuel combustion, especially road trans-
port and industrial activity, while natural sources mainly include soil emissions and the
lighting [6-8]. Air pollutants released directly in the atmosphere, such as for example
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CO and NO are called primary air pollutants, while others that are formed as oxidized
products photochemically, are called secondary pollutants [9,10]. O3 is a secondary pol-
lutant, formed photochemically through the interaction of NOy and volatile organic com-
pounds (VOCs) under sunlight [11-13]. The tropospheric concentrations of O3 and NO;
are strongly interlinked with a negative correlation, meaning that when NO, has high
concentrations, O3 is at its lowest levels and vice versa. Other studies have shown that
in urban cities with heavy traffic, the ratio of NO,/NOy is higher in comparison with
other regions with less traffic [14,15]. PM10 emissions in urban areas stem from vehicle
exhaust, road dust resuspension, non-exhaust sources such as brake and tire wear, and
central domestic heating [16,17].

Meteorological factors such as wind speed and temperature strongly influence the
dispersion and formation of these pollutants [18]. The correlation between PM and wind
has been investigated in many cities, including also Thessaloniki, showing that when wind
speed increases, primary air pollutants (including PM) decrease [18,19]. Other studies have
shown that there is a correlation among O3 concentrations and temperature. Increases
in temperature are linked with increases in rates of chemical reactions [20-22] and the
production of O3. Temperature changes influence O3 levels also indirectly through changes
in the O3 precursors [23].

Air pollution is a significant environmental problem worldwide. Data showed that
each year around 300,000 persons die prematurely in Europe, due to polluted air [24]. So
far, transport-related emission decreased across European countries during the period from
1990 to 2022. Concerning PM10 and NOy compounds, the reductions were almost 50%
(46% and 51%, respectively). During the COVID-19 pandemic, emissions were even lower
(i.e., pollutants reduction was higher), as transport activities were minimized [25]. Some
countries, especially in western Europe, have already replaced vehicles with advanced
technology catalytic vehicles, a measure which improves air quality more in terms of NOx
emissions [25,26]. In the case of PM10, despite a general reduction in emissions, these
continue to contribute significantly to air pollution due to releases from non-exhaust sources.
Studies have shown that PM10 emissions from non-exhaust processes increased from 45%
in 2010 to 69% in 2020 [27]. A study conducted in a region of Germany showed that nearly
80% of PM emissions from vehicles originated from abrasion [13]. In the coming years, it
will be highly challenging to monitor whether reduced emissions will persist, particularly
as car ownership and usage continue to rise, especially in developing countries and Eastern
Europe [26]. In addition, there are concerns regarding whether the new technologies in
diesel vehicles, which aim to reduce PM10 emissions, will contribute to an increase in NOy
emissions, and consequently to higher NO; emissions in urban areas [28].

This study aims to analyze the long-term trends of PM10, NO, NO;, and Oj in the
domestic region of Thessaloniki, Greece, from 2001 to 2022, in order to estimate their
evolution in terms of adoption of new vehicle technologies as well as under the impact
of the COVID-19 pandemic. In addition, the study explores the NO,/NOx ratio, the
correlation of the meteorological effects with PM10 and O3 concentrations, as well as
future projections up to 2035 under two distinct emission scenarios. Air quality issues
in Thessaloniki, a major urban area in Greece with air quality challenges. become more
pronounced during winter, due to a significant increase in PM10 emissions from domestic
heating, combined with year-round emissions from vehicles [26,27]. The present study uses
updated air pollution data, emphasizing also the inter-variability of the air pollutants and
the meteorological parameters. Additionally, this study explores future policy pathways
that remain only partially reflected in current legislative frameworks.
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2. Study Area, Data, and Methodology
2.1. Study Area

The study area is the geographical region of Thessaloniki, the second-largest city of
Greece, located in the Northern part of the country with 1,092,919 inhabitants (i.e., approx-
imately the 10% of the total population of Greece) [29]. The Thermaikos Gulf stretches
across the region of Thessaloniki and hosts the large port of Thessaloniki as it is illustrated
on the map of Figure 1. This port serves as a natural maritime gateway, strategically located
to facilitate trade between the Balkan Peninsula and the rest of the world.

Thessaloniki

40.75°N

40.65°N

40.6°N

40.55°N

22.8°E 22.85°E 22.9°E 22.95°E 23.05°E 23.1°E

Figure 1. Map of Thessaloniki with the air pollution stations used in the present study.

Thessaloniki has large industrial activity, with the industrial sector of the prefecture
accounting for up to the 17% of the country’s total activity [30]. The air quality in Thes-
saloniki, apart from the emissions from the ships in the harbor, is affected by the road
transport. According to the most recent census of the Hellenic Statistical Authority [29]
in the region, around half of the population in Thessaloniki own at least one car, while
around 20% have two, and only around 30% do not own a car. Another pollution source
is domestic heating during the cold months. The majority of the houses (97.6%) have
a heating system, with approximately 78% having a central heating supply, while the
remaining 20% rely on individual heating sources [29]. The financial crisis (2009-2018)
led to intense air pollution episodes during the winter months, due to lower quality of
combustion material /biomass [31]. During the financial crisis, the air pollution problem
was greater from the biomass burning not only in the city center, but also in the residential
areas, exposing a large number of citizens in high toxic PM concentrations [32]. Finally,
another significant contributor to air pollution in Thessaloniki is industrial activity, which
is mainly located in the western part of the city [32]. The main industrial units in the
city suburbs are dealing with oil, steel, petrochemicals, textiles, machinery, flour, cement,
pharmaceuticals, and liquor.

2.2. Data and Methodology

The Ministry of Environment and Energy of Greece has established a network of in
situ stations for the monitoring of air quality [33]. For the purposes of the present study,
four stations in the district of Thessaloniki were chosen (Figure 1). The stations were
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selected according to data availability and with the criteria of including different types of
monitoring stations and of covering a large spatial area. Table 1 presents the names, types,
and coordinates of the air pollution stations.

Table 1. Air pollution and meteorological stations in Thessaloniki selected for the present study.

Air Pollution T Lat Lon Meteorological Lat Lon  Elevation Distance
Monitoring Station ype N (B Station CN) (B (m) (km)
Agias Sofias Urban-Traffic 40.63 2295 HELEXPO 40.62 2295 29 1.1
Kalamaria Urban-Background 40.58 2296 Kalamaria 40.60 2290 33 5.5
Kordelio Urban-Industrial 40.67  22.89 Kordelio 40.70 2290 24 3.4
Sindos Suburban-Industrial 40.66  22.80 Sindos 40.70  22.80 6 44

The pollutants analyzed here are NO, NO,, PM10, and O3, as their concentrations are
of high interest for the region. The period considered spans from 2001 to 2022 and the data
used are hourly mean values, except for PM10, when daily mean values are used. For each
station and each pollutant, the annual mean concentrations were calculated as time-series,
as well as the monthly mean concentrations averaged across all years. For NOy and O3,
also the diurnal variability of the pollutants is presented. Additionally, to provide some
insights about the emissions sources, we calculated the ratio of NO, /NOy (low values of
the ratio are indicative of high-traffic regions [14]). The correlation between O3 and NO,
concentrations is also presented. However, data were not available for all years during the
period under consideration, resulting in some discontinuities in the time-series for certain
stations (see also Table A1l in Appendix A).

Regarding meteorological data, four stations located close to the air pollution mon-
itoring stations were selected, as described in Table 1. The stations’ coordinates, eleva-
tions, and distances (as straight lines based on the Euclidean approximation) from the
corresponding air quality sites are included to demonstrate their spatial representative-
ness. The data are obtained from the National Observatory of Athens (NOA) website
(https:/ /meteosearch.meteo.gr/data/index.cfm (accessed on 16 November 2023)). The
year used for the meteorological data is 2022, chosen because it is a recent year for which
complete datasets for all stations throughout the year exist. It was a year without extreme
weather phenomena, making it representative of normal conditions. The meteorological
variables used are wind speed, wind direction, and temperature, given as daily mean val-
ues. Wind data were used to investigate the effect of winds on PM10 concentrations, while
the covariance of temperature and ozone concentrations is also analyzed. The proximity of
the selected stations (ranging from 1.1 to 5.5 km from the air pollution sites) ensures that
the meteorological data generally reflect the conditions affecting pollutant dispersion and
transformation in the study area, although small-scale urban effects and geometries (e.g.,
street canyon or building-induced turbulence) may introduce some uncertainties.

The last part of our work deals with the future trends of PM10 and NOx up to 2035,
developing two future potential scenarios based on the implementation of different policies
which aim to minimize these emissions.

According to studies, the road sector contributes to the 47% of the NOy concentrations
and 38% of PM10, while the residential heating is responsible for the 62% of the PM10
concentrations as annual contribution [34-36]. The first scenario assumes the replacement of
vehicles with zero-emission vehicles (hereafter namely Scenario A) aiming at the reduction
of both NO, and PM10, while the second scenario is based on the first scenario with the
addition of an upgrade of the residential heating systems (hereafter namely Scenario B)
aiming to a further reduction of PM10. In addition, a base scenario is also used, based on
the current trends of emissions of air pollutants, extrapolated up to 2035.


https://meteosearch.meteo.gr/data/index.cfm

Atmosphere 2025, 16, 1057

50f21

These scenarios reflect potential outcomes under moderate and ambitious air quality
improvement strategies. So far, some measures and actions for the reduction of the air pol-
lutants have been taken, such as the ban of diesel vehicles of older design, the replacement
of public transport vehicles with electric vehicles, and the construction of an underground
metro. However, these measures have not resolved the air pollution problem from traffic
although they have contributed to improve air quality.

Regarding residential heating, governments have introduced a comprehensive set of
policies and initiatives aligned with broader climate goals. These include energy efficiency
renovation programs, the promotion of heat pumps, and financial incentives for use
of cleaner fuel. Despite their positive impact, these measures alone are not enough to
eliminate or substantially reduce emissions from heating systems. Therefore, in Scenario
B, a complete upgrade of heating systems is assumed, through the adoption of advanced,
low-emission technologies.

Although the scenarios are adjusted to reflect full sectoral coverage, the real-world
implementation of such scenarios remains partial and this is reflected here. Scenario A is
expected to be applied in approximately 50% of the cases, while Scenario B is expected
to be applied in approximately 55% of the cases [37,38]. At this point, it should be noted
that air pollutant emissions do not directly determine the concentrations measured. Sev-
eral dynamic factors, such as weather conditions, atmospheric dispersion, and chemical
reactions, significantly influence pollutant concentrations [39]. Therefore, the emission-to-
concentration conversion factor for both NOx and PM10 is set at 60%, reflecting that these
pollutants are primarily emitted at the local level and mostly exist as primary air pollutants.
Table 2 presents these considerations for the two air pollutants, as they have been estimated
for the two sectors under study, namely transport and central heating.

Table 2. Estimated source contribution, policy reach, and emission-to-concentration factor for PM10
and NOy concentrations based on the two future scenarios.

Source Emission-to- Real Reduction
Air Pollutant Contribution Policy Reach (%) Concentration N
° o (%)
(%) Factor (%)
NOy 47% 50% 60% 14%
Transport
PM10 38% 50% 60% 12%
Heating PM10 62% 55% 60% 20%

Table 3 shows the estimated reductions in PM10 and NOy concentrations in 2035
following the implementation of the measures set out in the two scenarios. These values
have been calculated by taking into account each sector’s contribution to these pollutants’
emissions, the percentage of citizens who have adopted the measure, and the emission-
to-concentration conversion factor of Table 2. Since PM10 emissions originate from both
transport and heating, the 33% reduction in Scenario B of Table 2 reflects the combined
impact of these two sectors, while NOy emissions are generated solely by the transport
sector so they remain the same in both scenarios.

Table 3. Estimated reductions in PM10 and NOy concentrations in 2035, based on the two scenarios.

PM10 NOy

Scenario A 12% 14%
Scenario B 30% 14%
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3. Results

The diagrams presented at this section describe the daily or monthly variability of
the air pollutants, as well as their trends as annual means. In addition, the covariance
of various nitrogen compounds is presented, along with the correlated variation of NO,
with O3 concentrations. Finally, the correlation between PM10 concentrations and wind is
examined, as well as the annual variability of O3 with temperature.

3.1. PM10

Figure 2 presents the measurements of PM10 concentrations per station over the region
of Thessaloniki. The left diagram of the Figure shows the annual mean concentrations of
PM10 for the years 2001-2022, as they have been calculated from the daily mean measure-
ments provided for the four stations. The right side illustrates the mean monthly values of
the pollutant from the whole period of study.

(b)

—— Ag.Sofias —— Ag.Sofias \
Kalamaria Kalamaria I

—— Kordelio —— Kordelio i/

—— Sindos

pg/m?

2010 2015 2020 Jan feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Years Months

Figure 2. (a) Annual mean PM10 concentrations at the four monitoring stations. (b) Monthly mean
PM10 concentrations throughout the year for each station (blue: Ag. Sofias, orange: Kalamaria, green:
Kordelio, red: Sindos).

From the diagram with the annual means, it is shown that the stations exhibit a
downward trend over the years until 2015, when concentrations increase, to drop again
after 2018. Notably high concentrations are recorded at Agias Sofia urban—traffic station
(22.1-70.8 pg/ m?) and then at Kordelio urban-industrial station (27.2-68.8 ug/ m3). In
certain years (i.e., 2011, 2015, 2016), Sindos suburban—industrial station records the highest
concentrations, probably due to the low concentrations recorded at the other stations
coupled with increased industrial activity at Sindos industrial area. Kalamaria urban—
background station records low concentrations ranging from 24.04 pg/ mS to 46.64 ug/ m>
for the years with available data.

The diagram with the monthly variability of PM10 concentrations (Figure 2b) depicts
that the highest PM10 concentrations are observed in the colder months of the year, with
the maximum observed in November. The standard deviation of these averaged values is
higher in stations with higher concentrations such as Agias Sofias and Kordelio, while the
values are more enhanced during October and November, where concentrations are also
higher (see also Table A2 and Figure Al in Appendix A). According to other studies, this
seasonal variability is typical for the region (e.g., [40]) and for other sites of Greece as well
(e.g., [41]). This increase in PM10 during the colder months is linked with the emissions
from domestic heating, which are one of the main contributors of PM10 [42], coupled
with increased traffic and adverse meteorological conditions. In addition, the financial
crisis (especially during the period 2009-2018), led many households to burn lower-quality
wooden material, a practice that led to increased pollutant emissions, including PM10
particles [32,43].
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While PM10 concentrations of Kordelio and Sindos stations are mainly attributed
to industrial activities and household heating, the concentrations of Agias Sofia station
primarily originate from vehicle emissions. Around 2015, the adoption of petrol cars
increased rapidly, and from that year onward, the concentrations recorded at Agias Sofias
station also increased [44], while after 2018 they started decreasing, probably due to
measures taken coupled with the COVID-19 pandemic.

3.2. NOy

In Figure 3, the annual mean time-series of NO and NO; for the period 2001-2022 are
presented, as well as the time-series of the NO, /NOx ratio. The stations with the highest
NO concentrations are Kordelio and Agias Sofias stations. Kordelio station has the highest
concentrations during 20062010, while from 2011 to 2022, the highest concentrations are
observed only in Agias Sofias station (26.7-46 ng/m?). A significant role in this shift was
played also by the allowance of diesel cars in Thessaloniki and Athens in November 2011,
which are responsible for the enhanced release of NO. The next station in NO concentration
levels is Kalamaria (7.4-19.7 ug/ m?), while the lowest NO concentrations are recorded in
Sindos station (ranging from 6.6 pg/m?® to 13.9 pg/m?). The emissions of NO are mainly
attributed to the transport sector. The first three stations are urban stations, with high traffic
emissions, and consequently the concentrations they record are proportional to the vehicle
circulation in the vicinity of each station.

(c)
—e— Ag.Sofias
Kalamaria
—=— Kordelio 10

—— Sindos —— Ag.Sofias
Kalamaria

—— Kordelio

081 — Sindos

= 0.0
) ' 2004 2008 012 2016 2020 2004

—— Ag.Sofias 04
Kalamaria

—— Kordelio

—s— Sindos

0.2

Years

Figure 3. Time-series of annual mean concentrations of (a) NO, (b) NO,, and (c) the NO, /NOx ratio.
Station colors are consistent with Figure 2 (blue: Ag. Sofias, orange: Kalamaria, green: Kordelio,
red: Sindos).

The bottom left diagram of Figure 3 shows the NO; concentrations. Similarly to
NO, the highest concentrations have been measured in Agias Sofias station, ranging from
53.5 to 58.8 ug/m?3. The concentrations in Kordelio station range from 37.2 to 43.7 pg/m?,
while the lowest concentrations have been recorded in Sindos station (21.5-22.9 pg/ m3).

Finally, the right side of Figure 3 exhibits the time-series of NO, /NOy ratio. For the
years with available data, the highest values are spotted in the urban-background station
of Kalamaria, reaching up to 0.84 in 2011. The lowest values are observed in Kordelio
and Agias Sofias stations, with averages from all years of 0.52 and 0.47, respectively. In
Agias Sofias station, the ratio decreases, compatible with an NO, decrease up to 2016,
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while afterwards it increases, showing that NO, decreases but at a smaller rate than
NOx. The increase is comparable with other studies performed for other regions of Greece
(e.g., [14,15]), which showed that the highest ratio is observed in urban-background stations,
and stations with high traffic have the lowest values due to the direct emission of NO by
vehicles. At roadside traffic stations, the yearly average concentrations of NO, tend to be
lower than at background locations for the same NOjy levels. This is primarily because
NO has less time to oxidize into NO, near the road and O3 levels are typically lower in
those environments [14]. At the suburban—industrial station of Sindos, the NO, /NOy
ratio has shown a slight but consistent decline since 2011. Given that O3 concentrations
in the area remain relatively high, providing favorable conditions for the oxidation of NO
to NO,, the decreasing ratio suggests an increase in primary NO emissions, likely from
traffic or industrial activities. This also implies that NO is entering the atmosphere at a rate
that exceeds the capacity of available O3 to convert it fully into NO,, resulting in a lower
proportion of NO, within total NO.

Figure 4 presents the diurnal concentrations for NOy: on the left side NO and NO,
concentrations and on the right side the NO, /NOx ratio. The diagrams were created based
on the available data (see also Table Al in Appendix A), so not all stations have the same
number of years considered for the annual mean concentrations, which may introduce
some uncertainties in the trends. Both pollutants exhibit similar diurnal variability. The
first peak is observed in the morning at around 7-8 am, and afterwards the concentrations
decrease. The morning peak is linked with emissions from vehicle exhausts during the rush
hours, due to transport to work [15]. During the day, NO, is photolyzed as the radiation
increases, and as a result their concentrations are decreasing. From the late afternoon (at
around 4 pm), concentration starts rising again mainly attributed to vehicle emissions,
which are increasing when people are returning home after working hours. In addition, and
as NOy are photochemically active compounds, the absence of high levels of solar radiation
favors the increase in nitrogen compounds which are not involved into O3 formation.

(c)

Hours

—— Ag.Sofias
Kalamaria
—— Kordelio 0.8

—— Sindos

07

06

451 —— Ag.Sofias
Kalamaria
40{ —— Kordelio
Sindos

15 /\ / 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23

05

—— Ag.Sofias
0.4 Kalamaria
—— Kordelio
—— Sindos

Hours

12 3 a4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23

ours

Figure 4. Diurnal variation of (a) NO, (b) NO,, and (c) the NO, /NOx ratio. Station colors are
consistent with Figure 2 (blue: Ag. Sofias, orange: Kalamaria, green: Kordelio, red: Sindos).

In the case of NO diurnal variability, there are some discrepancies between different
stations concerning the time of the second peak. More specifically, Kordelio station has
the second peak at around 6 pm, while the other three stations have the second maximum
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of the day at around 9 pm. The earlier occurrence of the second peak at Kordelio station,
relative to the later peaks observed at Agias Sofias, Kalamaria, and Sindos, may reflect a
complex interplay of factors including variations in industrial work schedules, distinct
commuting patterns, localized lifestyle rhythms, and potentially differing public transport
services. It is worth mentioning that Sindos station has a very low second peak, slightly
larger than the afternoon concentrations of the station. This possibly occurs because Sindos
is a suburban—industrial station, with lower traffic emissions in comparison to the other
stations. Furthermore, as Sindos is an industrial region, emissions from industrialization
rise more during the day and less in the evening. Overall, in the stations with less traffic,
i.e., Sindos and Kalamaria, concentrations have smaller diurnal variability than in the case
of the other two stations, i.e., Agias Sofias and Kordelio, where the traffic is higher resulting
in increased vehicle emissions. The findings of the present study are compatible with the
findings of Anttila et al. [45], who found that the morning and evening peaks of NOy are
associated with the traffic exhaust emissions.

Finally, regarding the ratio of NO, /NOy according to Table 4, Kalamaria station has the
highest values, while the lowest have been measured in Agias Sofias station and Kordelio
station. The low values of the ratio are linked with the direct emissions of NO from vehicle
exhausts or from industrial activities (in Kordelio station) which results in higher NO peaks,
also since NO has not oxidized yet to NO,, while the higher the values, the greater the
distance from the sources [14]. Chouloulakou et al. [46] have developed a criterion for the
characterization of the stations based on the annual mean concentrations of NO and NO,.
The table below presents the mean NO, /NOx ratios for the four stations. Our findings are
in agreement with those of Mavroidis et al. [14] on the ratios that correspond to different
types of stations, with the highest ratio observed at Kalamaria (0.71), an urban background
station, showing very similar values for such stations in both studies. The lowest ratio
(0.47) was found at the Agias Sofias station, which is also close to the value reported by
Mavroidis et al. [14] for an urban traffic station in Athens (0.44).

Table 4. The mean NO, /NOx concentration ratios for the period 2001-2022, for each monitoring site.

Monitoring Site Classification NO,/NOy (2001-2022)
Agias Sofias Urban-Traffic 0.47
Kalamaria Urban-Background 0.71
Kordelio Urban-Industrial 0.53
Sindos Suburban-Industrial 0.67
3.3. 03

Figure 5 exhibits the ozone trends as annual mean time-series, as well as their monthly
and diurnal variability. Focusing on the trends of O3 from the annual mean time-series, the
stations with the highest concentrations are Kordelio and Sindos stations. In 2008-2011,
Kordelio had surprisingly increased concentrations, while afterwards they reduced to the
values in line with the previous levels at this station. During this period, there was also a
rise in NO concentrations, while NO; remained stable. This may indicate that less O3 was
being removed through chemical reactions with NO. As a result, more O3 could accumulate
in the area. In general, O3 has steady trends without a clear tendency to increase or decrease
throughout the years.

Concerning the monthly variability of O3, the maximum concentrations are observed
during the hotter months of the year, i.e., July to August, exhibiting higher standard devia-
tions as well (see also Table A3 and Figure A2 in Appendix A). Due to the photochemical
character of O3, the production of O3 is enhanced under higher solar radiation levels,
explaining the higher O levels during the hotter (and sunnier) months.
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Figure 5. (a) Diurnal and (b) annual variation of O3 concentrations at the four stations. (c) Time-series
of annual mean O3 concentrations. Station colors are consistent with Figure 2 (blue: Ag. Sofias,
orange: Kalamaria, green: Kordelio, red: Sindos).

Regarding interstation variability, the stations of Kordelio and Sindos are industrial
and urban—suburban stations. O3 in the troposphere is produced through photochemical
reactions between NOx and VOCs. VOCs also have natural sources of origin, and in
suburban and industrial areas VOC concentrations may be higher. Therefore, Sindos station,
which is outside the city, has the highest percentage of natural emissions of VOCs compared
to the rest of the stations under study and, by extension, their presence contributes to the
formation of Os.

Finally, concerning the diurnal variability of O3, the diagram shows that the higher
concentrations are observed during early afternoon. Since the production of O3 is favored
by the presence of NOy, which reach their maxima in the morning, and by solar radiation,
the gradual production of Oj starts after the morning traffic peak and the O3 concentrations
increase; as a result, the maximum O3 concentrations are observed in all stations in the
early afternoon (1-2 pm), while later the concentrations start falling.

3.4. Interrelations Between NO; and O3

The scatter plots of Figure 6 illustrate the correlation between NO, and Oj for the four
stations under study. At all stations, the least squares line has a negative slope and the
concentrations of these two pollutants are inversely proportional, which is in agreement
with other research on pollutant partitioning (e.g., [14]). The R? values are quite low
in most stations, showing the level of variance. The best fit is at the Kalamaria urban—
background station (R? = 0.59), which is not directly influenced by pollutant emissions
(traffic or industry) and therefore the photochemical reactions are the main factor, while the
worst fit (lower R?) is at the Agias Sofias urban-traffic station, where the direct emissions
from vehicles in the vicinity of the station are directly influencing the NO;-O3 relation.
High NO concentrations can reduce O3 through the reaction:

NO + O3 — NO, + Oy, )

resulting in a low correlation between NO, and Os. In the areas of Kordelio and Sindos,
NO emissions are also influenced by industrial activity, which leads to discrepancies in the
NO,-Oj correlation due to the greater complexity of the emissions.
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Figure 6. Scatter plots of NO, and O3 concentrations at the four stations: (a) Agias Sofias, (b) Kala-
maria, (c) Kordelio, and (d) Sindos.

3.5. The Impact of Meteorological Parameters on Concentration of Pollutants: The Case of 2022

In this section, the relation between air pollution data and meteorological parameters
is examined. The effect of wind on PM10 concentrations is shown in Figure 7 and the effect
of temperature on O3 concentrations in Figure 8. The year of study was 2022, since itis a
very recent year with very good data availability. As no severe events occurred this year, it
may be considered as representative of the conditions in Thessaloniki.

Figure 7 shows the daily mean concentrations of PM10 and the corresponding daily
mean wind speed and direction for the four stations under study. Concerning the Agias
Sofias station located in the city center, the maximum concentrations of PM10 are observed
in the south-southeast direction, and secondly in north-northeast direction. In these two
directions wind speed is relatively low (up to 10 km/h). The highest PM10 concentrations
(up to 50 pg/m?) are observed for wind speeds which do not exceed 5 km/h. In higher
wind speeds, as those observed for the south-southwest wind direction, the concentrations
of PM10 are low (<20 ug/m3).

At Kalamaria station, the wind directions for which the highest speeds are observed are
North-Northeast and West-Southwest. Kalamaria area is in the eastern part of Thessaloniki
and is influenced by the Thermaikos Gulf; therefore, the sea and land breeze are dominant
meteorological features. The maximum PM10 concentrations (around 75 pg/m?) are
observed for the south-southwest direction for which moderate wind speeds prevail, which
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do not exceed 2 km/h. In general, Kalamaria is the area with the lowest wind speeds as
compared to the other three stations.
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Figure 7. Rose diagrams showing wind speed and direction and PM10 concentrations at the four
stations: (a) City Centers, (b) Kalamaria, (c) Kordelio, and (d) Sindos.
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Figure 8. Annual variability of O3 concentrations (blue dotted line) and temperature (red line) at
(a) the urban city center Agias Sofias station and (b) the industrial Sindos station.

Concerning the Kordelio area, the highest wind speeds (around 18 km/h) are observed
for northeast winds, which are associated with low PM10 concentrations. The highest PM10
concentrations are depicted in winds of lower velocities, which are coming from all the
directions. Finally, in Sindos the highest wind speeds are observed for northeast, east and
south-southwest wind directions. In the case of northeastern winds, the concentrations are
relatively low for wind speeds greater than 10 km/h, while the other two wind directions
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are characterized by higher PM10 concentrations (around 65 pg/m?). Lower wind speeds
result in increased PM10 concentrations since the pollutants are not transported further
outside the city. However, PM10 concentrations do not exceed 75 pg/ m3.

These findings showcase the inverse relationship between wind speed and PM10
concentrations, since increased wind speeds are associated with lower PM10 levels, while
the highest concentrations are observed when wind speeds fall below 5 km/h. The en-
hanced PM10 concentrations observed for southern winds, as well as for southeastern
and southwestern winds, are associated also with the presence of the sea in the south
and of mountains on the north. PM10 particles are also originating from the port in the
south/southwestern part of the city, but also from other sources in Thessaloniki, including
domestic heating and transport emissions. Local emissions of PM10 from industrial activi-
ties in the western part of the city are recirculated over the area of Thessaloniki with the aid
of the sea breeze during the day, which comes from the southwest and southeast thought
the year, transferring them over the terrestrial territories of central Macedonia. During the
night, the land breeze is favored and the pollutants are transported toward the sea.

In addition to studying the relationship between wind and PM10, the covariance
between O3 concentrations and temperature was also investigated. Figure 8 shows the
annual variability of O3 and temperature as monthly mean values for the city center and the
Sindos area. Overall, the trends were similar across all four stations; however, for brevity,
results are presented here only for the urban and industrial stations.

Both temperature values and O3 concentrations rise as the seasons change from winter
to summer, exhibiting a seasonal pattern. The maximum O3 concentrations are observed
in April, when increased solar radiation favors O3 production reactions involving volatile
organic compounds and NOy, while traffic is not reduced yet as in the summer months.
The O3 concentrations remain high until July, when they start dropping, initially due to the
summer holiday period of August and then due to the decreased solar radiation in autumn
and winter.

The levels of O3 and temperature demonstrate an overall positive correlation, with
the increase in O3 concentrations starting a bit earlier in the year than the increase in
temperatures. In Mediterranean coastal regions such as the Thessaloniki area, which are
characterized by high levels of solar radiation throughout the year—particularly during
the summer months—such co-variability between temperature and O3 concentrations is
expected and well-documented [46,47].

4. Projections of Air Pollutants

The major sources of air pollution in Thessaloniki are the transport sector, domestic
heating, as well as industrial activities, mostly concentrated in the western part of the
city [48,49]. Especially during the colder period of the year, many exceedances of daily
mean PM10 concentrations are observed [40]. This section explores how the trends of PM10
and NOy—two of the major pollutants which are linked with the above activities—will
evolve up to 2035. As illustrated in Figure 9, the annual mean concentrations of PM10
from 2001 to 2035 are presented for the four stations of interest, Agias Sofias, Kalamaria,
Kordelio, and Sindos. The blue dots (connected by a blue line) represent the measured
annual mean values of the air pollutants, whilst the red dashed lines illustrate the linear
trend with the corresponding equations for the period when concentrations exist. The
linear trends of the air pollutants from 2023 up to 2035 were calculated and presented in
the same figure, with consideration given to the two scenarios. The green line signifies the
trends of Scenario A, whilst the yellow line denotes those of Scenario B. The red line, in
turn, reflects the continuation of the linear trend of the pre-existing values.
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Regarding Scenario A, the results show that the reduction in concentrations is almost
negligible up to 2035 in all stations. On the other hand, if Scenario B is applied, this would
result in a considerable reduction in PM10 concentrations. The more substantial reductions
in PM10 concentrations are observed at Agias Sofias and Sindos stations. Agias Sofias
station is located in a highly populated region; therefore, upgrades of heating systems,
which contribute to more than 70% of the PM10 emissions, have a greater impact. In
contrast, Sindos station is a suburban—industrial station, characterized by significant levels
of traffic, primarily consisting of vehicles with petrol catalytic converters. Consequently, a
shift toward zero-emission vehicles in this region is expected to significantly improve air
quality by reducing PM10 concentrations. Although Kalamaria and Kordelio stations are
also affected by the proposed measures, the reductions are less pronounced due to their
suburban character and the influence of additional sectors such as construction and light
industry, which are not fully addressed in the two scenarios.
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Figure 9. Annual mean PM10 concentrations (pg/ m?) from 2001 to 2035 at the four stations: (a) Agias
Sofias, (b) Kalamaria, (c¢) Kordelio, and (d) Sindos. Solid lines show measured values; red dashed
lines represent linear trend extrapolations up to 2035. Two future scenarios illustrate exponential
annual reductions starting from the end of the observation period: Scenario 1 (1% reduction, green)
and Scenario 2 (2.75% reduction, orange).

Figure 10 shows the annual mean concentrations of NOy from the four stations, along
with the estimated projections up to 2035. The impact of traffic on NOy emissions is
a primary concern. In the two scenarios under consideration, it is anticipated that the
reduction in NOy emissions will be similar, as illustrated by the magenta line. A greater
reduction is evident in the Agias Sofias station since this is an urban-traffic station with the
highest number of vehicles in its vicinity; therefore, the adoption of zero-emissions vehicles
will have the greatest impact on the NOy concentrations at this station. The reductions are
much smaller at the other stations and almost minimal when compared to the base scenario
(i.e., the absence of any measure).
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Overall, the most significant impact of the measures is observed at Agias Sofias station,
for both NOx and PM10 concentrations. Sindos is projected to experience a substantial
reduction in PM10 levels under Scenario B, primarily due to its characterization as a
suburban—industrial area with heavy traffic and considerable heating-related emissions.
Although Sindos is not among the most densely populated regions, its location outside the
main urban area limits access to natural gas infrastructure. As a result, many households
rely on lower-quality heating fuels such as wood and pellets, which emit higher amounts
of PM10. Finally, in the cases of Kalamaria and Kordelio stations, both PM10 and NOx
concentrations are expected to decline but to a much lower extent. Due to the suburban
nature of these areas, pollutant levels may also be influenced by additional sources, which
may reduce the relative impact of the measures.
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Figure 10. Annual mean NOy concentrations (ug/ m?3) from 2001 to 2035 at the four stations: (a) Agias
Sofias, (b) Kalamaria, (c¢) Kordelio, and (d) Sindos. Solid lines represent measured values; red
dashed lines show linear trend extrapolations up to 2035. One future scenario is illustrated with an
exponential annual reduction of 1.17% (magenta), starting from the end of the observation period.

5. Summary and Conclusions

This study examines the air pollution variability in Thessaloniki over a 20-year period,
focusing on the main air pollutants and how they evolved, also considering the adoption
of new vehicle technologies and the impact of COVID-19. To provide an overview of the
region, four monitoring stations were selected, each representing a different type of station:
Agias Sofias, as a typical urban-traffic station; Kalamaria as an urban-background station;
Kordelio, as an urban-industrial station; and Sindos as a suburban-industrial station. The
air pollutants studied were NOy (NO and NOy), O3, and PM10. In addition, the synergy
between meteorological conditions and air quality levels was examined.

PM10 concentrations showed a decreasing trend over the years until 2015, when an
increase in PM emissions was observed, at least partially, due to the use of petrol private
vehicles in Thessaloniki, which was allowed since the end of 2011. The analysis of the NO
concentrations at the four stations showed that the highest concentrations were recorded at
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Agias Sofias station, linked to vehicle emissions, and Kordelio station, attributed mainly to
emissions from industrial activities. However, in 2020, due to the COVID-19 mitigation
measures, including lockdowns, NO concentrations decreased compared to the preceding
and subsequent years. NO, concentrations show a similar overall variability; however,
the higher concentrations have been recorded in Kalamaria and Kordelio stations, due
to the fact that NO, is primarily a secondary pollutant. The NO,/NOy ratio provides
significant insights into station types, with Agias Sofias and Kordelio stations having the
lowest values, which are characteristic of the urban stations, as they are influenced by direct
NO vehicle emissions. The O3 levels exhibit relatively steady trends over the years, with
slight positive or negative fluctuations. Finally, concerning the impact of the meteorological
parameters on air pollutants concentrations, the rose diagrams of PM10 concentrations
with winds showed that local atmospheric circulation conditions significantly influence the
concentrations. The analysis of temperature and O3 indicates that O3 concentrations rise
with increasing temperatures, a finding also supported by Hatzianastassiou et al. [50].

Finally, future projections of PM10 and NOy up to 2035 showed that concentrations
at Agias Sofias station appear to be most impacted, due to its central location in the
city where emissions from both sectors (transport and household/central heating) are
significant. Similar reductions, though less pronounced, are observed at the other three
stations. From the overall results, it is suggested that either these measures should be more
widely adopted by the majority of citizens or supplemented with additional policies to
enhance their effectiveness.

Air pollution in the region of Thessaloniki remains an unresolved issue, albeit the
measures taken to date. While some pollutants have shown a decreasing trend, others
persist at concerning levels. During the COVID-19 pandemic, concentrations temporarily
declined due to reduced activity, but rose again post-pandemic. The financial crisis of
the previous decade (2009-2018) also contributed to increased emissions, particularly
from residential heating, as many households turned to cheaper, more polluting fuels.
On the other hand, the gradual adoption of cleaner vehicle technologies and stricter
environmental measures has had a positive impact on air quality. To effectively address the
problem, the government must take more decisive action, supporting the replacement of
polluting heating systems, promoting public transportation, and incentivizing the shift to
low-emission vehicles.
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Appendix A

Table A1l. Detected discontinuities in air quality records at Agias Sofias, Kalamaria, Kordelio, and
Sindos stations for PM10, NO,, NO, and O3 during 2001-2022.
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Figure A1. Monthly mean PM10 concentrations throughout the year for each station (blue: Ag. Sofias,
orange: Kalamaria, green: Kordelio, red: Sindos), along with their standard deviations for each
calendar month.
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Table A2. Standard deviation of PM10 concentrations for each calendar month, calculated across all
available years at the four monitoring stations.

Agias Sofias Kalamaria Kordelio Sindos
January 15.6 13.9 14.4 10.3
February 14.3 8.0 15.5 8.6
March 14.2 10.1 12.7 8.7
April 17.6 8.6 15.7 11.3
May 14.9 5.7 14.4 9.6
June 14.9 8.9 14.6 11.0
July 13.4 10.6 11.7 12.1
August 144 7.1 14.7 10.8
September 12.9 6.8 14.2 9.8
October 21.6 7.9 19.5 15.9
November 211 16.4 239 18.9
December 14.1 13.3 17.9 11.4
100 —4— Ag.Sofias
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—— Kordelio
80 —— Sindos
m_ 60
c
2
40
20
0
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Figure A2. Monthly mean O3 concentrations throughout the year for each station (blue: Ag. Sofias,
orange: Kalamaria, green: Kordelio, red: Sindos), along with their standard deviations for each
calendar month.

Table A3. Standard deviation of O3 concentrations for each calendar month, calculated across all
available years at the four monitoring stations.

Agias Sofias Kalamaria Kordelio Sindos
January 8.1 5.1 16.6 10.6
February 8.0 8.6 10.1 8.7
March 13.5 8.5 12.7 8.8
April 14.1 13.2 13.6 13.6
May 19.0 18.5 18.7 15.2
June 17.1 18.0 20.9 13.3
July 13.7 20.9 232 13.1
August 18.6 20.2 23.9 12.3
September 14.3 17.4 13.0 10.5
October 11.2 30.8 10.3 8.9
November 8.8 15.6 74 7.9

December 9.8 8.3 8.8 10.3
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