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• A decreasing trend for all gas pollutants,
except ozone, is revealed.

• A statistically significant increase in ozone
levels is observed in urban stations.

• A large fraction of the ambient SO2 and
CO in urban centers is of regional origin.

• NO2 pollution from powerplants is not
proportional to their operating capacity.

• Cities and powerplants contribute 10 % to
the total tropospheric NO2 VCDs in
Cyprus.
 lo

ib
le from space. It was found that these local hotspots contribute overall only around 10% to the total NO2 tropospheric
columns in Cyprus, highlighting the importance of the role of other local sources and regional pollution in the area.
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Local vs. Regional pollution at the urban centers in Cyprus: Decreasing trends of trace pollutants [NO, NOz, CO and
SO2] are observed for the years considered in this study (2003–2019) at the major urban centers of Cyprus, possibly
associated with pollution mitigation strategies. In contrast, ozone has either remained constant or increased in those
VOC-limited urban regimes. The largest fraction of NO and NOz in these cities emanates from local traffic and/or
background urban sources (top panel, grey bars) while, at the same time, a large fraction of the observed SO2

and CO of around 40 % and 45 %, respectively, is regional (blue bars). Notably, the rural background station Agia
Marina located at the center of the island encounters elevated ozone levels in summer despite the low measured
abundance in precursor species suggesting that, over the island, and in the broader Eastern Mediterranean region,
ozone is regionally produced and transported.
Cyprus, a view from space: Analysis of NO2 vertical columns from the TROPOMI S5P instrument revealed a west-east
w-to-high gradient over the island (bottompanel), with allmajor hotspots, including cities and powerplants, being vis-
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Observations of key gaseous trace pollutants, namely NO, NOy, CO, SO2 and O3, performed at several curb, residential,
industrial, background and free-troposphere sites were analyzed to assess the temporal and spatial variability of pol-
lution in Cyprus. Notably, the analysis utilized one of the longest datasets of 17 years of measurements
(2003–2019) in the East Mediterranean and the Middle East (EMME). This region is considered a regional hotspot
of ozone and aerosol pollution.
A trend analysis revealed that at several stations, a statistically significant decrease in primary pollutant concentration
is recorded, most likely due to pollution control strategies. In contrast, at four stations, a statistically significant in-
crease in ozone levels, ranging between 0.36 ppbv y−1 and 0.82 ppbv y−1

, has been observed, attributed to the
above strategies targeting the reduction of nitrogen oxides (NOx) but not that of Volatile Organic Compounds (VOCs).
TheNOandNOy, and CO levels at the AgiaMarina regional background stationwere two orders ofmagnitude and four
times lower, respectively, than the ones of the urban centers. The latter denotes that local emissions are not negligible
and control a large fraction of the observed interannual and diurnal variability. Speciation analysis showed that traffic
and other local emissions are the sources of urban NO and NOy. At the same time, 46 % of SO2 and 40 % of CO, on
average, originate from long-range regional transport.
Lastly, a one-year analysis of tropospheric NO2 vertical columns from the TROPOMI satellite instrument revealed a
west-east low-to-high gradient over the island, with all major hotspots, including cities and powerplants, being visible
from space.With the help of an unsupervisedmachine learning approach, it was found that these specific hotspots con-
tribute overall around 10 % to the total NO2 tropospheric columns.
1. Introduction

Air pollution is one of themost challenging problems of our era, with di-
rect and indirect impacts on air quality, health, climate, ecosystems, econ-
omy and thus on our society. Worldwide, >4.2 M people die prematurely
every year due to their exposure to outdoor pollution, according to the
WorldHealthOrganization (WHO, https://www.who.int/). These numbers
have been recently revisited by Lelieveld et al. (2019), who calculated an
estimated mortality rate of 8.8 M people per year. The above figures are ex-
pected to rise further due to the ongoing urbanization.

Several studies have shown that the relationship between air quality
and the economic growth of a country has an inverse “U” shape
(e.g., Cole, 2003; Selden and Song, 1994). This relationship, called the En-
vironmental Kuznets Curve (EKC), suggests that non-developed countries
with minimal economic stature experience, among other environmental
variables, similar air quality conditions as the most technologically ad-
vanced ones. The air quality of everybody else who lives in countries that
lie between these two economic development extremes is degraded. This
behavior is because economic stimulus, boosted by industrialization, is di-
rectly linked to energy consumption, which, until recently, meant the use
of fossil fuels, namely coal and crude oil. WHO has set limit values to the
concentrations of several emitted or secondary-produced pollutants ema-
nating from these processes, recognizing their important role in air quality
(WHO, 2005).

[Sulfur dioxide, SO2]: As a result of the different phases of the industrial
revolution, the anthropogenic component of SO2 emitted in the atmosphere
from fossil fuel combustion has constantly increased until the early 1980s
(Lamarque et al., 2010). From 2002 to 2011, emission reduction in
sulfur-containing compounds stimulated by strict regulations on the sulfur
content of fossil fuels led to a decrease in SO2 concentrations in the EU by
approximately 33 % (Guerreiro et al., 2014). There is mixed evidence re-
garding the health effects of long-term exposure to elevated SO2; some ep-
idemiological studies suggest a direct link to mortality due to its toxicity
(Burnett et al., 2004; Pope III, 2002), while others suggest otherwise
(e.g., Buringh et al., 2000). SO2 is linked to adverse effects on ecosystems
as the primary factor causing acid precipitation. Regarding SO2 climate im-
pacts, reducing sulfate aerosol as a direct implication of reducing SO2 has
led to a global radiative forcing increase by 0.1 W m−2 during
1990–2015 (Aas et al., 2019). This change is explained by the decreased
scattering of the incoming solar radiation. During the same period over
Europe, the respective change has been simulated to be 3–4 W m−2

(Myhre et al., 2017).
2

[Carbon monoxide, CO]: CO, a byproduct of incomplete combustion of
organic material, can be toxic and lethal in large concentrations because it
hinders the ability of hemoglobin to deliver oxygen to the body. CO toxicity
is associated with heart diseases and damage to the nervous system (Liu
et al., 2018). Towards controlling its ambient levels, European legislation
(2008/50/EU) imposes limit values on CO. Advancements in vehicular
technology have decreased CO concentrations resulting in an overall
35 % decline between 2002 and 2011 in Europe (Guerreiro et al., 2014).

[Nitrogen oxides, NOx]: Another category of regulated pollutants is the
nitrogen oxides family, consisting of nitrogen monoxide and dioxide (NOx

=NO+NO2). The dominant source of NOx in the lower troposphere is fos-
sil fuel combustion (Jaeglé et al., 2005; Wang et al., 2014), emitted primar-
ily in the form of NO that is rapidly converted to NO2 by i) O3 or ii) organo-
peroxy (RO2

. ) and hydroperoxy (HO2
. ) radicals produced from the oxidation

of Volatile Organic Compounds (VOCs). Short-term exposure to acute levels
of NO2 (>100 ppb) has been linked to adverse health effects (Hesterberg
et al., 2009), including cardiovascular and respiratory diseases. Long-term
exposure effects to lower than the above levels have also been reported
(e.g., Chiusolo et al., 2011). A reduction inNOx emissions has been reported
since themid-1980s (Lamarque et al., 2010) in the EU and USA. Despite the
reported NOx reduction of 27 % in most of the EU countries for the period
2002–2011 (European Environmental Agency, 2018; Guerreiro et al.,
2014), as a result of the abatement strategies and the 2008 economic crisis
(Castellanos and Boersma, 2012; Querol et al., 2014; Vrekoussis et al.,
2013), the NO2 limits set by the European Commission are frequently vio-
lated in curbside sites (Minkos et al., 2018). Notably, NOx emissions ema-
nating from marine traffic add significantly to the annual NO2 mean
(Viana et al., 2014). The contribution of marine traffic to NO2 amounts
has yet to be assessed for the Mediterranean Basin, the region of interest
in this study.

[Ozone, O3]: O3 is a secondary photochemical pollutant formed in the
troposphere by precursor gases such as VOC and NOx (Seinfeld and
Pandis, 2006). O3 can also be transported from the stratosphere to the tro-
posphere during stratospheric intrusions (Monks et al., 2015), a phenome-
non that is especially strong in the Eastern Mediterranean due to the
anticyclonic conditions that are frequently found during summer
(Ladstätter-Weißenmayer et al., 2007; Lelieveld et al., 2009). Monsoon
air is received by regions around the globe (Rauthe-Schöch et al., 2016)
and was, for instance, shown to affect the tropospheric chemical composi-
tion in the Mediterranean (Lelieveld et al., 2002; Scheeren et al., 2003).
Several studies have shown a linear and positive correlation between O3

formation and temperature (Pusede et al., 2014; Weaver et al., 2009) in

https://www.who.int/
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the order of 1–6 ppb °C−1. The linearity of this relationship has been
questioned, noting that there is an upper-temperature threshold up to
which this dependence is applicable (Shen et al., 2016; Steiner et al.,
2010). This relation is of particular importance because, in the North Mid-
dle East region where Cyprus lies, temperatures are projected to increase
faster than in the rest of the world (Zittis et al., 2016), subsequently causing
O3 concentration to elevate as well. As a result, mortality attributed toO3 in
this region is expected to increase threefold by 2050, regardless of age
(Lelieveld et al., 2015). On a global scale, O3 concentrations are signifi-
cantly increased compared to the past 200 years (Forster et al., 2007;
Gaudel et al., 2018; Monks et al., 2015; Volz and Kley, 1988). On average,
the O3 concentration levels from 2000 to 2012 have remained relatively
steady in the EU (Guerreiro et al., 2014; Winkler et al., 2018). Similar to
the rest of Europe, in Cyprus, O3 concentrations have been reported to
have a non-significant upward trend of 0.11 ± 0.12 ppb y−1 recorded at
a regional background site in the center of the island for the period 1997
until 2013 (Kleanthous et al., 2014).

Despite their importance, long-term studies, defined as those analyzing
measurements spanning five years of data or more of gaseous pollutants in
the EasternMediterranean and theMiddle East, are scarce. Kanakidou et al.
(2011) provided a comprehensive summary of pollution sources in the East-
ern Mediterranean. Therein, limited long-term studies of changes in O3 and
its precursor species, namely NO2 and CO, were reported for the urban en-
vironments of Istanbul and Athens (Kalabokas et al., 2000; Kalabokas and
Repapis, 2004; Ozdemir et al., 2009) and the remote station Finokalia in
Crete, Greece (Gerasopoulos et al., 2005, 2006; Kouvarakis et al., 2002).
Since then, a few more long-term studies have been published concerning
trace gas observations in Greece (Mavroidis and Ilia, 2012; Kopanakis
et al., 2016), Nicosia (Kleanthous et al., 2014; Mouzourides et al., 2015)
and Cairo (Steiner et al., 2014).

The present study investigates the short and long-term variability of gas-
eous pollutants in Cyprus. The island of Cyprus is geographically placed in
the Eastern Mediterranean and Middle East region (EMME), an area influ-
enced by frequent pollution events, especially during summertime (Dayan
et al., 2017 and references therein). Regional background measurements
of NO, NOy, CO, SO2 and O3 were conducted at the regional background
Agia Marina station, providing one of the longest records of those gaseous
pollutants in the EMME region that is still ongoing and will be the focus
Fig. 1. Spatial distribution of urban-traffic (red circles), residential (orange hexagons),
sphere) monitoring stations in Cyprus. The yellow star symbols indicated with PPx (x
white arrows depict the two major mountain complexes in Cyprus, namely Troodos and
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of this study; complemented by observations at the urban background
and traffic stations at everymajor city of Cyprus. In addition, availablemea-
surements in proximity to industrial areas and a major power station will
also be discussed. Further information on the monitoring stations, the in-
strumentation used, and the methods applied is included in Section 2.
Section 3 focuses on the presentation and analysis of the temporal and spa-
tial distribution of in situ trace gases observations in Cyprus, along with
space-based observations. Section 4 provides a summary and the main con-
clusions of the study.

2. Methods

2.1. Monitoring stations and instrumentation

The analysis presented here is based on measurements conducted in
Cyprus. The island is 250 km long and 80 km wide, covering a total area
of 9250 km2. The four most populated areas on the island, including subur-
ban regions, are the inland Nicosia (capital) and the coastal Limassol,
Larnaca, and Paphos cities. These four cities gather around 70 % of the
island's total population (~1.2 M, Kleanthous et al., 2014). In terms of to-
pography, Cyprus is crossed by two mountain ranges, the Troodos and
Pentadaktylos Mountains (Fig. 1).

To monitor the spatial distribution of pollutants, the Department of La-
bour Inspection (DLI) of the Ministry of Labour, Welfare and Social Insur-
ance led the installation and operation of a relatively dense monitoring
network. Herewith, measurements fromfive types of stations are presented,
namely traffic-curbside (Nicosia, Larnaca, Limassol, Paphos, Paralimni), res-
idential (Nicosia, Larnaca), industrial (Zygi, Mari), regional-background (Agia
Marina Xyliatou, Cavo Greco, Inia) and free-troposphere (Troodos) stations.
The urban traffic stations operate close to the main highways and major
routes in each city, at 4 m above ground (Pikridas et al., 2018). The subur-
ban stations are placed in residential areas. The industrial stations Zygi and
Mari operate close to the island's main power plant (PP1 in Fig. 1) at a dis-
tance of 4.0 and 1.3 km, respectively.

A key station for the East Mediterranean region is the regional back-
ground monitoring station at Agia Marina Xyliatou, also known as the re-
gional background station of the Cyprus Atmospheric Observatory (CAO:
https://cao.cyi.ac.cy/); since 1997, it provides air quality data while, in
industrial (grey squares), background (blue rhombus) and free-troposphere (white
= 1 to 5) labels show the location of the five powerplants of the island. The two
Pentadaktylos.

https://cao.cyi.ac.cy/


M. Vrekoussis et al. Science of the Total Environment 845 (2022) 157315
2015, it was upgraded to a superstation covering a large number of high-
quality aerosol and trace-gases observations. Agia Marina Xyliatou (AGM
or AMX; both abbreviations are used in the literature) serves as a member
of the ACTRIS (https://www.actris.eu/), EMEP (https://www.emep.int/)
and AERONET (https://aeronet.gsfc.nasa.gov/) networks. Geographically,
AMX is located in the island's center, close to an evergreen forest at 532
m above sea level (a.s.l.). No major anthropogenic activity takes place in
the vicinity of the station. Minor influences emanate from the nearby
small village of AgiaMarina Xyliatou, hosting 600 inhabitants at a 1 kmdis-
tance.

Additional background measurements presented in this study were re-
corded for a period of six years (2011–2016) at the western part of
Cyprus (Inia rural-marine station, 672 m a.s.l.) and at the south-eastern
coastal part of the island (rural-marine Cavo Greco station, 23 m a.s.l.).
The latter is closer to the ground and more exposed to the see-breeze circu-
lation than the Inia station (Kleanthous et al., 2014). Finally, background
free-tropospheric conditions met at the Troodos Mountain were captured
Table 1
Information summary of the 13monitoring sites in Cyprus presented in this study, includ
altitude, along with the instrumentation used.

Station location, type, date of operation Acronyms used

Nicosia (Traffic-Urban)
(2009–2019)

NICT or NICTRA

Nicosia (Residential)
(2006–2019)

NICR or NICRES

Larnaca (Traffic-Urban)
(2003–2019)

LART or LARTRA

Larnaca (Residential)
(2006–2016)

LARR or LARRES

Limassol (Traffic-Urban)
(2006–2019)

LIMT or LIMTRA

Paphos (Traffic-Urban)
(2006–2019)

PAPT or PAPTRA

Paralimni (Traffic-Urban)
(2017–2019)

PART or PARTRA

Mari (Industrial)
(2011–2019)

MARI or MARIND

Zygi (Industrial)
(2002–2019)

ZYGI or ZYGIND

Agia Marina Xyliatou/Cyprus Atmospheric Observatory
(Regional background)
(2003–2019; O3 monitoring started in 1997)

AGMB or AGMBGR or CAO

Cavo Greco
(Regional background)

(2011–2016)

CVGB or CVGBGR

Inia (Regional background)
(2011–2016)

INIB or INIBGR

Troodos (Free troposphere)
(2013–2017)

TROF or TROFTP
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by a monitoring station at the top of the mountain at 1819 m a.s.l.
(2013–2017).

The data archive reported in this work originates from the air quality
network of Cyprus operated by the Department of Labour Inspection
(http://www.airquality.dli.mlsi.gov.cy/). Overall, the study covers obser-
vations reported for 2003–2019 (including 2019), wherever available. De-
tails on the span of the measurements, the reported stations' geolocation
and the acronyms used are presented in Table 1.

The same table provides information on the specific instrumentation
used to monitor O3, total nitrogen oxides (NOy), SO2 and CO. In brief,

• O3 was measured with UV photometric O3 monitors (Thermo 49i at NICT

and TROF and Ecotech 9810B at the rest of the sites);
• NOywasmeasuredwith chemiluminescencemonitors equippedwithmo-
lybdenum converters (Thermo42i at NICT and TROF before July 2017, re-
placed by Serinus 40 afterward; Ecotech 9841B or 9841T was operated
during the entire period except at LIMT, PAPT where it was replaced by
ing the location of the station and its span of operation, its acronym coordinates and

Coordinates Altitude (m) Instrumentation

35 09′07″ 33 20′52″ 176 O3: Thermo49i
NOy: Thermo 42i, Serinus 40
SO2: Ecotech 9850, Serinus 50
CO: Ecotech 9830, Serinus 30

35 07′37″ 33 19′54″ 208 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850, Serinus 50
CO: Ecotech 9830, Serinus 30

34 54′60″ 33 37′39″ 15 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

34 54′49″ 33 36′57″ 17 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

34 41′10″ 33 02′08″ 19 O3: Ecotech 9810B
NOy: Ecotech 9841, Serinus 40
SO2: Ecotech 9850
CO: Ecotech 9830

34 46′22″ 32 25′05″ 40 O3: Ecotech 9810B
NOy: Ecotech 9841, Serinus 40
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

35 02′45″ 33 58′40″ 72 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

34 44′14″ 33 17′24″ 88 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

34 43′46″ 33 20′15″ 9 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

35 02′17″ 33 03′28″ 532 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Thermo 43i-TLE
CO: Ecotech 9830

34 57′42″ 34 04′54″ 23 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

34 57′44″ 32 22′37″ 672 O3: Ecotech 9810B
NOy: Ecotech 9841
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

34 56′36″ 32 51′50″ 1819 O3: Thermo49i
NOy: Thermo 42i, Serinus 40
SO2: Ecotech 9850
CO: Ecotech 9830, Serinus 30

https://www.actris.eu/
https://www.emep.int/
https://aeronet.gsfc.nasa.gov/
http://www.airquality.dli.mlsi.gov.cy/
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Ecotech Serinus 40 in July 2019 and July 2017, respectively.
• SO2 was measured with UV fluorescence monitors (Thermo 43i-TLE at
AMXB and Ecotech EC 9850B at all other sites, replaced by Serinus 50
in September 2018 at NICR and NICT).

• CO was measured with non-dispersive IR (NDIR) spectroscopy monitors
(on most sites with Ecotech 9830B or 9830T replaced after July 2017
by Serinus 30, except for AMXB and LIMT where 9830B measurements
are still ongoing).

Most commercially available NOx monitors measure NO by applying
the chemiluminescence technique. For NO2 to be measured, it first has
to be converted to NO. However, the molybdenum catalyst employed
by all samplers in this study converts all odd nitrogen oxides (NOy) to
NO. As a result, the reported concentration corresponds to NOy instead
of NOx. Even though this discrepancy is known, several studies report
NOx concentrations instead of NOy, assuming that it dominates the
NOy. In this study, we report NO and NOy concentrations, being accu-
rate on what the reported concentrations represent. However, as the
molybdenum catalyst has been widely employed in the past, this study's
results are directly comparable to those found in literature, even if that
is reported as NOx.

For all the analyzers, quality checks including i) monthly zero and span
checks, ii) calibration with standard transfer every three months, or weekly
in case of an interchange of instrumentation, and iii) weekly change of inlet
filters were performed following the EMEP reporting protocols. It should be
noted that the interchange of instrumentation did not introduce step-
changes or artificial trends in the presented dataset.

2.2. Air masses origin and classification

Following the detailed methodology presented in Pikridas et al. (2018),
a source region analysis was performed for the island of Cyprus from 2011
to 2016, covering the period when observations of trace pollutants were
available at all three regional background sites. The analysis was performed
using the offline FLEXPART Lagrangian model (Pisso et al., 2019), driven
by ERA-interim data (https://www.ecmwf.int/) available every 6 h in
backwardmode for 5 days. The analysis enabled the classification of incom-
ing air masses into 7 clusters based on the potential emission sensitivity
(PES) for the lowest 1 km (Seibert and Frank, 2004). These clusters are
the “local” cluster linked with stagnant conditions (6 % of the total air
masses influencing the island), the “marine” clusterwhere airmasses ofma-
rine origin cross Cyprus from the western part of the island (9 %), the dust
influenced “Africa” (7%) and “Middle-East” clusters (12%), and the north-
erly “Europe” (10%),West Turkey (13%) and East Turkey/SWAsia (44%)
associated with air masses emanating from polluted source regions.

2.3. Unsupervised machine learning for pollution plumes identification

To isolate the individual plumes from the surrounding ambient
areas and calculate their contribution to the total NO2 pollution of
Cyprus for 2019, an unsupervised machine learning approach, namely
self-organizing maps (SOM), was used (Kohonen, 1990). In unsuper-
vised machine learning, the algorithm groups samples into classes
that share common properties. SOMs are a well-established unsuper-
vised machine learning approach based on competitive learning
(Rumelhart and Zipser, 1986). Their main advantage is their ability to
produce low-dimensional representations of higher-dimensional data
(e.g., a dataset of m variables and n observations can be converted
into a two-dimensional cluster map). The observations included in
each cluster have more similarities than the original categorization of
the dataset (e.g., based on spatial or temporal criteria). In this way,
high-dimensional data can be easily visualized.

Synoptically, the SOMalgorithm consists of four steps (Kohonen, 1990):

• Initialization: The weights of the clusters (neurons) are initialized with
small random values.
5

• Competition: Observations are fed to the network. During this step, each
cluster computes its own value. Based on the Euclidean distance to the
current observation, the cluster closer to this observation acquires this
value.

• Cooperation: Clusters close to the one that acquired the observation
(i.e., their weights have similar values) adapt their weights to come
closer to it. In such a way, neighborhoods of clusters are created,
into which similar observations will fall. The closer a cluster is to the
successful, or else dominant cluster, the bigger the adjustment of its
weight will be.

• Adaptation: Each cluster creates a neighborhood or becomes a mem-
ber of one, and the final structure of the SOM is created (Haykin,
1999). The method is described in detail in Kohonen (1990).

Falcieri et al. (2014) used this method to represent the Po River's plume
variability in Italy. Bougoudis et al. (2016) used SOMs to study air quality in
Athens. Although there are many approaches to choosing the number of
clusters, the final choice is ambiguous and depends on the specific dataset.
Here, four sensitivity tests were performed, with 9, 12, 16, and 20 clusters,
respectively (Fig. S7). To avoid interferences from other parameters
(e.g., spatial information, latitude, and longitude) in the formation of pollu-
tion patterns, only the satellite tropospheric NO2 columns were used as in-
puts in the self-organizing maps.

3. Results and discussion

The presented analysis is based on hourly, daily, monthly and annual
averages produced from an initial temporal resolution of 5 min. This infor-
mation is used to assess the long-term, seasonal and diel variability of air
pollution in Cyprus.

3.1. Long-term variability of air pollution in Cyprus

A statistical analysis based on the daily values of pollutants at all sta-
tions is performed and depicted in Fig. 2, in the form of a whisker plot.
This plot aims at comparing daily averages, medians, and 1.5 interquartile
ranges (1.5× IQR) of nitrogenmonoxide (NO), total nitrogen oxidesminus
nitrogen monoxide (NOz = NOy − NO), SO2, CO and O3, expressed in
ppbv. The interquartile range (IQR: Q1 − 1.5IQR to Q3 + 1.5IQR; with
Q1 being the lower quartile and Q3 the upper quartile) excludes extreme
statistical outliers.

The data are further sorted using two temporal filters. Solid boxes
present all available daily measurements per station (as described in
Table 1). The dashed boxes provide the same information for the period
1.1.2017–31.12.2019, as a means of comparison of the most recent
levels of pollution. In several cases, the mean and the median values
differ significantly. This deviation denotes that these datasets are
skewed, i.e., they do not present a normal distribution but rather an
asymmetrical one (e.g., Singh et al., 2001).

Fig. 2 allows for a quick first assessment of the air quality in Cyprus.
Traffic - curb measurements at the three largest cities, Nicosia, Limassol
and Larnaca, are associated with the highest median daily NO levels in
Cyprus of 10.5, 8.7 and 8.1 ppbv, respectively. NO values at the residential
sites (NICR and LARR) and the remaining two smaller-scale cities, Paphos
and Paralimni, ranged from 1.5 to 4.8 ppbv. A similar range of NO concen-
trations has been reported for rural sites in Turkey (Kasparoglu et al., 2018).
In contrast, the annual NO average levels at the small-scale city of Yanbu
in S. Arabia were higher by a factor of 3 (15.6 ppbv; Al-Jeelani, 2014)
and in Mallorca of Balearic Islands (Spain) by a factor of 4 (~21 ppbv;
Cerro et al., 2015). The industrial sites presented median values close
to 1.2 ppbv. Notably, the regional background sites AMX, CVG, and
INI presented much lower median NO amounts equal to 0.16, 0.10
and 0.12 ppbv, respectively (see inner plots). The lowest NO median
mixing ratio (0.04 ppbv) was recorded at the Troodos free-troposphere

https://www.ecmwf.int/


Fig. 2. Whisker plots of all available daily data (solid boxes) of trace pollutants measured at the urban-traffic (red labels), residential (orange), industrial (grey), regional
background (blue) and free troposphere (black) stations. The dashed boxes provide the same information, wherever available, for the period 2017–2019. The inner plots
depict the same information with a modified mixing-ratio scale range.
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site. The latter is equal to the NO median reported at the Finokalia back-
ground station ~15 years ago (0.04 ppbv; Gerasopoulos et al., 2005).

Similar results are found for the total odd nitrogen oxides and, subse-
quently, the NOz. The three largest urban sites recorded the highest NOz

values (up to 17.8 ppbv), followed by the other curb and residential sites
(8.6 to 11.2 ppbv), the industrial (5.3 and 5.8 ppbv), the regional back-
ground (1.3 to 1.9 ppbv) and the free-troposphere one (0.63 ppbv). These
findings are not unexpected. Nitrogen oxides have a short lifetime, typically
several hours to a few days (Crutzen, 1979; Laughner and Cohen, 2019; Liu
et al., 2016). Consequently, elevated amounts of these species are expected
to be detected close to localized emissions such as, in the case of the curb
sites, fossil fuel combustion sources associated with the transportation sec-
tor. Similar to this study, NOx concentrations up to 18 ppbv have been re-
ported at an urban roadside site in Nicosia (Mouzourides et al., 2015),
which lies at the lower end of the “NOx” concentrations reported for
urban areas in the Marmara region in Turkey (Kasparoglu et al., 2018),
the greater Cairo area in Egypt (Khoder, 2009; Mostafa et al., 2018) and
6

NO2 alone in Beirut Lebanon (Afif et al., 2009; Farah et al., 2014). The
summertime regional background NO2 levels over the Red and the Arabian
Sea ranged between 1.6 and 3 ppbv (Eger et al., 2019).

The spatial distribution of the SO2 is different from that of NOz. Elevated
SO2 values are encountered at the southern coastal part of the island, where
three powerplants (PP1, PP2 and PP3 in Fig. 1), the biggest commercial
port (Limassol) and two airports (Larnaca and Paphos) are found. For in-
stance, at the Mari industrial station, close to PP1, the median of SO2 was
1.3 ppbv. In comparison, at the background station AGM, the ambient me-
dian SO2 levels were ~3 times lower and equal to 0.4 ppbv. An interesting
point arises when comparing all available data of the period 2003–2019
and the last three years, 2017–2019. Formost stations, the SO2 has dropped
significantly, mainly due to the applied mitigation strategies that have led
to decreasing SOx emissions since 2003 (EMEP center on Emission Invento-
ries and Projections; https://www.ceip.at/data-viewer). A similar trend has
been observed in the greater Cairo area. Over five years (2010–2014), am-
bient SO2 levels decreased by half but exceeded 3 ppbv (Mostafa et al.,

https://www.ceip.at/data-viewer
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2018). Much higher concentrations of SO2 in comparison to Cyprus have
been reported for the capital of Lebanon (4.2 ppbv; Farah et al., 2014), a
small city in Saudi Arabia (6.7 ppb; Mostafa et al., 2018) and Istanbul
(8.5 ppbv; Ozdemir et al., 2009).

The reported COmedians show a similar distribution per station type as
the NOy ones pointing to emissions of common traffic sources. When com-
pared, the highest (median) values are found for the 3 largest urban sites
(359–418 ppbv), followed by the 2 residential sites and the smaller-scale
Paphos curb site (223–275 ppbv). The lowest CO median values were
recorded at the AGM (CAO) background site (136 ppbv). Following the
above overall pollution levels in the broader EMME, CO levels in Cyprus
are lower than in other EMME sites. In the greater Cairo area, CO concentra-
tion has been reported to range between 3.0 and 8.3 ppmv (Mostafa et al.,
2018). In Beirut, values up to 11 ppmv were reported (Farah et al., 2014).
Notably, in the coastal small-size city of Yanbu in Saudi Arabia, the
reported CO levels (165 ppbv) are similar to those at the background site
of AGM (Al-Jeelani, 2014). However, the inland Makkah city experiences
much higher CO levels (1.4 to 11.3 ppmv; Al-Jeelani, 2009), highlighting
the localized contribution of fossil fuel combustion to the ambient air
quality.

Lastly, the variability of O3 showed the opposite tendency compared to
the NOz and CO. Closer to the three major urban centers of the island that
are influenced by elevated localized traffic emissions, O3 is relatively low
(24.1–28.5 ppbv) compared to its regional background levels (see text
below). This behavior ismainly attributed to the titration effect whenO3 re-
acts with air masses rich in NO, leading to its destruction. Further away and
downwind from the city centers, at the residential sites, less populated cit-
ies and industrial sites, O3 levels are increased (32.1–36.9 ppbv). A similar
range of O3 concentration has been reported for urban and suburban sites in
Greece (Mavroidis and Ilia, 2012) and Turkey (Ozdemir et al., 2009;
Kasparoglu et al., 2018). The highest medians on the island are reported
for the background and free-troposphere stations (47.7–50.9 ppbv). These
values are close to those reported for the remote site of Finokalia, Greece
(49–51 ppbv; Kouvarakis et al., 2002; Gerasopoulos et al., 2005) and rural
locations downwind of the megacity of Istanbul in Turkey (Kasparoglu
et al., 2018) and in rural Spain (Adame and Sole, 2013). Following the pat-
tern of an inverse correlation with NOx levels, Beirut, Lebanon, exhibits an
annual average O3 concentration of 15.4 ppbv (Farah et al., 2014). In Saudi
Arabia, this number has been reported to be between 21.0 and 22.5 ppbv
(Al-Jeelani, 2014). Nonetheless, it should be noted that previous studies
(Gerasopoulos et al., 2006; Kleanthous et al., 2014 and references
therein) showed that photochemical production and destruction, al-
though not negligible, is not the dominant mechanism associated with
the presence of high O3 levels in the region. This outcome is supported
by the low local ambient levels of precursor species needed to produce
O3, such as NOx, CO and VOCs. O3 levels at those sites in the broader
Eastern Mediterranean are controlled, to a large extent, by the synoptic
meteorology bringing air masses, either a) transported from neighbor-
ing countries emitting precursor species or b) by the subsidence of air
masses from the upper troposphere that is influenced by stratospheric
intrusions (Kalabokas et al., 2008).

The next analysis step focuses on the multiannual variability of NO,
NOz, SO2, CO and O3 at all stations, depicted in Fig. S1 (Supplementary ma-
terial). In this graph, each color represents one type of station to enable di-
rect comparisons. Overall, for the primarily emitted pollutants and most
station types, an apparent decreasing tendency is observed throughout
the studied period. This decline is consistent with the decrease shown in
the officially reported EMEP NOx, SOx, and CO emissions for Cyprus
(Fig. S1). However, a rather increasing behavior is observed for the O3

mixing ratios at places where anthropogenic activities occur. Similar find-
ings have been reported in several cities globally (Adame and Sole, 2013;
Cerro et al., 2015; Kumari et al., 2013). The explanation comes from the
non-linear relationship of O3 with its precursor species. Either NOx or
VOCs can limit O3 production. In cities, where typically the VOC-to-NOx

ratio is low (VOC limited regime), a decrease in NOx, without accounting
for VOC emissions reductions will eventually lead to an increase in O3
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(Chang et al., 2016). Therefore, when planning efficient pollution control
strategies, it is necessary to consider both categories of species in a manner
that will lead to effective O3 control.

To assess the magnitude and significance of the above tendencies, the
same annual dataset was subjected to a statistical non-parametric Mann-
Kendall trend analysis (Gilbert, 1987). The results are presented in
Table 2. The analysis was conducted for the stations with ten or more
years of available data. In 4 out of the 8 monitoring stations, namely in
LARTRA, LARRES, PAPTRA, and ZYGIND, a statistically significant increase in
the O3 levels of +0.51 ppbv y−1, +0.82 ppbv y−1, +0.65 ppbv y−1, and
+0.36 ppbv y−1, respectively, has been observed. These increasing trends
corroborate the above findings presented in Fig. S1 and highlight the
need to take measures to alleviate the magnitude of the increase. A similar
increasing trend of ~+0.7 ppbv y−1 was found in a rural area in the north-
east of the Iberian Peninsula (Adame and Sole, 2013).

Statistically significant decreasing trends for NO (between−0.01 ppbv
y−1 and−0.91 ppbv y−1) andNOz (−0.06 to−0.71 ppbv y−1) were found
at almost all stations in Cyprus. Comparable NO and NO2 trends were re-
ported for the Western Mediterranean (Cuevas et al., 2014; Cerro et al.,
2015). The Mann-Kendall analysis revealed statistically significant declin-
ing slopes also for CO and SO2 at 5 monitoring stations ranging between
−1.26 to−19.80 and −0.02 to−0.27 ppbv y−1, respectively.

One point of interest is the decreasing primary pollutants trends ob-
served at the AGMbackground station. This station, asmentioned, is placed
far away from local emission sources. Yet, the NO, NOz, SO2 and CO trends
show a statistically significant decline. This outcome could be attributed to
pollution reduction strategies in neighboring countries influencing Cyprus
and/or changes in meteorological conditions.

3.2. Seasonal variability of air pollution in Cyprus

The next step is the investigation of the seasonal variability of pollutants
in Cyprus. This analysis is based on the monthly mean values of trace gases
for the stations where the most recent available data (2017–2019) reflect
current air quality conditions. The results, presented in Fig. 3, are summa-
rized below.

The seasonal variability of the NO mixing ratio in all cities presents a
characteristic uni-modal “U”-shape. The highest values are observed in
winter and the lowest in summer. The amplitude of the high-to-low vari-
ability differs per monitoring station, with the highest value found for the
Nicosia curb site (28 ppbv). Negligible amplitude changes are found for
the industrial Zygi and Mari sites and the AGM station.

The observed unimodal shape in cities is caused by changes in
i) meteorology, ii) emission strengths and iii) chemistry.

i) Meteorology: Towards summer, the planetary boundary layer (PBL)
expands, which, in turn, enables the dilution of the polluted air masses.

ii) Emissions: The NO emanates largely from the combustion of fossil
fuels used for transportation and domestic heating. In the summertime,
domestic heating emissions are negligible.

iii) Chemistry: Lastly, during summer, O3 levels are higher than in winter
due to enhanced insolation. As a result, more NO is oxidized to NO2. How-
ever, here the interplay is more complex due to chemical non-linearities in
the presence of VOC and the simultaneous NO2 photolysis under high inso-
lation.

Similarly, a marked annual cycle was observed in the case of NOz. In all
cities and the residential site, the same unimodal distribution as before is ob-
served originating from the common sources of NO and NOy. That is sup-
ported by nitrogen oxides closure studies (e.g., Ninneman et al., 2021),
stating that in urban environments, the largest fraction of NOz is found in
the form of NOx (NO andNO2). At the industrial monitoring stations, and es-
pecially at theMari station closer to PP1, a slight enhancement is observed in
the NOz levels of summer. It is hypothesized that this small enhancement is
caused by the excess in power production due to the higher demand for elec-
tricity in summer (Panayiotou et al., 2010) needed to support air-
conditioning usage on the island. Finally, the remote background station
AGM shows practically negligible NOz variability compared to the other



Table 2
MannKendall trend analysis results for the Nicosia (curb and residential), Larnaca (curb and residential), Limassol
(curb), Paphos (curb), Zygi (industry) and AgiaMarina (CAO, background) stations. The green color denotes a sig-
nificant decreasing trend, and the yellow an increasing one. All annual changes are expressed in ppbv y

−1.

Monitoring Station,

Period [years]
Trace gas

Slope (Q)

[ppbv y -1]
Level of significance

NIC TRA,

All gases: 2009-2019

NO -0.32±0.17 NS
NOz -0.12±0.09 NS
SO2 -0.05±0.03 NS
CO -13.80±2.16 **
O3 0.12±0.12 NS

NIC RES,

All gases: 2006-2019

NO -0.36±0.05 ***
NOz -0.17±0.10 +
SO2 -0.03±0.02 **
CO 1.13±0.86 NS
O3 -0.04±0.08 NS

LAR TRA,

All gases: 2003-2019

NO -0.91±0.28 ***
NOz -0.50±0.08 ***
SO2 -0.09±0.12 **
CO -15.76±5.33 ***
O3 0.51±0.08 ***

LAR RES,

All gases: 2007-2016

NO -0.08±0.03 *
NOz -0.20±0.08 NS
SO2 0.02±0.02 NS
CO -11.59±6.49 +
O3 0.82±0.21 **

LIM TRA,

All gases: 2006-2019

NO -0.83±0.12 ***
NOz -0.48±0.08 **
SO2 -0.12±0.02 **
CO -19.80±3.82 **
O3 -0.03±0.09 NS

PAP TRA,

NO, NO2, SO2, O3: 2006-2019

CO: 2016-2019

NO -0.50±0.05 ***
NOz -0.71±0.08 ***
SO2 0.04±0.02 NS
CO <10 years -
O3 0.65±0.14 ***

ZYG IND,

NO, NO2, SO2, O3: 2003-2019

CO: Not available

NO -0.09±0.01 **
NOz -0.34±0.04 ***
SO2 -0.27±0.03 ***
CO - -
O3 0.36±0.09 **

AGM BKG,

NO, NO2, SO2, O3: 2003-2019

CO: 2010-2019

NO -0.01±0.004 **
NOz -0.06±0.02 **
SO2 -0.02±0.01 **
CO -1.26±0.59 +
O3 -0.02±0.06 NS

CVG BGR, INI BGR, TRO FTP Data < 10 years

***p < 0.001, **p < 0.01, *p < 0.05, +p < 0.1, NS p ≥ 0.1.
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stations. However, using a differentmixing ratio scale (inner panel of Fig. 3),
it is evident that a city-like unimodal NOz seasonal distribution is found,
with an amplitude of 1 ppbv. Because the station is far from local sources,
this variability is likely attributed to regionally transported air masses.

One should also consider that contrary to cities, the NOy budget at re-
mote and free-troposphere places is also significantly influenced by the
presence of peroxyacetyl-nitrate (PAN) (Zellweger et al., 2003). During
cold conditions, PAN can be transported over long distances acting as a res-
ervoir of NO2, but without being decomposed to NO2. As a result, during
the winter, a significant fraction of the AGM NOy variability could be ex-
plained by the presence of PAN. Unfortunately, no PAN measurements
8

were conducted in Cyprus to account for the latter. The observed annual
U-shape NOz variability in Cyprus with maxima during winter and minima
during summer has been observed in other urban cities in the EMME re-
gion, including Lebanon and Turkey (Farah et al., 2014; Kasparoglu et al.,
2018;) and elsewhere in more polluted environments (Meng et al., 2009).

The SO2 seasonal variability is, overall, similar at all stations except for
Mari. At the industrial Mari station, the highest SO2 values are found for the
warmer period in Cyprus, supporting what was hypothesized earlier based
on the increased power production (Panayiotou et al., 2010). A summer
SO2maximum is also observed at a regional background site in the Balearic
Islands (Cerro et al., 2020) for similar reasons. At all other stations, the



Fig. 3. Seasonal variability of trace pollutants (NO, NOz, SO2, CO and O3) for the period 2017–2019 at five urban-traffic, one residential, two industrial and one regional
background stations in Cyprus. The blue lines depict monthly averages coupled to their respective standard deviation.

M. Vrekoussis et al. Science of the Total Environment 845 (2022) 157315
observed variability is characterized bywinter-to-summer, high-to-low SO2

values. This variability could be attributed to emissions emanating from do-
mestic heating and smaller-scale industrial activities and/ormeteorological
influences. Since the overall pattern is different from the one observed in
Mari, local “contamination” from the powerplants in the southern part of
the island should be disregarded. Similarities in the temporal features of
the SO2 variability, such as the peaks in June and November, suggest that
regional transport contributes to the observed levels of SO2 on the island.
This conclusion is consistent with the findings reported by Afif et al.
(2008) regarding Beirut, Lebanon, which is mostly downwind of Cyprus.
In that work, a similar high-to-low pattern from winter to summer was
observed in urban Beirut. It was estimated that approximately half of the
measured SO2 concentration (≈1.5 ppbv) was due to long-range transport.

Interestingly, despite having different lifetimes, the variability of CO
and NO show strong similarities. In cities and residential places, CO
amounts are high duringwinter and low during summer. CO ismainly emit-
ted during the incomplete combustion of carbon-containing fuels. The
marked seasonality can be explained, as was the case for the NO trace
gas, by changes in meteorology and emissions strength. One difference ev-
ident in all stations' seasonal variability is a small secondary peak observed
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in summer. This enhancement could be caused by two factors: a) the trans-
port of air masses rich in CO during the prevailing northerlies (see Pikridas
et al., 2018) and b) the higher insolation that favors the photochemical ox-
idation of hydrocarbons (Debevec et al., 2017, 2018) that break down to
form CO and ultimately, CO2. Strong similarities between the seasonality
of NO and CO have been reported before in the EMME region (Kalabokas
et al., 2000; Al-Jeelani, 2014). In these studies, CO maximized during win-
ter, having a smaller peak during summer.

The seasonal O3 variability is mostly unimodal but opposite to the one
explained for NO, NOz, SO2 and CO, with the highest O3 amounts encoun-
tered in summer. O3 is a secondary species produced photochemically
when precursor species, such as NOx, CO and VOC, react in the presence
of sunlight. Since the highest insolation occurs in summer, O3 production
should also maximize in summer. This pattern is depicted in Fig. 3, where
for most of the stations, the highest O3 is found in summer. Notably, the
highest monthly O3 means are recorded for the AGM (CAO) background
station reaching 55 ppbv in July. However, the low abundance of the NOz

levels (1 ppbv) and CO (0.13 ppbv) in July at the AGM station, as well as
the small amplitude in their annual variability, suggest that the observed
ambient O3 levels are photochemically produced regionally rather than
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locally and/or regionally transported by advection and convection towards
AGM due to the prevailing meteorological conditions. This is further sup-
ported by previous studies focusing on the processes controlling ozone
levels in the Eastern Mediterranean region (Gerasopoulos et al., 2006;
Ladstätter-Weißenmayer et al., 2007; Kleanthous et al., 2014). For exam-
ple, by using satellite data of O3, NO2 and HCHO together with box and La-
grangian model simulations, Ladstätter-Weißenmayer et al. (2007)
concluded that the main mechanism driving ozone in the area is long-
range transport followed by regional photochemical build-up of O3.

An exception to the above summer maximum is observed at three sta-
tions. In the curb Limassol site, O3 is decreasing in summer. Since any re-
gional changes would have been observed at all stations, this behavior is
assumed to be caused by localized emissions leading to O3 destruction.
The local NOz levels in Limassol in summer are the highest among all sta-
tions and equal to around 15 ppbv. Therefore, it is quite likely that the pho-
tolysis of the excess NO2 produces NO that reacts with O3 leading to its
destruction.

The other two summerminima cases are observed at the industrial Mari
and Zygi coastal sites. However, at both sites, the NO and NOz do not pres-
ent significant seasonal changes, contrary to the behavior of SO2. As men-
tioned before, during summer, enhanced amounts of SO2 are observed
close to PP1.We hypothesize that the uptake of O3 favors acid displacement
reactions onto sea salt aerosols present in the ambient air of the coastal
areas on the island. As a result, the sulfuric acid (H2SO4) could be
partitioned to sulfite (SO3

2−) and then to sulfate (SO4
2−) (Von Glasow,

2008). At the same time, chlorine radicals (Cl•) could be released into the
gas phase. If no strong NO2 sources are present to form ClNO2, as is the
case for the two industrial stations, the Cl• may lead to O3 destruction and
subsequent formation of ClO (Wang et al., 2019).

3.3. Weekly cycles impacting air pollution in Cyprus

The next step involved the calculation of the most recent (2017–2019)
available weekly cycles based on the daily means of air pollutants. As
depicted in Fig. S2, data were clustered into three categories; weekdays,
Saturdays and Sundays. For all monitoring sites and types, reductions in
NO are observed when shifting from weekdays to weekends.

Consistent reductions in all cities, varying by 34–51 %, are found for
NO. The highest absolute decrease is found for Nicosia, where NO drops,
on average, by 7.16 ppbv during Sunday. Lower percentages (20–34 %)
andmagnitudes are reported for the industrial sites (0.33–0.54 ppbv). Inter-
estingly, the NO amounts at the AGM background station also dropped by
31 %; however, the calculated amplitude, between weekdays and Sunday,
is two orders of magnitudes smaller (0.04 ppbv) than at the other sites stud-
ied. The latter supports the statement that local anthropogenic sources do
not overly influence the AGM station.

Similar reductions are found for NOz. On average, NOz in cities reduces
by 23 % during Sundays. The largest amplitude decreases are reported for
the most populated cities Nicosia (5.11 ppbv) and Limassol (4.49 ppbv),
and the smallest, as expected, for the AGM station (0.06 ppbv). The calcu-
lated SO2 means show a similar tendency with NO and NOz, with higher
weekdays values and lower weekend values. However, the respective de-
creases are much smaller in amplitudes and percentages. In the cities, SO2

is, on average, 10 % lower on Sundays. The largest decrease is found for
the Mari Industrial site, where a 19 % decrease (0.24 ppbv) is reported for
Sunday. This change could be, to a large extent, explained by the lower con-
sumption of electricity on Sundays because themajority of the industrial and
commercial activities cease their operations. At the AGM background sta-
tion, practically no change is observed between weekdays and the weekend.

An average decline of 9.3%was observed for CO in the studied cities on
Sundays. Measurements at the Nicosia and Limassol curb sites reveal a re-
duction of 63 and 48 ppbv, respectively. Smaller-scale reductions are re-
ported for the other cities. Interestingly, in Paphos and Paralimni, CO is
slightly higher on Saturdays than onweekdays. Thisfinding could be attrib-
uted to the population moving to these regions, mainly for weekend recre-
ation purposes. It is further supported by the observed NOz levels that are
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also very close to the ones measured on the weekdays. A minimum change
in CO, practically negligible, is observed in Agia Marina (CAO) because of
the lack of primary anthropogenic sources.

As expected, O3 increases on the weekend, on average, by 2 ppbv. The
highest increase is found for Nicosia (3.5 ppbv). This systematic increase
emanates most likely from the lower NO levels and the subsequently sup-
pressed destruction of O3. Similarly, a weekend effect was observed in East-
ern Spain (Castell-Balaguer et al., 2012). Due to the negligible NO amounts
at the AGM background site, the reported O3 change is close to zero.

3.4. Diel variability of air pollution in Cyprus

To better understand the mechanisms driving close-to-present ambient
pollution in Cyprus, all species' diurnal patterns were calculated using their
hourly means (Fig. 4) for 2017–2019. Following the same color coding as
before, each type of station is presented with a different color; red for the
curb sites (5 stations), orange for the residential (1 station), grey for the in-
dustrial (2 stations) and blue for the background (1 station).

The NO and NOz at the urban and residential sites present a typical bi-
modal distribution with morning and evening peaks associated with the
transportation/traffic emissions during rush hours. The largest amplitudes
in nitrogen oxides are observed for the two largest cities, Nicosia and
Limassol. A combination of factors, including lower primary emissions, ex-
pansion of the PBL, and photochemical/chemical loss processes, causes the
observed noon minimum. An interesting feature observed is the nighttime
behavior of the NO variability. Driven by chemistry, the NO levels during
the night are expected to be close to zero as NO reacts with O3 to produce
NO2. During the daytime, NO2 is photolyzed, forming back NO and
regenerating O3. However, during nighttime, the absence of light does
not allow the NO2 to be photolyzed. As a result, NO is consumed by O3.
As depicted in Fig. 4, the lowest mean nighttime NO mixing ratios at the
most populated urban centers reach values up to 5 ppbv. This observation
suggests that elevated localized NO emissions occur at night. This observa-
tion is not a unique feature of Cyprus. Elevated nighttime NO levels were
observed in several sites in the region, for example, in northeast Italy
(Masiol et al., 2017) and a traffic site in South Spain (Notario et al.,
2012). Similar behavior characterizes the NO and NOz diel variability at
the residential site NICRES, with the amplitude of the peaks being lower
than at NICTRA and the nighttimeNO levels being close to zero. The residen-
tial site is far away from the key traffic arteries of the city; thus, it is less in-
fluenced by direct NOx emissions. In larger-scale cities and megacities
located in the EMME region, elevated NO levels during nighttime have
also been reported. In Istanbul, the most populated city in the EMME, the
NO amplitude between the early morning minimum and the rush hour
peak ranges from 26 to 46 ppbv, depending on the sampling area within
the city (Kasparoglu et al., 2018). A similar range has been observed at traf-
fic stations in this study (up to ~35 ppbv). However, in Cairo, the second
most populated urban agglomeration of the EMME, NO ranges between
80 and 120 ppbv (Khoder, 2009). For curb stations in Athens, it has also
been reported to be 120 ppbv (Mavroidis and Ilia, 2012).

At the two industrial sites, the magnitude of the diel variability of NO
and NOz is lower than in the urban ones. The NOz at the Zygi site, around
4 km away from the Vasilikos powerplant (PP1), shows a milder urban-
type bimodal diurnal variability, possibly due to localized influence from
the nearby “Vasilikos” village. Contrary, the NOz distribution at the Mari
site (1.3 km distance from PP1) shows a trimodal distribution with an addi-
tional peak at noon hours. This peak could be attributed to the power plant's
operation and the increasing demand for electricity during noon and after-
noon (Market Management System for the Cyprus Electricity Market,
https://tsoc.org.cy/electrical-system/) when the need for air-conditioning
use is high. The above assumption is supported by the coincident peak in
the diurnal distribution of SO2 at the Mari station (PP1).

Notably, at the AGM background station, a very weak diurnal NO and
NOz unimodal variability is observed peaking at noon. The noon peak in
NO is most likely caused by local natural temperature-dependent soil emis-
sions (Schindlbacher et al., 2004; Serça et al., 1998; Yienger and Levy II,

https://tsoc.org.cy/electrical-system/


Fig. 4.Diel variability of pollutants (panels a–e) at contrasting environments in Cyprus calculated from the available hourlymeans of 2017–2019. Panel f shows the amplitude
of the ozone mixing ratio compared to its mean daily average.
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1995) and the concurrent photolysis of ambient NO2. That of NOz could
originate from advected and lofted air masses. Typically, during noon,
wind speeds intensify and relative humidity decreases (Kleanthous et al.,
2014), allowing both the advection of regional polluted air masses to
reach the station and the mixing of air with dryer air masses aloft enriched
in long-lived PAN (Singh, 2015) and HNO3 (Hanke et al., 2003). Both are
components of the measured NOy species.

A distribution almost identical to the one described for NO and NOz is
observed for the CO daily cycle, with a bimodal curve peaking at the morn-
ing and evening rush hours due to traffic-related emissions. The absence of
these sources at AGM is visible in its daily cycle of CO, inwhich there are no
increases during the rush hours. Contrary, a small enhancement around
noon is found (of ~0.03 ppbv) due to the enhanced photochemical condi-
tions and the oxidation of local biogenic and regional VOCs (Debevec
et al., 2017, 2018).

Moving on to the SO2 diurnal distribution, most of the stations, except
for the Mari industrial one explained before and the AGM station, have a
rather weak bimodal daily cycle with morning and evening peaks. On top
of emissions related to domestic heating purposes and their apparent influ-
ence on the observed SO2 amounts, the observed pattern seems to be linked
with on-road emissions. Similar diel cycles are found for other European cit-
ies (Henschel et al., 2013). Once more, these peaks are not observed in the
temporal variability of AGM, where a small enhancement (of 0.017 ppbv)
during noon is present, most likely due to intensified convection and the
mixing with air masses aloft.

Finally, the O3 variability pattern presents a common distribution all
over the island, with twominima (latemorning and evening) and twomax-
ima (earlymorning and noon). For all stations influenced by anthropogenic
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activities, the amplitude of these peaks is larger, with an average noon peak
value (up to ~30 ppbv for the urban centers). A comparable average after-
noon peak value (~35 ppbv) was observed for the sites in the Veneto region
(NE Italy), located in the eastern part of the Po Valley (Masiol et al., 2017).
Based on the findings of Fig. 4, the followingmechanisms is proposed to ex-
plain the O3 cycle: The two minima, at 6:00 and 21:00 UTC, are caused by
the ambient NOx levels, where locally emitted NO reactswith the regionally
transported O3 and destroys it, leading to NO2 formation. The early morn-
ingmaximum at 3:00 UTC occurs when the NO levels reach their minimum
values, ceasing thus the titration of regionally transported O3 (Kleanthous
et al., 2014). The noon maximum of O3 at 13:00 UTC is explained by
a) the suppressed O3 destruction due to the drop in NO and NOy amounts,
b) photochemical production controlled by the solar irradiance and the am-
bient amounts of NOx and VOCs and c) the rise of the PBL, enabling the
mixing with air masses aloft, rich in regional O3 amounts. At the AGM sta-
tion, where local anthropogenic emissions are negligible, the overall diur-
nal variability is weak, and the calculated amplitudes are small and equal
to ~2–4 ppbv.

3.5. Influence of air mass origin on ambient pollutant level

In this analysis, we were restricted by the availability of measurements
conducted at all regional background stations simultaneously. From 2011
to 2016, there was an overlap of pollutants data available for all regional
background sites, namely the centrally located AGM station, the south-
eastern Cavo Greco coastal station, and the western Inia station (Fig. 1).
For these 3 stations, median values of NOy, SO2, CO and O3 mixing ratios,
wherever available, were computed using the same 6-h temporal step of
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the cluster analysis presented before (Section 2.2). The results (Fig. S3) re-
vealed that the most polluted air masses in terms of NOy, CO and SO2

mixing rations originate from the Middle East. The second most polluted
cluster, but more important in terms of prevalence, is the SW Asia one.
Overall, the absolute average differences between themost pollutedmasses
and the least polluted marine air masses are equal to 0.6, 0.5 and 45 ppbv
for the NO, SO2 and CO, respectively. An interesting point extracted by
the source analysis is that the NOy at all three background stations is influ-
enced by the air masses' origin, as depicted in the small increases or de-
creases of the medians. Similar co-variability per cluster is found for CO
and SO2.

The wind direction is also influencing O3. When air originates from
Africa or the Middle East or spends a period of at least one day over the
sea, the median O3 level over Cyprus is 46 ppbv, a value that is 2.2 ppbv
lower than the overall 2011–2016 calculated O3 median. For the first two
clusters, it is known that increased dust loads are associated with decreased
O3 levels (Bonasoni et al., 2004). When air masses originate from polluted
West Turkey and SW Asia, the median O3 is slightly increased, reaching 50
ppbv. The small changes encountered between the three stations per cluster
are likely associated with surface O3 deposition and chemical formation or
destruction from local sources. Notably, the local contribution to O3 levels
computed as the average of the differences between the highest and the
lowest O3 medians is 2.5 ppbv. This outcome highlights the significant
role of regional pollution in the area.

3.6. Local and regional fractions of air pollutants in Cyprus

For this analysis, data from all three environments, namely curb, resi-
dential and background stations, are needed to speciate and quantify the
fraction of the urban and regional components of air pollution in Cyprus.
However, residential observations are only available in Nicosia and
Larnaca. In Larnaca, the measurements ended in 2016, while in Nicosia,
the dataset included data until 2019. Limited by the above data availability,
the last 3 years of the curb and residential data in each city, together with
concurrent measurements at the background AGM station, were used.
The incentive behind this approach is to present the conditions reflecting
themost recent air quality levels. The fractional analysis is based on the cal-
culation of the following components:

a) Regional component: As shown before, the air quality data of the AGM
station (XBGR) are representative of the regional contribution of pollu-
tion in Cyprus.

b) Urban background component: The difference between the residential
and the regional background data, XUBGR = XRES-XBGR, where X is
NO, NOz, SO2, CO or O3, is representative of the localized urban pollu-
tion of the city.

c) Local – traffic - component: Since both the curb and the residential sites
are influenced by regional pollution, the calculated difference XLOC =
XTRA-XRES, is representative of the traffic-related pollution in the studied
city.

The above three components (XLOC, XUBGR, XBGR) were calculated for all
pollutants (Fig. S4) for the two mentioned cities in Cyprus. The findings
show that at both curb sites, more than two-thirds of the NO emanates
from local-traffic sources (Fig. S4). The remaining third originates from
urban background emissions. Interestingly, the NOz at the curb sites is sig-
nificantly influenced by urban background emissions that explain 63.6 %
and 55% inNicosia and Larnaca, respectively. Simultaneously, the regional
contribution is estimated to be around 8%,with the remaining fraction pro-
duced by local emissions.

The fractioning of SO2 and CO seems to be more influenced by regional
sources. The regional contribution for the cities of Nicosia and Larnaca is
pronounced, accounting for 43 % and 36 % of the SO2 levels and 31 %
and 37 % of the CO levels, respectively. For both cities and the remaining
percentage, the urban background contribution to SO2 and the local-
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traffic one to CO dominates. Contrary to the above, urban emissions lead
to a total decrease of 29% of the O3 levels in the cities, with the highest im-
pact being attributed to local-traffic emissions (~20 %). As explained be-
fore, most of the observed O3 is produced and/or transported regionally.

To better understand the processes linked with the above speciation, a
temporal analysis of the seasonal (Fig. S5) variability of the same compo-
nents is conducted for the city of Nicosia using monthly medians.

The results show that on a year-long basis (Fig. S5), the highest NO
urban background fractions (>30%) are found for the colder winter season
when domestic heating emissions maximize. The same is true for the NOz

(>76 %), the SO2 (39–50 %) and the CO (39–48 %) variability confirming
their common emission origin. The contribution of regional emissions is
more significant for the summer months for all pollutants. The prevailing
northerlies (Kleanthous et al., 2014; Pikridas et al., 2018), bringing pol-
luted air masses from Turkey, SW Asia and, to a lesser extent, Europe, ex-
plain this behavior in the region. During the same season, when the
overall pollution levels reach their lowest values, the local emissions' contri-
bution to NO, NOz, and SO2 is enhanced. This important finding, together
with the relatively short lifetime of SO2 of a few days (von Glasow et al.,
2009), reveals that a) either a fraction of the observed SO2 amounts in
Cyprus is produced by traffic-related emissions or b) due to the prevailing
northerlies in summer, a localized transport of SO2 takes place from the
northern part of the island. The air mass, in that case, should reach the
city of Nicosia without influencing first the AGM background station.
Since the reported SO2 emissions inventories (https://ec.europa.eu/
environment/air/) for Cyprus exclude thefirst possibility, the second expla-
nation seems to be the most likely candidate for the above observation. No-
tably, the satellite-based analysis of the tropospheric NO2 spatial variability
(see Section 3.8) reveals that the powerplant PP5 (see Fig. 1) is the strongest
polluter on the island. This SO2 emission source corroborates the above hy-
pothesis. The passage created between the Pentadaktylos and Troodos
Mountain complexes facilitates air masses' transport from PP5 towards
the NICTRA site in summer. Lastly, and as expected, the high urban NOz

emissions have an important influence on the observed winter O3 levels,
with up to 40 % of O3 (24–31 ppbv) being titrated. During the summer,
the overall sink mechanism has a reduced effect removing up to 19 % of
O3 (12–13 ppbv).

The lack of residential data for the rest of the cities does not allow for a
similar analysis for all urban centers. Nonetheless, an estimation of the total
urban contribution (XURB) from the curb and regional differences (XTRA-
XBGR) is possible. Using the XURB and the XBGR information, the NO, NOz,
SO2, CO and O3 amounts of 2017–2019 were split into their urban and re-
gional components (Fig. 5). The results show that the five cities of the study
can be divided into two groups; the three largest cities (Nicosia, Larnaca,
and Limassol; group A) are influenced more by local urban contributions
than the other two cities (Paralimni and Paphos; group B). The largest O3

titration in group A (average loss of 30 %), compared to group B (19 %),
corroborates the above finding.

3.7. Chemical clocks

[CO-to-NOy ratio]: The above data, when used in the form of ratios,
often referred to as chemical clocks, can reveal additional information on
the spatial characteristics of pollution. One of these is the CO-to-NOx

(or, in our case NOy) ratio. Due to the different time scales of the lifetime
of CO (~1–2 months) and the NOx (and NOy; hours to few days), CO can
stay much longer in the atmosphere (Parrish et al., 2009). As a result,
urban CO amounts are more prone to being affected by upwind regional
CO sources than the shorter-lived odd nitrogen oxides. Citieswith significant
localized emissions have a CO: NOx ratio close to 10, or even less, while for
remote places, this ratio often exceeds the value of 80 (Kanakidou et al.,
2011; Parrish, 2006; Parrish et al., 2009). Some examples described in
the studies mentioned above include the city of Mexico (ratio = 11),
Tokyo (8.5), Los Angeles (9.7), Atlanta (6.5), Athens (20−30), the city of
Beijing (45) and the Finokalia rural station in Crete, Greece (100−300).
In the case of Beijing, the city was influenced by regional upwind biomass

https://ec.europa.eu/environment/air/
https://ec.europa.eu/environment/air/


Fig. 5. Partitioning of urban and regional pollution levels in all cities (2017–2019) using as a regional reference the ambient pollutant levels at the CAO station.

Fig. 6. Ozone-to-NOy ratios calculated using all available annual O3 and NOy mean
values from the thirteen monitoring stations of Cyprus.
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burning sources rich in CO (Parrish et al., 2009). The analysis of the annual
CO-NOy ratios for all sites in Cyprus (Fig. S6), where concurrent CO andNOy

data exist, shows that the curb sites of Nicosia (CO-to-NOy ratio = 13.65±
5.57), Larnaca (15.97 ± 5.16), Limassol (14.10 ± 4.79), Paralimni (19.58
±7.38) as well as the residential Nicosia site (16.74±5.16) seem to be im-
pacted by local pollution. Regional influences are more pronounced for the
residential Larnaca site (24.57 ± 8.19), the city of Paphos (29.03 ±
13.24), and the Mari industrial station (28.00 ± 8.38). Finally, as was the
case of the Finokalia rural station, the AGM station exhibits the highest
ratio (90.79 ± 27.08); thus, as expected, it is strongly influenced by
transported air masses.

[O3-to-NOy ratio]: To assess the titration impact of the total odd nitro-
gen oxides on the O3 levels in Cyprus, all available NOy and O3 annual
data were used to investigate the spatial variation in the O3-NOy relation-
ship. For that purpose, data without any temporal filters (i.e. including day-
time and nighttime values) have been used. The analysis (Fig. 6) shows that
the majority of the dataset lies on the logarithmic fit:

O3½ � ¼ � 7:7 ln NOy
� �þ 0:36
� �þ 53:03,with R2 ¼ 0:88 (1)

The observed fit denotes that the behavior of the NOy-O3 system is non-
linear, as it is widely reported in the literature (e.g., Seinfeld and Pandis,
2006). This nonlinearity is one of the main reasons that alleviating O3 pol-
lution remains a challenging task. Towards this direction, the same O3-to-
NOy ratio has been proposed to serve as an indicator of the photochemical
O3-NOx-VOC sensitivity (Sillman and He, 2002; Trainer, 1993). In the NOx

limited regime, where ambient NOx levels are low and VOCs high, O3 is
13



Fig. 8. Spatial variability of space-based (SP5-TROPOMI) vertical columns ofNO2 in
2019, in the EastMediterranean (panel a) and Cyprus (panel b) regions. Panel b em-
beds the geolocation of the main urban centers and powerplants in Cyprus and the
location of the background station CAO.
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mainly controlled by NOx changes. On the other hand, in VOC limited re-
gimes with high NOx and low VOCs, O3 increases with increasing VOCs
and decreases for higher NOx. This differentiation is, therefore, crucial for
policymaking decisions. Depending on the environment, this ratio can be
used to characterize the studied regions as NOx or VOC limited (Carrillo-
Torres et al., 2017; and references therein). When the O3:NOy lies below
11, for regions with O3 levels lower than 80 ppbv (as is the case of all
sites in Cyprus), the region is VOC limited, and for ratios higher than 15,
NOx limited.

The computed ratios using all available annual averages, filtered to in-
clude only daytime hours (10–16 LT), are depicted in Fig. 7. Interestingly,
for the sites affected by anthropogenic activities, the mean O3:NOy ratio
was equal to 4.48 ± 0.44, whereas for the regional background stations
Agia Marina, Cavo Greco and Inia, the ratio was 27.8 ± 2.2. The ratio at
the free troposphere Troodos site presents the highest value of 49.1 ±
4.3. Based on the threshold mentioned above, the urban, residential and in-
dustrial sites are NOx saturated and VOC limited areas. The remaining four
sites are NOx limited. This finding shows that the increasing trends ob-
served in O3 levels in cities (Section 3.1), despite pollution control strate-
gies targeting the reduction of NOx, are possibly caused by the presence
of VOCs. The latter highlights the need for designing tailored policies to
the needs of each agglomeration.

3.8. A view from space – tropospheric NO2 variability

The above results were based on the availability of data acquired at
specific geolocations. To overcome spatial limitations, the distribution of
pollution over Cyprus has been analyzed using satellite data. For that pur-
pose, observations of NO2 have been chosen because of its short lifetime
that allows its detection close to emission sources due to limited transport
controlled by ambient meteorological conditions. The analysis is based on
NO2 data from the TROPOspheric Monitoring Instrument (TROPOMI) on-
board the European Copernicus Sentinel 5 Precursor (S5P) (Veefkind
et al., 2012). S5P provides a daily overpass at around 13:30LTwith a spatial
nadir resolution of 7 km× 3.5 km (5.5 km × 3.5 km since August 2019)
that ultimately allows for detecting NO2 at a city level (e.g., Ialongo et al.,
2019). The results are expressed in vertical column densities (VCDs) and
molecules per square centimeter (molec·cm−2).

The results show the average distribution of the VCDNO2 for 2019 over
the Eastern Mediterranean region (Fig. 8a) and Cyprus (Fig. 8b). The year
2019 was selected because it is the first calendar year where TROPOMI
data are available. On a regional scale, high levels of NO2 are confined
over the neighboring countries of Cyprus, including Egypt, Israel,
Lebanon and Turkey. These NOx emissions are indicative of fossil fuel
energy consumption. Due to their common sources, it is expected that
enhanced emissions of long-lived COwould accompany the NOx emissions.
The latter can be transported, during favorable meteorological conditions,
towards Cyprus.
Fig. 7. Ozone-to-NOy computed ratios using all available annual averages at all
monitoring stations but filtered to include only daytime hours (10–16 LT). The
dashed lines separate the fractions into VOC-limited, mixed and NOx-limited
ranges.
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The analysis reveals a clear geographic west-east low-to-high gradient
of the VCDNO2 spatial distribution over Cyprus (Fig. 8b). When comparing
the NO2 hotspots with the location of powerplants (Fig. 1), it is evident
that powerplant NOx emissions are the dominant ones in Cyprus. Overall,
the PP5 (175 MW, heavy oil) and PP4 (362 MW, heavy oil & natural gas)
facilities located in the north of the island are the principal sources of
NO2 for the studied period, followed by PP1 (868MW, heavy fuel& natural
gas), PP2 (460 MW, heavy fuel) and PP3 (150 MW, heavy fuel) ones.
Interestingly, the observed pollution strength of the PPs, in terms of NO2

amounts, is not proportional to their operating capacity possibly pointing
to less efficient pollution control technologies applied for the cases of
PP4 and PP5.

In addition to the powerplant emissions, all major cities on the island
are visible from space. On average, the NO2 VCD amounts over cities are
around 2–4 times higher than the background levels of the island
(~5·1014 molec·cm−2).

By applying SOM, NO2 pollution sources, shown in Fig. 8b, are identi-
fied and isolated from their surroundings by the algorithm. For example,
the PP5 source in the northeast of Cyprus is assigned to separate clusters
in all 4 SOM sensitivity tests (9, 12, 16, and 20 clusters; Fig. S7). The differ-
ence between the tests (and the number of clusters, respectively) is the level
of isolation of each plume. In the example with 9 clusters, 2 sub-clusters are
dedicated to source PP5. In the examplewith 12 clusters, it is 3, with 16 and
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20 clusters it is 4. However, since themagnitude of the NO2 columnwas the
only input parameter to the SOM algorithm, different areas/sources could
be assigned to the same cluster, as is the case in the SOMpanelwith 12 clus-
ters for the PP4 and Nicosia areas. However, this behavior is not considered
a drawback because the point of implementing the SOM algorithm was to
identify all sources of enhanced NO2 and estimate their contribution to
the total NO2 over Cyprus.

The contribution of each plume was quantified by adding the NO2 col-
umns contained in clusters that represent the same source. In cases similar
to the example described above (i.e., when two distinct sources belong to
the same cluster), we calculated the contribution of each source separately.
This contribution is then normalized to the total NO2 column of Cyprus for
2019 (Table 3). From these results, the overall contribution of all sources
and cities is inferred. Interestingly, it is shown that local sources from
powerplants and cities do not contribute significantly (i.e., around 10 %)
to the overall tropospheric NO2 columns over Cyprus.

4. Summary and conclusions

Cyprus is centrally located in the East Mediterranean and Middle East
(EMME) region and at the crossroad of three continents, namely Europe,
Africa and Asia. It is influenced by transported anthropogenic emissions
emanating from Europe, Asia and the Middle East, and natural dust emis-
sions from Africa and the Middle East (Kleanthous et al., 2014). This
long-range transport of pollution, together with local emissions due to an-
thropogenic activities such as traffic and power consumption and natural
processes such as wildfires and dust resuspension, degrades the air quality
over the island. Overall, local and regional air pollution in Cyprus and the
broader EMME region is identified as a challenging environmental problem
(e.g., Kanakidou et al., 2011) with O3 (Kleanthous et al., 2014) and aerosol
(Pikridas et al., 2018) concentration thresholds being frequently exceeded.
These exceedances and the subsequent poor air quality have a negative im-
pact on the health of the population in the EMME region (~400M people).

To better assess the temporal variability of air pollution in Cyprus, we
presented and discussed the longest dataset, to our knowledge, of gaseous
trace pollutants and one of the longest for EMME, covering a span of 17
years (2003–2019). Additionally, to tackle the spatial variability of pollu-
tion, we introduced in the analysis data from different environments cover-
ing curb monitoring sites operating at the largest cities of the island, along
with residential, industrial, background and free-troposphere monitoring
stations.

In brief, the results showed the following:

- The daily data showed that the background NO and NOz median values
of ~0.15 ppbv are two orders of magnitude lower than in cities. At the
same time, CO median values are four times lower at the regional
Agia Marina (CAO) station (130 ppbv) than in the larger scale Nicosia,
Limassol and Larnaca cities, showing that local pollution is not
Table 3
Contribution of each source or city to the total pollution of Cyprus for 2019. Each
column indicates the contribution (in percentage and number of clusters) of each
source or city, depending on the number of clusters used. The last column (ensem-
ble) is the average of all the four sensitivity tests, while the last line estimates the
total contribution in NO2 pollution from all sources of each sensitivity test.

Sources Number of clusters (# of clusters used in each calculation) Ensembles

9 12 16 20

PP5 3.73 % (2) 4.00 % (3) 3.14 % (3) 3.71 % (4) 3.65 %
PP4 3.18 % (2) 1.67 % (1) 2.32 % (2) 1.90 % (2) 2.27 %
Nicosia 2.77 % (1) 0.68 % (1) 1.60 % (2) 0.95 % (1) 1.5 %
PP3 0.13 % (1) 0.29 % (1) 0.29 % (1) 1.68 % (2) 0.60 %
Larnaca 0.80 % (1) 1.11 % (1) 1.11 % (2) 1.77 % (2) 1.20 %
PP1 0.75 % (1) 1.04 % (1) 1.02 % (2) 1.75 % (2) 1.14 %
Limassol 0.86 % (2) 0.60 % (2) 0.87 % (3) 0.61 % (3) 0.73 %
Paphos 0.20 % (1) 0.04 % (1) 0.71 % (2) 0.66 % (2) 0.40 %
Summation 12.42 % 9.43 % 11.06 % 13.03 % 11.48 %
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negligible. Regarding SO2, the highest median values are found for
the industrial Mari station (~1.3 ppbv), which is placed close to a
large powerplant (PP1) and the city of Limassol (1.25 ppbv), which
hosts the largest commercial port of the island but is also frequently
found downwind the plume of the powerplant mentioned above. Rela-
tively low O3 median mixing ratios are recorded in the cities (~25
ppbv), whereas at the background and free troposphere stations, the re-
spective value is twice as high. Notably, high O3 values are found in the
whole EMME region controlled by synoptic meteorology, enhanced in-
solation and the proximity of precursor species' emissions.

- The multiannual analysis performed at eight stations with more than
ten years of data using the Mann-Kendall trend analysis revealed for
all pollutants except O3, a decreasing trend. In contrast, at four out of
the eight monitoring stations, a statistically significant increase in O3

levels is found, ranging between 0.36 ppbv y−1 (ZYGIND) and 0.82
ppbv y−1 (LARRES). The latter can be explained by the O3: NOy ratio
analysis that suggested that these regions lie in the VOC-limited regime
where a decrease in NOx amounts due to mitigation strategies can lead
to an increase in O3.

- TheNO andNOz (for this studyNOz=NOy−NO) interannual variabil-
ity was unimodal, with the higher values being found for winter. De-
spite the longer lifetime of CO than NOx, CO behavior was similar to
NO and NOz, with an additional smaller scale peak observed in summer
explained by i) the CO transported regionally to the island during the
prevailing northerlies and ii) the production of CO from the oxidation
of VOCs. For the SO2, smaller-scale seasonal variability was observed
in most sites, with winter-to-summer high-to-low values explained by
domestic heating. However, the industrial Mari station presents an op-
posite variability with the peak observed in summer. The increased
power production from the neighboring powerplant can explain this dif-
ference.

- Regarding O3, in the majority of the sites, the highest values are found
in summer, and the lowest in winter, mostly due to a) its enhanced pho-
tochemical production during high insolation and b) the transport of air
massed advected from long distances. The interannual variability of O3

at the background station Agia Marina, where local NOz and CO
amounts are very low, supports the latter. Notably, at the industrial sta-
tions Mari and Zygi, the winter-to-summer O3 amplitude is much
smaller. One possibility is that this is caused by acid displacementmech-
anisms taking place in coastal regions where sulfates enable the release
of chlorine radicals that attack O3 molecules.

- The diurnal variability of major pollutants in Cyprus calculated from
hourlymeans showed the local emissions' footprint in cities. This behav-
ior is evident from the diurnal variability of NO, NOz and CO, where
high amplitude peaks are visible in the morning and evening associated
with transportation emissions during rush hour. A very weak bimodal
rush-hour oriented distribution of values is also observed for SO2, sug-
gesting a smaller scale contribution of on-road emissions. Lastly, O3 at
all monitoring sites presents a characteristic shape with two minima
and twomaxima controlled by chemical titrationwithNOx, photochem-
ical production and regional O3 transport. At the same time, the ampli-
tude of the diel variability of O3 at the background Agia Marina station
is very small due to the absence of local anthropogenic emissions.

- The speciation and quantification of the contribution of local traffic,
urban-background and regional components of pollution in Nicosia
and Larnaca cities suggest that, on average, for both cities, 99 % of
NO emanates from traffic and urban background sources. The same is
true for 92 % of the NOz. On the other hand, almost 40 % of SO2 and
34% of CO originate from regionally transported sources. Interestingly,
29%ofO3 seems to be depleted in cities,with the rest being transported
and/or formed regionally.

- The CO-to-NOy ratio was used to assess the regional vs. local character
of pollution in Cyprus. The analysis showed that the curb sites and the
residential stations are influenced, to a large extent, by local pollution,
with the computed CO:NOy ratio being equal to ~15, while the Agia
Marina station is mostly regionally influenced, with a ratio of 90.
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- The computed O3-to-NOy ratio indicates that the background and the
free-troposphere stations can be characterized as NOx-limited, with
the respective ratios being in the range of 24.5 to 49.1. The urban cen-
ters, residential sites and industrial sites are VOC-limited, with ranges
between 1.7 and 8.6. The latter is important when planning pollution
control strategies that target O3 reduction. In that case, control actions
targeting simultaneously NOx and VOC reductions are needed.

- Lastly, satellite data of tropospheric NO2 vertical columns revealed a
west-east low-to-high gradient over the island. All major hotspots, in-
cluding cities and powerplants, are visible from space. When compared,
the observedNO2 pollution from powerplants is not proportional to their
operating capacity pointing to less efficient pollution control strategies
for the two powerplants (PP4 and PP5) found in the north of the island.

- Interestingly, a machine-based clustering analysis enabled the quantifi-
cation of each hotspot plume and, subsequently, its contribution to the
sum of NO2 pollution sources over Cyprus. The results revealed that all
major cities and powerplants combined contribute overall only around
10% to the tropospheric NO2 columnar amounts in Cyprus. The rest em-
anates from other local sources, and from the regional NO2 levels con-
fined from the neighboring countries Egypt, Israel, Lebanon and
Turkey, as seen from the NO2 distribution over the East Mediterranean
region.
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