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SUMMARY 

The critical level of air pollutants in the atmosphere is 
the concentration above which adverse effects occur on sen-
sitive receptors, such as plants and ecosystems. Ozone is the 
most important air pollutant in Europe affecting vegetation 
and forest ecosystems and its increase in the last decades 
is significant. The current European critical levels of ozone 
for the protection of crops, natural and semi-natural vegeta-
tion and forest trees are based on exposure-response rela-
tionships using the AOT40 exposure index. 

The results described in this work are derived from 
an analysis, concerning the six-year period 1996-2001, of 
hourly surface ozone concentrations measured at the rural 
station of Aliartos about 90 km NW of Athens. This sta-
tion is the only EMEP-Project station in Greece and South 
Balkan Peninsula. The analysis showed a strong seasonal 
variation. Some differences between the warm and cold 
period mean diurnal patterns were also noticed. 

This research reports the information on the relation 
between AOT40 exposure index levels and reductions in 
agricultural and horticultural crop production, at the rural 
area of Aliartos for a six-year period started in 1996. 

 
 
 

KEYWORDS: Ambient air pollution, Surface ozone, AOT40 ex-
posure index, Aliartos-Greece. 

 
 
 
INTRODUCTION 

The importance of ozone effects on human health, ani-
mal population, plant growth, and its significant role in the 
energy budget of the troposphere have been reported in 
the literature [1-3]. Increased tropospheric (background) 
ozone concentrations are currently a matter of concern since  

 

they have more than doubled during the last decades [4-
7]. The high background ozone values observed in Medi- 
terranean regions may be attributed to the high levels of 
solar UV in combination with locally emitted anthropo-
genic ozone precursors. Since weather conditions (sunshine, 
high temperatures and low winds) significantly affect ozone 
formation, high concentrations occur mainly during the 
summer, in urban, suburban and rural areas. A number of 
works [8-16] on tropospheric ozone regarding eastern Medi-
terranean regions, underline the problem. 

Ozone is an omnipresent air pollutant that is respon-
sible for foliar injury, reductions in crop yield and seed 
production, and growth impotence of forest trees [17-25].  

Ozone potential to damage vegetation has been known 
for over 30 years, but it is only over the last fifteen years 
that its impacts have become of great concern in Europe. 
Furthermore, because ozone is a pollutant with a regional 
distribution, has the ability to infect large areas of rural 
Europe [26]. Until now, the dose-exposure indices [27-32] 
best related to plant response are of accumulative exposure 
type. Ozone impact on crops, vegetation and forests can be 
assessed by introducing an ozone concentration threshold 
value above which plants seem to be sensitive, the Accu-
mulated Ozone Threshold (AOT) index which seems suit-
able to relate daylight exposure to plant response, at least 
for crops like wheat [22]. In this study the relation be-
tween AOT40 index levels and reductions in agricultural 
and horticultural crop production at the rural area of Aliar-
tos are analysed for the six-year period 1996-2001. 

 
 
MATERIAL AND METHODS 

In the current work an attempt is made to give a statis-
tical evaluation of surface ozone based on the data recorded 
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at the rural station of Aliartos for a six-year period starting 
in 1996. The measuring site Aliartos is located about 90 km 
northwest of Athens and about 30 km to the northwest of 
Thiva at 380 23’ northern latitude and 230 06’ eastern longi-
tude. This station is located at an altitude of 110 m in the 
Copais plain. A detailed description of the Copais plain is 
found in various publications [e.g. 10]. The air pollution 
monitoring station has been operating since 1996 by the 
Ministry of the Environment, Physical Planning and Public 
Works (MEPPPW) monitoring background pollution (Co-
operative Programme for Monitoring and Evaluation of 
Long-Range Transboundary Air Pollutants in Europe - 
EMEP project). This is the station, from the EMEP network, 
with the longest record of surface ozone measurements in 
Greece. 

The climate of Aliartos is Mediterranean with wet, 
mild winters and hot, dry summers. The mean daily tem-
perature is 8 ºC and 26.3 ºC for the winter and summer 
period, respectively. The Mediterranean climate is charac-
terized by rainfall deficiency during the warm period of the 
year. Therefore, from the annual mean rainfall of 583 mm, 
most of it occurs in the winter months. The sunshine dura-
tion per month varies between 112.8 hours in January and 
352.7 hours in July. In the Copais plain, the prevailing 
winds blow from the NW almost throughout the whole year 
period. 

 
 
DATA ANALYSIS AND DISCUSSION 

Figure 1 shows the seasonal variation of surface ozone 
concentrations at the rural station of Aliartos, for the exam-
ined 6-year period (1996-2001). The seasonal variation of  

ozone concentrations is characterized by a maximum dur-
ing the warm period (May to September) and a minimum 
during the cold period of the year (October to April). 
The minimum value observed in November and the maxi-
mum value in July with a ratio 1:2.4. As a consequence, 
the AOT40 index (ppb*hours) expresses the accumulated 
excess of hourly ozone concentrations above 40 ppb over 
a given period using only the 1 hour values measured be-
tween 08:00 and 20:00, Central European Time each day 
[33]. The UN Economic Council for Europe (UN-ECE) has 
recommended a critical load of 3000 ppb*hours in the three-
month period (May-July) for crops, and 10000 ppb*hours 
in the six-month period (April-September) for forests [34]. 
In the presence of intense solar insolation, photochemical 
production of ozone becomes the dominant process dur-
ing the warm period of the year [35]. Similar patterns of 
seasonal variation have also been observed in other rural 
sites in Europe [8, 10, 15, 35-37]. 

 
The strong dependence upon the total solar UV ir-

radiance reaching the earth of the photochemical surface 
ozone production is more clearly seen in the mean diurnal 
variation of surface ozone concentrations. Figure 2 presents 
the plot of surface ozone concentrations ([O3]) against sun-
shine duration (SSD), both expressed as mean monthly 
values over the examined period, as well as the best line of 
fit given by the Eq. (1): 

[O3] = 5.7589 + 0.0394 * SSD (1) 

where R2 = 0.795 (or 79.5%), SSD and [O3] are ex-
pressed in hours and ppb, respectively, and the multiplier 
has dimensions of ppb*hours-1. The SSD values used in 
Eq. (1) come from the Hellenic Meteorological Service. 
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FIGURE 1 - Mean (± SD) monthly concentrations of surface ozone con- 
centrations at the measuring site of Aliartos, from 1996 through 2001. 
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FIGURE 2 - Scatter diagram of mean monthly values of [O3] against SSD at the measuring site of  
Aliartos (1996-2001). The solid line is the best-fit curve expressed by the equation [O3] = 5.7589 + 0.0394 * SSD. 

 
 
 
The ozone concentrations in the troposphere follow a 

characteristic diurnal course with high concentrations in 
the early afternoon hours (when radiation and temperature 
favour ozone formation) and low concentrations during the 
late night hours until early in the morning (when only ozone 
distraction takes place). Using data for the period 1996-
2001, the mean diurnal variation of surface ozone concen-
trations, separately during January, April, July and October, 
at the measuring site of Aliartos, is shown in Figure 3. 
These months were chosen throughout this paper to contrast 
the surface ozone concentrations patterns from the climatic 
point of view. 

 
As it appears from Figure 3 the diurnal variation of 

surface ozone concentrations has a single peak structure. 

This peak is observed between 13:00 - 16:00 LST in Janu-
ary, 11:00-19:00 in April, 10:00 - 20:00 in July, and 12:00 - 
17:00 in October. The amplitude of the diurnal variation 
ranges from 16 to 44.3 ppb, for January and July respec-
tively. The high amplitude of surface ozone diurnal varia-
tion, in July, is probably due to the high photochemical 
ozone production caused by the high solar insolation during 
the daytime period. It should be mentioned at this point that 
the diurnal variation pattern of surface ozone is consistent 
with the known built-up of ozone in the morning hours, 
which is caused partly by mixing down of the ozone-rich 
air from above and later on by photochemical production 
[38]. During the evening and night hours surface ozone is 
substantially decreased by chemical destruction and dry 
deposition [8, 39-40]. This result emphasizes the strong 
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FIGURE 3 - Mean diurnal variation of surface ozone concentrations, for the period 1996-2001,  

at the measuring site of Aliartos for January (JAN), April (APR), July (JUL) and October (OCT). 
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dependence upon the total UV-solar irradiance reaching 
the earth of the photochemical surface ozone production. 
Similar patterns of seasonal variation have also been ob-
served in other rural sites in Europe [8, 15, 41]. 

The diurnal ozone concentration pattern in rural areas 
is typically different from that in urban areas. While the 
maximum concentration is often lower than in the urban 
and near-urban areas, the peak area is broader. That is, 
rather than a relatively brief, high spike in concentrations, 
concentrations in rural areas are elevated over much of the 
date (and even night), but elevated to lower maxima than in 
urban areas. This diurnal pattern observed in rural areas is 
due to the fact that, precursor pollutants and ozone itself 
continue being replenished by air masses moving in, such 
that the temporal pattern of emission in cities gets blurred 
be long distance transport, more over pollutants that react 
with ozone (e.g. NO) are in lower concentrations in rural 
areas, such that ozone can persist longer in rural areas than 
in cities. The result is that, in rural areas, daily average ozone 
concentrations can actually be higher than in urban or semi-
urban areas. 

As for the analysis of violations, it is evident that the 
extremely hot and sunny weather (where high temperatures 
show up early in the spring and last through the autumn) 
provided conductive ozone conditions resulting in exten-
sive episodes of high ozone concentrations. 

The ambient air pollution 24-hour limit value for dam-
ages to vegetation, set by the European Union, which is 
also a WHO guideline, is 33 ppb [42-43]. At the measur-
ing site of Aliartos, the daily averages of surface ozone 
concentration ranged between 2 and 62 ppb for 1996 to 
2001 (Figure 4a). The daily averages exceeded the 24-
hour limit by 185, 102, 136, 132, 34 and 23 days for 1996 
to 2001, respectively. During the warm period (April - Sep-
tember), the daily averages exceeded the 24-hour limit by 
152, 83, 123, 103, 31 and 23 for 1996 to 2001, respectively. 
This means that the levels of surface ozone concentration in 
the rural area of Aliartos remain, for the most part of the 
examined period, above the EU limit values [16]. 
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FIGURE 4 - Histograms showing the surface ozone concentration 
occurrences of, (a) daily averages, and (b) daily 1-hour maximum  
values at the Aliartos site, for the period 1996-2001. 

 
The data analysis carried out shows that the daily 1-

hour maximum values of surface ozone concentration were 
ranged between 3 and 89.8 ppb for 1996 to 2001 (Figure 4b). 
The 1-hour limit of 100 ppb for the protection of vegeta-
tion was not exceeded during the whole experimental pe-
riod. The highest 1-hour ozone concentration, 89.8 ppb 
found, was for April 1998. Moreover the conducted analy-
sis showed that the AOT40 index (ppb*hours) from May to 
July ranged between 3100 and 16307 ppb*hours for 1996 
to 2001, while for April to September ranged between 6151 
and 27721 ppb*hours for the same period, indicating that 
the ozone levels were highly phytotoxic. A previous study 
[32] analysed the surface ozone levels in the greater re-
gion of Messogia – Attica also found very high AOT40s 
values. 
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FIGURE 5 - Production rate of cotton (kg per 1000 m2) vs AOT40 (ppb*hour),  
during May-July (a), and April-September (b), at Aliartos for 1996 to 2001. 
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In order to provide quantitative relations between the 
production rate of cotton and the exposure index AOT40, 
scatter diagrams were constructed (Figure 5). Figure 5 pre-
sents the plot of cotton production rate (CPR) against 
AOT40, both expressed as annual values over the examined 
period, as well as the best line of fit given by the Eq. (2) 
during May-July and (3) during April-September: 

CPR = 340.410 - 0.0041 * AOT40,     r2 = 0.655 (2) 

CPR = 337.602 - 0.0023 * AOT40,     r2 = 0.732 (3) 

Where, CPR and AOT40 are expressed in kg per 
1000 m2 and ppb*hour, respectively, and the multipliers 
have dimensions of (kg per 1000 m2)*(ppb*hours)-1. From 
these results it appears that, for May-July, by using the 
linear model, only 65.5% of the variance (r2 = 0.655) of 
annual values of cotton production rate can be explained 
by the variations of AOT40 values. On the contrary, for 
April-September, using the linear model, 73.2% of the vari-
ance (r2 = 0.732) of annual values of cotton production rate 
can be associated with the variations of AOT40 values. 

 
TABLE 1 - Relation between the annual values of agricultural crop 
species production rate and the AOT40 index values for 3-month 
(May-July) per growing season by using linear fitting models PR = 
a+bAOT40, where r2 is the variance. 

Agricultural 
crop 

r2 a b 

Wheat 0.090 298.008 0.00049 
Clover 0.688 1475.65 -0.01672 
Watermelon 0.046 3873.61 0.00817 
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FIGURE 6 - Production rate of wheat (kg per 1000 m2) vs AOT40 
(ppb*hour), during May-July (a), and production rate of wheat (kg 
per 1000 m2) vs precipitation (mm) during the 3-month period 
February-April (b), at Aliartos for 1996 to 2001. 

In Table 1, the results from an analysis of visible sur-
face ozone effect upon agricultural crops are presented by 
means of a linear model, in order to provide quantitative 
correlations between the production rate (PR) of agricul-
tural crops and the exposure index AOT40. 

The dependence of wheat and watermelon production 
rates on the AOT40 index 3-month period (May-July) is 
not so strong where only 9% and 4.6% respectively of their 
production rate depends on respective AOT40 values. How-
ever, surface ozone effects on the yield of wheat plants 
grown under Mediterranean climatic conditions (without 
irrigation) are undoubtedly lower than expected [22]. Inter-
estingly, the analysis of wheat and clover production rate 
data and precipitation values during their growing period 
(February-April) lead to stronger dependences where 21.1% 
of wheat and 49.9% of clover production rate can be associ-
ated to the precipitation values during their growing period. 

From Table 1 it appears that, for May-July, using the 
linear model, only 4.6% (r2 = 0.046) of variance of water-
melon production rate could be attributed to the variation 
of the respective 3-month period AOT40 values. It is note-
worthy to point out that ozone-induced losses on horticul-
tural crops can be greater than expected, as surface ozone 
effects might be more apparent in early harvests when crop 
value is the greatest [44]. 

According to information presented in the scientific 
literature [2, 14, 25, 44] there is plenty of evidence that 
ambient surface ozone concentration in the Mediterranean 
region induce yield losses in the range 17-39% in crops 
such as wheat, beans, watermelon and tomato. 

 
 
CONCLUSIONS 

The hourly surface ozone concentrations measured at 
the rural station of Aliartos, continuously monitored for the 
1996-2001 parcels, were examined in order to study both 
the seasonal and the diurnal variation. From this analysis the 
following conclusions can be drawn: 

(i) The seasonal variation of surface ozone concentra-
tions presents a minimum during the cold period of the year 
and a maximum during the warm period. 

(ii) The mean diurnal variation of surface ozone con-
centrations at this rural measuring site has a single peak 
structure. This peak is observed between 13:00-16:00 LST 
in January, 11:00-19:00 in April, 10:00 - 20:00 in July, and 
12:00-18:00 in October. The amplitude of the diurnal varia-
tion ranges from 13 to 30 ppb, for January and July respec-
tively. 

(iii) The morning peak during January is very small 
because of the weak UV-irradiance and the resulting pho-
tochemical production during the cold period of the year. 
On the contrary, the morning ozone peak for July is proba-
bly due to the local high photochemical ozone production 
during the daytime period in combination with the influ-
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ence of air masses rich in ozone that arrive at Aliartos trans-
ported from various distances. 

(iv) The analysis shows that ambient ozone concen-
tration levels remain high in this Mediterranean rural meas-
uring site and the ozone threshold (33 ppb as a 24-hour 
average) of European Union directive for damages to vege-
tation, is exceeded systematically for at least 6 months of 
the year (April - September), during the examined period. 

(v) There is plenty of evidence that the AOT40 index 
values adversely affect crops such as horticultural crops 
that are normally irrigated. Under irrigated conditions, the 
variations of AOT40 index values can be linked with the 
variance of production rates at percentages such as 65.5% 
of cotton, 27.9% of tomato, and 4.6% of watermelon. How-
ever, AOT40 index effects on the yield of wheat and clover 
plants grown in the studied area, under Mediterranean con-
ditions (without irrigation) are lower than those due to higher 
precipitation during the growing period (February-April). 
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