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ABSTRACT

An attempt is made for a first general study of the relation between high/very high concentrations of
nitrogen dioxide and ozone with the discomfort index (DI) values. The nitrogen dioxide data of
«Patisiony station and ozone data of «Liosia» and «Marousi» station have been analysed. The relation
between air pollution episodes and the corresponding values of DI during the period 1993-1995 have
been examined for the Greater Athens Area (GAA). For the warm period of the year, the frequency of

the DI values for different levels of air pollution in the GAA is also examined.
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INTRODUCTION

Athens, being a city of about 4,000,000 inhab-
itants, faces as most of the other big cities in the
world, air pollution problems. The rapid increase
of population since 1950, caused by the accumula-
tion of industrial and commercial activities around
the city, resulted in high pollution levels during the
last 25 years. Until the mid 80’s the main pollu-
tants in the Greater Athens Area (GAA) were sul-
phur dioxide and smoke. Photochemical pollution
followed the pollution from primary pollutants
and resulted in the Athens photochemical smog. In
recent years, European Union (EU) and World

Health Organisation (WHO) air quality standards
are frequently exceeded in the GAA, especially
concerning O; and NO, (Mantis et al., 1992;
Ziomas et al., 1995a-b, 1998a-c).

Athens is considered as a typical example of
intense photochemical air pollution. In late spring
and late summer the development of land/sea-
breeze circulation, in conjunction with the com-
plex topography and high solar insolation favours
the appearance of extreme photochemical air pol-
lution episodes. Because of the hazardous effect of
high levels of secondary air pollutants to the air
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Figure 1. Map of the Greater Athens Area with elevation contours at 200 m intervals

quality, this is related to the health of Athens basin
inhabitants (Hatzakis et al., 1986; Katsouyanni et
al., 1993).

The city of Athens is located in an area of
complex topography within the Athens basin
(~450 km?2). The city is surrounded by mountains
with heights ranging from 400 to 1500 m at the
west, north and east sides (Fig. 1). Openings
between these mountains exist at the north-east
and at the west of the basin, while at the south
there is the sea (Saronikos Gulf). The Athens
basin has a south-west to north-east major axis

and is bisected by a series of small hills. Most of
the industrial activities emitting sulphur dioxide
contaminants are located to the south-west of the
basin, near the Piracus harbour, consisting of tex-
tile, cement, chemical, fertiliser, paint and paper
factories. Other sources of sulphur dioxide pollu-
tion are the ships in Piraeus harbour, at the south-
west edge of the basin, and the airplanes at the
Athens International Airport (Hellenikon), at the
south-east edge. Moreover, outside the Athens
basin and to the west side of the city lies a big
industrial area, with refineries, steel works,
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cement plants and shipyards, emitting sulphur
dioxide contaminants.

The climate of Athens is Mediterranean with
wet, mild winters and hot, dry summers. The mean
daily temperature is 10°C and 26°C for the winter
and summer period, respectively. The Medi-
terranean climate is characterized by rainfall defi-
ciency during the warm period of the year.
Therefore, from the annual mean rainfall which is
390 mm, most occurs in October and during the
winter months. The average daily sunshine dura-
tion varies between 4.5 hours in January and 12
hours in July. The prevailing winds in the Athens
basin blow from N and NE in late summer, fall and
winter, and from SSW and SW in the spring and
early summer. These NE and SW directions coin-
cide with the major geographical axis of the basin.
The ventilation of the basin is poor during the
prevalence of local circulation systems, such as
sea/land-breezes along the major NE-SW geo-
graphical axis of the basin. The vertical tempera-
ture gradient is measured at the Hellinikon Airport
headquarters of the Greek Meteorological Service
twice a day at 00:00 and 12:00 GMT. Various
researchers determined the characteristics of
inversions and the influence of various meteoro-
logical parameters on air pollution episodes
(Tselepidaki et al., 1983, 1988; Katsoulis et al.,
1988).

In the summer of 1983 a network was estab-
lished by the Ministry of the Environment,
Physical Planning and Public Works (MEPPPW) to
measure, by automatic stations, CO, NO, NO,, SO,
and O; concentrations. The data for the nitrogen
dioxide and ozone concentrations obtained by the
MEPPPW network has been analysed by various
researchers in the past (Lalas et al., 1987; Gusten et

Table 1. Classification of the DI values
(Giles et al., 1990)
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al., 1988; Mantis et al., 1992; Moussiopoulos et al.,
1993; Ziomas et al., 1995b-c, 1998a-b).

Until now according to the scientific literature,
the air pollution problem in Athens has not been
examined by means of appropriate air quality
indices, although such approaches have been
applied elsewhere (Boubel et al., 1994). In the cur-
rent work an attempt is made to study the relation
between high/very high concentrations of nitrogen
dioxide and ozone with the discomfort index (DI)
values.

METHOD

In the present work, the discomfort index (DI)
(Thom, 1959) has been used to account for possi-
ble adverse health effects on the GAA’s inhabi-
tants resulting from unfavourable bioclimatic con-
ditions, during days with air pollution episodes. In
estimating DI in degrees Celsius the following
equation by Giles et al. (1990) has been applied:

DI = T,-0.55(1-0.01RH)(T,-14.5)

where T, is the hourly value of the mean air tem-
perature in degrees Celsius and RH is the corre-
sponding hourly value of the relative humidity as a
percentage. Discomfort increases as DI increases.

The data of hourly values of mean air temper-
ature and relative humidity for the computation of
DI hourly values for the years 1993 to 1995 have
been obtained from the records of the Institute of
Meteorology and Physics of the Atmospheric
Environment (IMPAE) of the National
Observatory of Athens (NOA) (A=23° 43" E,
@=37° 58" N, h=107 m).

RESULTS AND DISCUSSION

Mean daily values of DI in Athens, for the
years 1993 to 1995, are shown in Fig. 2. Moreover,
the same figure shows the corresponding mean

DI (°C) Discomfort conditions

DI<21 No discomfort
21<DI<24 Less than 50% of the total population feels discomfort
24<DI<27 More than 50% of the total population feels discomfort
27<DI<29 Most of the population suffers discomfort
29<DI<32 The discomfort is very strong and dangerous

DI>32 State of medical emergency
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daily concentrations of nitrogen dioxide for
«Patision» station (upper panel) and ozone mean
daily concentrations for «Liosia» (middle panel)
and «Marousi» station (lower panel).

Previous studies (Pissimanis et al., 1991;
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Kallos et al., 1993; Paliatsos et al., 1994; Ziomas
et al., 1995b-c, 1998a) analyzed the meteorologi-
cal conditions associated with high pollutant con-
centrations.

In order to provide a quantitative relation
between the DI mean daily values and the mean

Table 2.  Relation between the DI mean daily values  daily concentrations of nitrogen dioxide and
and the mean daily concentrations of nitro- ozone, a scatter diagram was constructed. Then,
gen dioxide and ozone by using logarithmic  the best fitting mathematical relationship was
fitting models DI = a+blogC, where 12 is investigated and the best results were obtained
the variance with the logarithmic fitting model (DI = a + blogC)

and in Table 2 the results of our analysis are pre-
Model sented.

Station r? a b C In Table 2 the results from examining the rela-

«Patision»  0.10 -4.35124 424317 [NO,]| tion between the DI mean daily values and the

«Liosia» 0.52 -18.25 7.63302  [O4] mean daily concentrations of nitrogen dioxide and

«Marousi» 0.45 -23.1592  8.6872  [O] ozone are presented by means of a logarithmic

relationship, which is the best-fit line. Also in Fig.
3 (upper, middle and lower panels)

o 30 — 60(% each couple of the three data sets

¥ - 8  are plotted. In all figures the solid

2 2 — 408 line represents the logarithmic fit-

fg o B 200._?: ting model. From these results it
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é ) ©  respectively, of the variance of DI
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Figure 2. The time series of mean daily DI values (solid line) and
the corresponding mean daily concentrations (dashed line)
of nitrogen dioxide for «Patision» station (upper panel)
and ozone for «Liosia» (middle panel) and «Marousi»

(lower panel) station, for the period 1993-1995

systems, such as sea/land breezes
along the axis of the basin (NE to
SW), which have a large impact on
the dispersive state of the boundary
layer. In such a case the ventilation
of the basin is very poor. Ziomas et
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Figure 3. Mean daily values of DI Q‘ 30 —
(degrees Celsius) versus the = B
corresponding mean daily % 20 — ,,/--—//
concentrations of nitrogen % 7 // e
dioxide for «Patision» station € 10+
(upper panel) and ozone for g 7
«Liosia» (middle panel) and Q o ' I ' | ' |
«Marousi» (lower panel) sta- 0 200 400 60C
tion, for the period 1993- Nitrogen dioxide (ugr/ms)
1995. The solid line repre- ~ 30 —
sents the logarithmic fitting %z/ . //,/
model g 20 — /
< 7 T
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Figure 4. Mean diurnal variation of DI
during the warm period of
the year (a) for the days with
high level of air pollutants
concentrations (heavy solid
line) and (b) for all other
days with medium or low
level of air pollutants con-

Discomfort Index (°C)

centrations (solid line), for
the period 1993-1995

al. (1995¢) have found that high ozone concentra-
tions are observed when the wind is coming from
the south-west, which is the prevailing wind direc-
tion under sea breeze condition, and high levels of
solar radiation are observed. The south-west wind is
in favour of a high-humidity percentage, and the

L L N B
4 6 8 10 12 14 16 18 20 22 24
Hours (LST)

intense insolation is associated with high tempera-
tures. These meteorological conditions are related
to high levels of discomfort index values.

In GAA, most of the photochemical air pollu-
tion episodes occurred during the warm period
(Ziomas et al., 1995a), especially from April to
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September. During this period, the discomfort
feeling of GAA’s inhabitants was examined for all
days for which either the maximum hourly con-
centration of nitrogen dioxide was greater than
350 pgr/m3, or the maximum hourly concentration
of ozone was greater than 250 pgr/m3, for the
years 1993 to 1995. The mean diurnal variation of
DI, for all these days (79 days), is shown in Fig. 4.
The same figure shows the mean diurnal variation
of DI for the other 470 days of the warm period
examined.

From Fig. 4 no discomfort appears during the
warm period, for all days that the observed levels
of air pollution within the GAA were low or mod-
erate, until 09:00 LST. From 09:00 to 19:00 LST,
less than 50% of the total population feels discom-
fort, while for the rest of the day (19:00-24:00) no
discomfort appears.

For the days that observed levels of air pollu-
tion were high or very high, from 00:00 to 10:00
LST, less than 50% of the total population feels
discomfort, while from 10:00 to 19:00 LST, more
than 50% of the total population feels discomfort.
For the rest of the day (19:00-24:00), less than
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