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Abstract: Ozone is formed in the lower layers of the atmosphere mainly by gases emitted by an-
thropogenic activities in combination with solar radiation. In the present study, the short-term
health impacts of ozone (O3) on people living in the Greater Athens Area in Greece are analyzed
for the period 2001–2018 by estimating the cardiorespiratory deaths with the AirQ+ model. Ozone
measurements (8-h mean values) for two areas with different characteristics (Thrakomakedones and
Athinas) were used provided by the National Air Pollution Monitoring Network. Data processing
showed that environmental conditions and geographical characteristics influence O3 variation and
the risk of cardiorespiratory deaths. The statistical analysis of O3 measurements revealed that at
the southwestern suburb of Thrakomakedones the mean annual concentrations range from 74 to
96 µgr/m3, much higher than in the Athens center (40–56 µgr/m3, station: Athinas). The O3 concen-
tration threshold was exceeded in Thrakomakedones approximately 90 times per year, while in the
Athinas monitoring station, it was exceeded only 25 times. According to the AirQ+ software package,
the percentage of deaths due to O3 exposure ranges from 6% in Thrakomakedones to 7.5% in the
Athinas station.
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1. Introduction

Ozone (O3) is a secondary oxidizing compound that is formed in the lower layers of
the atmosphere from the reaction of gases mainly from anthropogenic sources and solar
radiation [1]. It is harmful to vegetation, materials and human health. In the 25 European
Union countries, around 21,000 premature deaths per year occur during and after days
with high ozone levels [2].

Ozone pollution episodes last from a few days to two or three weeks and are charac-
terized by exceedances of the limit values proposed by the EU. Meteorological conditions
play a catalytic role in the formation, persistence, accumulation and removal of ozone.
Solar radiation combined with high temperatures, relative apnea and zero precipitation
are conducive to ozone episodes [3]. The higher concentrations are usually measured
during the summer months, especially in densely populated urban centers. The acceptable
concentrations for the atmosphere to be considered clean are in the range of 20–40 ppb at
sea level and 30–70 ppb at higher altitudes. In areas with high ozone concentrations, the
range of measurements is from 10 to 350 ppb, with the most common value approaching
150 ppb. Peak ozone values are observed in the late afternoon, decreasing greatly reduced
during the night [4].

Scientific interest in high ozone concentrations has grown widely in recent decades
because of the negative effects on human health. Studies have provided substantial evi-
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dence that both long-term and short-term exposure to ozone are responsible for mortality
and cardiopulmonary morbidity [5–7]. Moreover, according to the European Environment
Agency, in 2016, 645 premature deaths were recorded in Greece due to exposure to high
ozone (O3) concentrations, equal to a rate of 0.06 per 10,000 inhabitants, while the average
rate in the European Union is 0.027 [8]. Moreover, in the European Environment Agency
2019 report, it is stated that in Greece, 5.4% of the country’s population lives in areas where
ozone concentrations are high and usually exceed the ozone limit values [8].

In this study, the short-term health effects of ozone on people living in the Greater
Athens Area in Greece for the period 2001–2018 are investigated. Cardiopulmonary deaths
due to ozone were estimated using the AirQ+ model, a software package developed by the
World Health Organization (WHO) [9]. Ozone measurements (8-hourly mean values) for
two areas with different characteristics (Thrakomakedones and Athinas) from monitoring
stations, provided by the National Air Pollution Monitoring Network, were used.

2. Materials and Methods
2.1. Study Area Description

The Attica basin is a triangular peninsula located in the southeastern part of Central
Greece and bordered by the Aegean Sea. The Greater Athens Area (GAA) is densely
populated and includes the urban complex of Athens, i.e., all the municipalities of Athens
and Piraeus, and is bounded by the Saronic Gulf and the mountains Parnitha, Ymittos and
Penteli. The climate of Attica is typical Mediterranean with mild rainy winters and hot dry
summers. In winter, the temperature remains high, with an average January temperature
of 9.2 ◦C, while in summer, the temperature is very high; in addition, heat waves occur two
to three times with temperatures above 40 ◦C [10,11]. There are three main anthropogenic
activities that contribute to local air pollution, vehicular traffic, heating of buildings and
industry. According to researchers, the huge number of vehicles in circulation, which
increases at a rate of 7% per year, is the main cause of problems relating to air pollution,
especially during peak hours. Although the use of natural gas for home heating has
increased in recent years, heating oil is still used, burdening the atmosphere during the
winter [12]. The GAA’s atmosphere is also polluted by natural factors. The beautiful
and bright Mediterranean sun unfortunately catalyses’ photochemical pollution and the
transported dust from North Africa, enhancing ozone production [13]. The transported
desert dust covers the Attica sky during spring and autumn with a total duration of about
30 days per year [13,14]. This phenomenon is associated with the development of childhood
asthma and an increase in hospital admissions due to bronchitis [15,16].

As already mentioned, Attica is a region with a complex topography, where there are
transitions between land, sea, rural and urban areas, plains and mountains contributing
to the development of local wind flows. In particular, two sea breeze cells develop over
the Attica peninsula. One sea breeze cell enters from the Saronic Gulf to the south-west,
affecting the Athens basin and the Triasio industrial plain. The wind velocities of the cell
reach values of about 4 m/s. Similarly, the second cell of the sea breeze develops on the
eastern side of the Attica peninsula, over the Mesogean plain, originating from the Gulf of
Evia. In the northern part of the Athens basin, a convergence zone is formed between the
sea breeze from the Saronic Gulf, the synoptic northern flow and a sea breeze flow from the
east of the Attica peninsula [17], thus contributing to the particularly high concentration of
O3 on the northern side of Attica, as will be presented in this study.

2.2. Air Pollution Data and Population

In the present study, the temporal variation of O3 concentrations at two stations in
the wider Athens area and the effects on the health of residents were examined. For
this purpose, daily mean O3 concentrations for the period 2001–2018 were obtained from
two air pollution monitoring stations (Thrakomakedones and Athinas), located in the
GAA (Figure 1). These stations belong to the air pollution monitoring network of Attica,
which is part of the Climate Change and Air Quality Directorate (CAA) and operates
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within the framework of the supervision of the Greek Ministry of Environment and Energy
(MEEE) [10]. Based on their location and their categorization due to air pollution sources,
the Athinas station is classified as an urban traffic station (UT), and the Thrakomakedones
station is classified as a suburban background station (SB). Furthermore, the population
data of the local area of each station are presented, obtained from the Hellenic Statistical
Authority (ELSTAT) according to the 2011 population census [18]. Statistical analysis and
processing of O3 concentrations were performed in accordance with Directive 2008/50/EC
of the European Parliament [19], which sets a maximum 8-hour average daily value over a
one-year period of 120 µg/m3 that should not be exceeded more than 25 times per year.
Also, ELSTAT, upon request, provided the recorded deaths from cardiac and respiratory
causes for each region for the years 2001–2018.
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Figure 1. Map with the location of O3 monitoring stations (Background map data from OpenStreetMap).

2.3. AirQ+ Model

Health effects due to short-term O3 exposure were quantified using the AirQ+ model
(version 2.1.1) developed by the World Health Organization (WHO) Regional Office for
Europe [18]. AirQ+ model requires the following data to assess the public health effects of
O3: (1) the total population of the area, (2) the O3 concentration, using the ozone indicator
of the Sum of Ozone Means Over 35 ppb (SOMO35), (3) the annual number of deaths
for each region from circulatory or cardiorespiratory diseases, and (4) the Relative Risk
(RR) coefficient, a statistical parameter used in epidemiological studies. A value of 1.014
(95% CI = 1.005, 1.024) per 10 µgr/m3 was considered for O3 [9,20].

3. Results and Discussion

Figure 2 presents the temporal variation of the average concentration of the pollutant
O3 for the period 2001–2018. Overall, at the southwestern suburb of Thrakomakedones, the
mean annual concentrations range from 74 to 96 µgr/m3, much higher than in the Athens
center (range: 40–56 µgr/m3, station: Athinas).
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Figure 2. Mean annual O3 µgr/m3 concentration at Athinas and Thrakomakedones stations.

As shown in Figure 3, at the Thrakomakedones station, the O3 concentration limit
(120 µg/m3) was exceeded many times throughout the period under consideration. Specifi-
cally, in 2018 the concentration exceeded 123 times at the Thrakomakedones station, while
at the Athinas monitoring station it was exceeded only 21 times. It should be mentioned
that the target value should not be exceeded on more than 25 days per year (red line in
Figure 3). In general, O3 concentration threshold was exceeded in the Thrakomakedones
station about 90 times per year, while in the Athinas monitoring station, it was exceeded
only 25 times. This occurs because the sea breeze that blows encloses the O3 at the foothills
of Parnitha.
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Figure 3. Number of O3 exceedances per year at Athinas and Thrakomakedones stations.

Figure 4 depicts the cumulative annual number of Chronic Respiratory Disease (CRD)
deaths from cardiorespiratory causes in adults per 100,000 population attributable to
O3, over the period 2001–2018. While Thrakomakedones is a sparsely populated suburb
compared to the center of Athens, which is densely populated, they show similar rates of
CRD cases deaths due to O3. As illustrated in Figure 4, mainly after 2005, deaths due to O3
exposure at the Thrakomakedones station are approximately at the same level as those at
the Athinas station. Overall, according to the results of the AirQ+, the percentage of deaths
due to O3 exposure is about 6% in Thrakomakedones and 7.5% in the center of Athens.
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Figure 4. Annual variation in cumulative CRD cases due to O3 at Athinas and Thrakomakedones
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4. Conclusions

In this study, the short-term adverse health effects due to ozone exposure have been
evaluated according to the guidelines of the WHO. The main objective of this study was
to estimate lung and cardiocirculatory deaths in adults attributable to O3 exposure in an
urban area of Athens (center) and a northern suburb during the years 2001–2018, conducted
using the AirQ+ software package. As regards the annual mean variation of O3 and the
annual exceedances of the O3 limit at both stations, there is no change indicating a decrease.
However, O3 levels at Thrakomakedones (northern GAA) were found to be significantly
higher compared to those in the center of Athens. The phenomenon of O3 accumulation in
the northern part of the Athens basin is repeated due to the topography of the area and the
sea breeze [17,21,22]. These results have accordingly influenced the estimate of the number
of deaths from cardiorespiratory causes per 100,000 adults attributable to O3 exposure
in the two regions, during the years 2001–2018. In the densely populated urban area of
Athinas, according to the AirQ+ software package, the rate of deaths due to O3 exposure is
7.5%, and in the sparsely populated northern suburb of Thrakomakedones, it is 6%. Future
research is required to investigate how the magnitude of mortality risk is affected due to
seasonal variation O3, being more pronounced in warmer weather conditions favored by
the sea breeze.
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