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The inﬂuence of temperature on tropospheric ozone (O3 ) concentrations in urban and photochemically polluted areas in the greater Athens region are investigated in the present study. Hourly
values of the ambient air temperature used for studying the urban heat island eﬀect in Athens
were recorded at twenty-three experimental stations while ozone concentration values were measured at three of the above-mentioned stations and for a period of two years (1996–1997). The
linear correlation between ozone concentration and air temperature values as well as the temporal
variation of temperature and ozone concentration, for the above-mentioned experimental stations,
were calculated and analysed. Moreover, a neural network approach was used for investigating
the impact of temperature on the ozone concentration values over the greater Athens area. The
neural network model used ambient air temperature as one of its input parameters and it was
found that temperature is a predominant parameter, aﬀecting considerably the ozone concentration
values.

1. Introduction
Trace gases in the atmosphere (gases with concentrations below 1 ppmv) present a major impact
on the environment, in spite of their relatively
low concentrations. Some of these gases are toxic
and can aﬀect plant and animal life, while others
can aﬀect climate via the “atmospheric greenhouse
eﬀect” and the challenging task for scientists is to
ﬁnd out the factors that inﬂuence the presence of
these trace gases.
Ozone has a major signiﬁcance, as in
stratosphere in the protection of the earth from
the sun’s harmful ultraviolet radiation so in troposphere in climate formation being a greenhouse
gas and participating in the physicochemical
processes (Crutzen 1998). Besides, ozone has
strong oxidant properties, which may cause damage to humans, animals, vegetation and materials

under conditions of increasing surface ozone concentration because of smog photochemical reactions in the presence of growing atmospheric
pollution (nitrogen oxides, hydrocarbon compounds, etc.) (Güsten 1986; Kondratyev and
Varotsos 2000; Bates 1994; Kalabokas et al 2000).
Ozone exposure is especially associated with small
increases in asthma morbidity and even mortality (Cody et al 1992; Kinney and Ozkaynak
1991; Kalabokas et al 2000), while the eﬀects of
ozone on plants may include visible leaf injury,
reduced plant growth, decreased economic yield
and changes in crop quality (USEPA 1986).
Tropospheric ozone originates from two sources,
the intermittent engulfment of stratospheric ozone
in the troposphere and the in situ formation from
chemical processes among tropospheric trace gases,
basically initiated by the reaction of HO2 + NO →
OH + NO2 (background chemistry), a subsequent

Keywords. Tropospheric ozone; urban environment; neural network models.
J. Earth Syst. Sci. 117, No. 3, June 2008, pp. 227–236
© Printed in India.

227

228

E Stathopoulou et al

photolysis of NO2 and a recombination with oxygen molecules (Fabian and Pruchniewicz 1977;
Crutzen 1970; Chameides and Davis 1982; Hales
1996; Isaksen 1998; McKee 1994).
The importance of biomass burning in providing
ozone precursors is great (Jacob et al 1999) as well
as the long-range transport of ozone precursors
(Fishman and Crutzen 1978; Liu et al 1980).
Investigation of northern hemisphere’s tropospheric ozone inﬂux (Grewe 2006, 2007)
pointed out that for the Northern Hemisphere
approximately 35% of the ozone inﬂux originates from tropical stratospheric ozone on both
hemispheres.
Both the aforementioned mechanisms are subject to temporal variability, e.g., the 11-year sun
spot cycle signiﬁcantly aﬀects the stratospheric
ozone introducing a variability of the ozone inﬂux
of approximately ±1% (WMO 2003; Grewe 2006),
in the tropical troposphere the NOx and ozone concentration largely depends on the lightning produced NOx (Lelieveld and Dentener 2000; Grewe
2004).
Considering the near surface ozone concentrations, these are mainly controlled by local and
regional emissions (Grewe 2007), though they
could also be aﬀected by large scale transport,
especially in winter.
In the last years there was a signiﬁcant increase
in tropospheric ozone concentration over the
Northern Hemisphere due to an increase in anthropogenic ozone precursors (Bojkov 1986; Volz and
Kley 1988; Staehelin et al 1994) which resulted
in a higher photochemical activity of primary
pollutants.
In central and northern Europe there have been
many systematic measurements taken from urban
and rural air pollution stations, providing a satisfactory picture of the spatial distribution of surface
ozone concentrations (Kalabokas et al 2000).
On the contrary, in southern and eastern
European countries and in countries near the
Mediterranean basin such measurements have been
focussed in and around the biggest cities, e.g.,
in Greece (Lalas et al 1987; Gusten et al 1988;
Kalabokas et al 2000; Kouvarakis et al 2000; Glavas
1999; Ziomas 1998; Güsten et al 1997; Danalatos
and Glavas 1996; Tsani-Bazaca et al 1988), in
the countries of former Yugoslavia (Butković et al
1990; Klasinc and Cvita 1996), in Italy (Cieslik
and Labatut 1997), in France (Pont and Fontan
2000a, b), in Spain (Sanz and Millán 1998; Zurita
and Castro 1983), in Israel (Steinberger and Ganor
1980) and in Egypt (Güsten et al 1994; 1996).
With the exception of the long-term background
measurements of Kalabokas et al (2000) and
Kouvarakis et al (2000) all other measurements

were either sporadic for short periods of a few
weeks only or in a polluted environment (Nolle
2001; Danalatos and Glavas 1996).
It is known that atmospheric ozone is highly variable and the trends derived in one location may
not represent the whole region. Many factors exist
simultaneously at diﬀerent times or locations and
the real system is much complicated. However, several studies suggest that climate impacts and especially temperatures are strong enough to aﬀect the
tropospheric ozone distribution (Hsu 2007; Valero
et al 1992).
Temperature and long term urban warming have
a serious impact on urban pollution, resulting in
higher ozone concentrations, as heat accelerates the
chemical reactions in the atmosphere (Clark and
Karl 1982; Walcek and Yuan 1999). Higher ozone
concentration values in urban environments are
mainly caused by solar radiation and pollutants.
Air temperature acts as a proxy parameter, representing the diurnal variation of solar radiation.
Urban areas accumulate greater amounts of heat
than the surrounding rural country, resulting in
higher air temperature values in densely populated and built areas. This phenomenon, which is
widely known as the “heat island eﬀect”, is mainly
caused by the diﬀerences in the thermal structure between urban and rural environments that
are associated with thermal properties of urban
materials, urban geometry, air pollution and the
anthropogenic heat released by urban activities
(Oke 1987; Mihalakakou et al 2004, Park 1986).
The urban heat island phenomenon may occur during day or night-time periods and its patterns are
strongly controlled by the unique characteristics
of each urban area (Oke et al 1991). It is usually
developed during clear, calm evenings and nights
and is normally a result of delayed cooling of the
city compared to surrounding rural areas (Barring
et al 1985).
The city of Athens is characterised by a strong
heat island eﬀect, mainly caused by accelerated
industrialization and urbanization during recent
years. The eﬀect appears during both summer and
winter periods, with mean daily intensity ranging between 6 and 12◦ C for the major central
area (Santamouris et al 1999). The Great Athens
Area (GAA) includes about 40% of the Greek
population, about 50% of Greek automobiles and
50% of the Greek industrial activities. That, in
combination with the very large number of clear
and sunny days, results in high concentrations of
ozone, which usually exceed the U.S. Air Quality
Standard of 120 ppb, especially during the summer months. Various researchers measured and
analysed the ozone distribution in Athens (Lalas
et al 1987; Gusten et al 1988).
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Figure 1.

The Greater Athens areas with the 23 stations.

An intelligent method, such as the neural
network systems, is designed in the present
research for estimating the ozone concentration values in various urban locations. Artiﬁcial
neural networks are computational systems, which
are characterized by their capability of modeling complex nonlinear processes (Cichocki and
Unbehauen 1993). They belong to the class of
‘data-driven’ approaches instead of ‘model-driven’
methods, because the analysis and results depend
on the available data (Chakraborty et al 1992;
Abdul-Wahab and Al-Alawi 2002).
The present paper aims at investigating the
impact of temperature on the tropospheric ozone
concentrations in three urban stations of GAA,
where the urban heat island eﬀect is signiﬁcantly
developed. Therefore, the daily evolution of the
ozone concentration values has been correlated
with the relative ambient air temperatures, while
various neural network models were designed and
used for giving quantitative information on the
inﬂuence of temperature on ozone concentrations
in urban environments.
2. The experiment in GAA
2.1 Temperature measurements
The GAA is located on a small peninsula in the
southern edge of the Greek mainland. Hourly values of ambient air temperature and humidity were
measured in 23 experimental stations installed in
Athens urban and suburban regions for a period of
2 years, 1996–1997 (ﬁgure 1). The instrumentation

229

used in the experiment was selected to satisfy
several criteria such as acceptable cost, covering
as many locations as possible, satisfactory performance according to international meteorological standards, low maintenance, internal power
supply and high storage capacity. Miniature data
loggers equipped with a thermistor were used
for measuring hourly temperature values at each
experimental location. The temperature sensors
were calibrated and intercompared (accuracy of the
sensors: ±0.2◦ C). The storage capacity of the data
loggers allows operation for approximately 300
days, with a resolution of 0.5◦ C. The instruments
measuring air temperature values are installed in
buildings at a height of around 5 m, while south
orientation is selected for all thermometers. A brief
description of each experimental station is presented in table 1.
Seven stations were placed in the central area
of Athens, ﬁfteen in urban and suburban areas
and in a radial conﬁguration around the centre of
Athens, while one station is placed in an almost
rural region, at the foot of a mountain, in order to
be used as the reference station.
2.2 Ozone measurements
Ozone concentrations were measured continuously at three of the above-mentioned stations,
numbered 7, 8, and 14. Table 2 presents a brief
description of the three experimental stations. O3
concentrations were monitored by ozone automatic
analysers, operated on the principle of photometric detection of the speciﬁc absorption of UV light
by ozone. Measurements were performed on a continuous daily basis and the automatic analysers’
response time was 1 min.
3. Results and discussion
3.1 Experimental data analysis
The inﬂuence of temperature on the ozone concentration values was examined, based on correlation
coeﬃcient and on temporal ﬂuctuations, for the
three above-mentioned experimental stations.
Figure 2 shows the linear correlations between
ozone concentration and ambient air temperature
values for the stations 14, 7 and 8, for the 2-year
time period and for the hours 11:00 to 20:00 LST.
Higher ozone concentration values in the urban
environments are mainly caused by solar radiation
and pollutants. Air temperature acts as a proxy
parameter, representing the diurnal variation of
solar radiation. For this reason, only diurnal variation of air temperature and ozone concentration
values was used.
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Table 1. Characteristics of the experimental stations.
Station
number

Station characteristics

1

Placed on a green hill at the centre of Athens (altitude = 107 m). The area is characterised by low building density and absence of traﬃc.

2

Placed in the south-eastern area of Athens near a mountain. The area is less populated
with low traﬃc and medium building density.

3

Placed in the eastern area of Athens centre. The area is densely populated with a lot
of traﬃc.

4

Placed in the south-western area of Athens. The area is less populated with low traﬃc
while its vegetation is nearly negligible.
Placed in the eastern area of Athens near a mountain. The area is highly populated
with a lot of traﬃc.

5
6

Placed in the southern coastal area of Athens, very close to the airport. The area is
characterised by very low traﬃc and by very few buildings.

7

Placed in the centre of Athens. The area is densely populated with heavy traﬃc.

8

Placed in the north-eastern area of Athens between two mountains. The area is characterised by an increased building’s density and by heavy traﬃc.

9

Placed in the southern area of Athens centre in a big avenue. The area is highly
populated with heavy traﬃc.

10

Placed in the southern side of the previous avenue very close to the sea. The area is
characterised by low building’s density and by heavy traﬃc.

11

Placed in the centre of Athens in a pedestrian road. The area is very densely built
and populated.

12

Placed in the centre of Athens. The area is characterised by a lot of traﬃc and by
very dense population.

13

Placed in the centre of Athens. Traﬃc and buildings’ density are very high.

14

Placed in the western area of Athens in a university campus characterised by a moderate vegetation.

15

Placed in the centre of Athens. The area is very densely populated with a lot of traﬃc.

16

Placed in the northern area of Athens. Traﬃc is very low and trees are scattered all
over the area.

17

Placed in the western limits of Athens basin in a foot-ball ground at the edge of a
planted area. The area is characterised by very low traﬃc and buildings’ density.
Placed in the western area of Athens. Traﬃc is heavy while buildings’ density is very
high.
Placed in the city centre inside National Garden of Athens.

18
19
20

Placed in the Ancient Market of Athens. It is an area covered by bare soil and surrounded by trees.

21

Placed in the north-eastern area of Athens in a suburb with increased traﬃc and
average vegetation.

22

Placed in the centre of Athens. The area is characterised by heavy traﬃc and large
green spaces which consist of gardens and trees.

23

Placed very near the centre of Athens in a big avenue. The area is not very densely
built with an average street vegetation but its traﬃc is high.

In the experimental station 14, the ozone concentration values ﬂuctuated between 4 and 297 ppb,
while the 11.6% of ozone values are higher than the
limit of 120 ppb. The high ozone concentration levels can be attributed to the area increased industrial activities which result in the NOx production,
most of which is generated from fossil fuel combustion boilers. The temperature values varied in the
range of 1.5 to 41.9◦ C. The ozone concentration
values correlated quite well with the temperature

ones resulting in a correlation coeﬃcient equal to
0.77.
For the experimental station 7, which is a representative urban station located at the centre of
Athens, the correlation coeﬃcient between ozone
concentration and temperature values was found
equal to 0.59 for the same time period as for station 14. The ozone values ﬂuctuated between 4
and 157 ppb, while only 0.3% of them is higher
than the air quality standard of 120 ppb. The
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Table 2. Characteristics of the three experimental stations,
where temperature and ozone concentration values were
measured.
Station
number

Characteristics

14

It is placed in the central-western area in
a university campus. Moderate vegetation,
light traﬃc, low building density but with
high industrial activities.

7

It is placed in a central area very densely
populated with heavy traﬃc.

8

It is placed in the northeastern area of
Athens. Increased building density and
heavy traﬃc.

majority of high concentrations in this station can
be attributed to traﬃc. The relatively low values of ozone measured in the city center when
compared with those measured in the suburbs
should be noticed. This is mainly explained by the
fact that O3 generated over the sea and advected
over the city enhances the concentrations near
the shoreline and far inland but lightly in the
city center. The relative temperature variation was
between 5.8 and 42.8◦ C.
Finally, in the experimental station 8 the relative correlation coeﬃcient was equal to 0.48, while
the ozone concentration values varied in the range
of 6 to 315 ppb. 18.1% of these values are higher
than the limit of 120 ppb. The high values of ozone
at this station can be attributed to both locally
produced ozone because of the traﬃc and transported ozone or transported O3 precursors (NOx
and HCs ). Sea breeze can play a signiﬁcant role
in pollutants’ motion by bringing air masses from
the sea over the center of the city and by advecting them northward (Gusten et al 1988). The temperature in that case ﬂuctuated between 6.9 and
34.9◦ C.
Furthermore, the temporal variation of both
ozone concentration and temperature values was
examined for the whole experimental period. Figure 3 shows the temporal variation of ozone concentration and temperature values for three randomly
selected continual days of August 1996 (6th, 7th,
and 8th). As it can be seen, the ozone concentration
ﬂuctuation follows the relative temperature variation, especially during the daytime, when the highest values of ozone are observed because of the high
values of solar radiation and of the high concentrations of ozone precursors (NOx and NMHC). As
ozone concentration values are dependent directly
on solar radiation, the ozone concentration values
are much higher during the daytime and as air
temperature is used in the present research as a
proxy parameter, representing the diurnal variation of solar radiation, ozone concentration values

Figure 2. Linear correlations between ozone concentration
values and the ambient air temperature ones for the three
stations.

correlate much better with air temperature during sunlit hours. Analytically, correlation coeﬃcient varied between 0.39 and 0.81 for sunlit hours
and between 0.17 and 0.61 for non-sunlit hours, for
the whole set of measurements.
3.2 The neural network approach
Artiﬁcial neural networks are computing systems
which attempt to simulate the structure and
function of biological neurons (Li et al 1990)
and therefore, are considered capable to model
complex nonlinear processes (Chakraborty et al
1992). Neural networks generally consist of a number of interconnected processing elements or neurons. The way the inter-neuron connections are
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Table 3. Mean monthly values of NO and NO2 concentrations at the experimental station 14 for the years 1996–1997
(μg/m3 ).
Station 14
NO

January
February
March
April
May
June
July
August
September
October
November
December
Mean

Figure 3. Temporal variation of ozone concentration and
temperature values for the three stations and for three randomly selected continual days of August 1996 (6th, 7th, and
8th).

arranged and the nature of the connections determine the structure of a network. The estimation
or prediction problem using neural networks can
be separated into three steps: designing the neural
models architecture, training the network and testing or diagnostic checking.
In the present study, a neural model was
designed separately for each station. The model’s
architecture consisted of one hidden layer of 24–25
so-called tan-sigmoid neurons, followed by an output layer of one linear neuron. Learning was
achieved using the back-propagation algorithm
(Rumelhart et al 1986) to train the network. Mathematically, back-propagation is gradient descent

NO2

1996

1997

1996

1997

31
49
69
51
17
25
27
36
56
31
36
98
44

90
54
48
25

37
48
52
44
36
42
47
39
30
41
43
51
43

63
51
43
30

20
19
12
21
57
42
79
44

56
49
29
45
38
32
58
46

of the mean-squared error as a function of the
weights. Two of the main parameters of the backpropagation algorithm are the learning rate and
the error goal. The learning rate speciﬁes the
size of changes that are made in the weights and
biases at each epoch while the error goal is the
desired sum-squared error. Various learning rates
and error goals are tested during the training
process in order to decrease the sum-squared errors
and diminish the diﬀerence between the network’s
output and the target output. A learning rate of
0.1–0.4 and an error goal of 0.5 were selected, while
the number of epochs varied between 3000 and
5000 in all cases.
The ozone concentration values at each station
have been estimated by the neural network models
using the following four input parameters for each
station:
•
•
•
•

ambient air temperature measurements in ◦ C
measurements of NO concentrations in ppb
measurements of NO2 concentrations in ppb and
time in hours.

Tables 3, 4 and 5 demonstrate mean monthly
values of NO and NO2 concentrations for the
three experimental stations and for the testing
period.
The neural models were primarily trained using
the dataset measurements and furthermore were
tested using a randomly selected set consisting of
15% of the total measurements dataset. Figure 4
shows the comparison between the estimated ozone
concentration values using the neural model and
the measured ones for the selected stations and for
the testing period.
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Table 4. Mean monthly values of NO and NO2 concentrations at the experimental station 7 for the years 1996–1997
(μg/m3 ).
Station 7
NO

January
February
March
April
May
June
July
August
September
October
November
December
Mean

NO2

1996

1997

1996

1997

112
143
109
142
149
122
100
71
137
157
217
213
139

208
191
106
124
119
113
89
64
99
135
167
208
135

65
80
78
113
113
110
112
95
107
93
103
81
95

86
102
83
97
116
117
99
80
86
96
84
86
95

Table 5. Mean monthly values of NO and NO2 concentrations at the experimental station 8 for the years 1996–1997
(μg/m3 ).
Station 8
NO

January
February
March
April
May
June
July
August
September
October
November
December
Mean

NO2

1996

1997

1996

1997

9
17
10
18
25
21
17
16
14
17
38
42
20

37
32
24
27

23
48
23
39
51
17
21
22
27
17
38
33
30

47
29
28
35

12
11
20

24

35
43
35
Figure 4.

(Continued)
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As shown, there is a good agreement between
estimated and measured values, while the correlation coeﬃcients ﬂuctuated between 0.89 and 0.94.
For the training set, in ﬁgure 5 it can be seen in the
temporal variation of the estimated and measured
ozone concentrations for three randomly selected
continual days for the three stations.
Good agreement is observed between the estimated and measured data for the whole training set of measurements. In order to examine
and give a more quantitative information on the

impact of ambient air temperature values on the
ozone concentration ones, neural network models
were designed for the estimation of ozone concentrations of each station, using as input parameter only the air temperature. Table 6 shows
the correlation coeﬃcients between measured and
estimated ozone concentration values for each station and for the following cases: a. all four previously mentioned input parameters were used as
inputs to the model (R1 ) and b. ambient air temperature was used as the only input (R2 ). As
shown, the correlation coeﬃcient reduction ﬂuctuated between 11.2 and 27.7%. Thus, the neural
models, by using the air temperature as the only
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Figure 4. Comparison between the estimated ozone concentration values using the neural model and the measured
ones for the three stations and for the testing period.

Table 6. Correlation coeﬃcients between measured and
estimated ozone concentrations, when all parameters are
used as inputs (R1 ), and when air temperature is used as
the only input parameter (R2 ).
Station
number

R1

R2

Reduction
(%)

14
7
8

0.89
0.90
0.92

0.79
0.65
0.72

11.2
27.7
21.7

input parameter, can provide remarkably accurate
estimations. This can be explained primarily by the
fact that strong sunlight intensity, which is one of
the most important factors aﬀecting and enhancing photochemical ozone formation, is usually characterized by relatively high temperature values.
Moreover, urban environments are mainly characterized by higher temperature values, caused by the
anthropogenic heat released by cars and industrial
activities, which simultaneously enhance the O3
formation. Of course, the estimations are improved
with the addition of the ozone precursors’ concentration values as input parameters. However,
it is clear that ambient air temperature considerably aﬀects the tropospheric ozone formation and
development.

Figure 5. Temporal variation of the estimated and measured ozone concentrations for the three stations and for
three randomly selected continual days of the training
period.

4. Concluding remarks
The impact of temperature on the tropospheric
ozone concentration levels in the urban area
of Athens has been investigated in the present
paper. For this reason, air temperature and ozone

Impact of temperature on urban ozone levels
concentration data from several experimental stations in the greater Athens area were collected and
used for performing linear correlations and temporal variation analysis. Furthermore, the analysis was enriched with a neural network method
for achieving a more quantitative approach of the
inﬂuence of temperature on the ozone concentration values over the greater Athens area. Ambient air temperature and NOx concentration values
were mainly used as input parameters to the neural
network models. The results showed that temperature is a predominant parameter, aﬀecting considerably the ozone concentration values.
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