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ABSTRACT 
The analysis of the PM10 particle measurements at the two major urban areas of Greece, 
Athens and Thessaloniki, showed that the mean monthly PM10 concentrations at the central 
urban stations, are on the average about twice as high than the corresponding ones at the 
examined peripheral stations. The distribution of the daily PM10 values shows significant 
violations of the EU air quality standards, especially in the central urban stations. At the 
peripheral stations comparable distributions of PM10 concentration values are found. The 
highest PM10 hourly values are recorded at the central urban stations during the cold 
semester of the year and during the morning hours. The scatter-plot diagrams of the central 
urban daily PM10 mean values versus the peripheral stations show important influence of the 
regional aerosol episodes on the measured PM10 concentrations in the urban areas of Athens 
and Thessaloniki, which is stronger in Athens and during the warm semester of the year. The 
PM10 diurnal variation pattern are quite similar with the corresponding variations observed for 
primary urban pollutants, like the morning and the evening peaks, but also at the peripheral 
stations exhibit a broad mid-day peak indicating elevated rural background PM10 levels. 
Additional daily measurements at the rural station of Aliartos in Central Greece give PM10 
average values around 30 µg m-3, comparable to the corresponding average PM10 values of 
the peripheral stations in Athens and Thessaloniki. Such high rural background PM10 daily 
mean values could lead to average annual values higher than the corresponding EU PM10 
standard (40 µg m-3) and should be taken into account in the formulation of the local pollution 
abatement strategies as they represent about the half of the average PM10 levels measured at 
the central urban stations of both examined urban areas.  

KEYWORDS: Air pollution, Urban PM10 concentrations, PM10 rural background, Athens, 
Thessaloniki, Aliartos, Greece. 
 
1. INTRODUCTION 
Atmospheric aerosols can be either primary (directly emitted into the atmosphere) or 
secondary (formed in the atmosphere from the transformation of other atmospheric 
constituents acting as precursors). The sources of atmospheric particles can be either 
anthropogenic or natural (Finlayson-Pitts and Pitts, 2000; Warneck, 2000; Buseck and 
Schwartz, 2006). The ambient atmospheric particles may have a negative impact on human 
health and the first indications on that have been reported in the early 1950s (Lippman, 1989). 
Over the last two decades many epidemiological studies conducted in many countries around 
the world observed associations between ambient particle concentrations (especially PM10 
and PM2.5) and human health risks (e.g. Dockery et al., 1992; Katsouyanni et al., 1997). The 
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European Union set in 1999 air quality standards for PM10 particles. The annual average 
value should not exceed 40 µg m-3 and the 50 µg m-3 daily average value must not be 
exceeded more than 35 times during the year (EC, 1999; Schwela et al., 2002).    
The Athens and Thessaloniki urban areas in Greece are facing air pollution problems during 
the last decades  (Viras and Siskos, 1992; Mantis et al., 1992; Kassomenos et al., 1995; 
Ziomas, 1998; Kalabokas et al., 1999; Kelessis et al., 2002; Kourtidis et al., 2002). In recent 
years, the most serious air pollution problems in both urban areas are related to surface 
ozone but also to the PM10 particles air concentrations as violations of the EU standards of 
atmospheric PM10 particles are quite frequently recorded immediately after the start of their 
measurement; 1989 for Thessaloniki and 2001 for Athens (MinEnv report, 2002; Kelessis et 
al., 2002; Chaloulakou et al., 2003; Chaloulakou et al., 2005; Kelessis et al., 2006). The PM10 
levels measured at both urban areas are among the highest recorded in Europe (EEA report, 
2006). The meteorological conditions prevailing in coastal urban areas with intense primary 
pollutant emissions such as the examined cities might deteriorate the air quality and lead to 
serious air pollution episodes (Helmis et al., 1997; Kassomenos et al., 1998; Flocas et al., 
2009)     
In this work the measurements of suspended PM10 particles in two monitoring stations in 
Athens and two monitoring stations in Thessaloniki with different site characteristics (central 
urban and peripheral) are examined, during the 4-year period 2001-2004. The regional PM10 
background levels in the area will be also examined, based on the data analysis of the 
peripheral stations at both cities and also on the PM10 measurements carried out at the rural 
station of Aliartos in Central Greece.  
 
2. EXPERIMENTAL 
The central urban monitoring stations, located close to intense urban emissions are 
Aristotelous in Athens and Agia Sophia in Thessaloniki. The peripheral stations, located at the 
edges of the respective urban areas are Thrakomakedones in Athens and Panorama in 
Thessaloniki. In Athens, Aristotelous station (23° 43΄ 40΄΄ N, 37° 59΄ 18΄΄ E) is located at the 
city center (95 m altitude) while the Thrakomakedones peripheral station (23° 45΄ 29΄΄ N, 38° 
08΄ 37΄΄ E) is located 12 km to the N of the city center at 550m altitude. In Thessaloniki, the 
Agia Sophia station (22° 56΄ 34΄΄ N, 40° 37΄ 38΄΄E) is located at the center of the city (20 m 
altitude) while the Panorama station (23° 01΄ 54΄΄ N, 40° 35΄ 20΄΄ E) is located 7 km SE from 
the city center at 330m altitude. All these stations are part of the National Air Pollution 
Monitoring Network (NAPMN). The particulate monitors performing real time measurements 
of the ambient dust concentration utilize the radiometric principle of beta attenuation by a 2-
beam compensation method (Andersen FH62-IR, β-attenuation). The meteorological 
measurements in Athens have been collected at the Patission station (prevailing wind 
directions: N 15.82%, NNE 15.57%, SSW 10.95%, average wind speed: 2.8 m s-1) and in 
Thessaloniki at the Panorama station (prevailing wind directions: NNW 11.02%, NE 10.39%, 
SE 10.36%, average wind speed: 1.4 m s-1).   
  
3. RESULTS AND DISCUSSION 
3.1 Seasonal variation of PM10 monthly mean values 
The seasonal variation of the mean monthly concentrations at the two examined monitoring 
stations of the urban area of Athens for the 4-year period 2001-2004 are presented in Figure 
1. The mean monthly concentrations at the central urban station of Athens, are clearly higher 
(mean monthly values ranging between 45 and 65 µg m-3) than the corresponding ones at the 
peripheral station. At the central urban station the minimum is observed in June and the 
maximum in November while at the peripheral station the highest values are observed during 
the spring and summer season (March to August). The minimum monthly value recorded at 
the peripheral station (Thrakomakedones) during spring and summer is 32 µg m-3 (in June). 
In Figure 2 the mean monthly concentrations at the two examined monitoring stations of the 
urban area of Thessaloniki for the 4-year period 2001-2004 are presented. The average PM10 
monthly mean values at the central urban station range between 50 and 85 µg m-3 throughout 
the year. The minimum is observed in July and the maximum in November. In the peripheral 
station of Thessaloniki the highest values are observed also in April-May, at 35-40 µg m-3   
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and the mean monthly summer values are comparable with the corresponding in Athens in 
the 30-35 µg m-3 range. The winter values though are lower in the peripheral Athens station.   
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Figure 1. Mean monthly PM10 atmospheric concentrations in Athens, at a central urban station 

(Aristotelous, grey) and at a peripheral station (Thrakomakedones, white), for the 4-year 
period 2001-2004. Vertical bars indicate the standard deviations 
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Figure 2. Mean monthly PM10 atmospheric concentrations in Thessaloniki, at a central urban 
station (Ag. Sophia, grey) and at a peripheral station (Panorama, white), for the 4-year period 

2001-2004. Vertical bars indicate the standard deviations 
 
As observed in both Figures 1 and 2 the seasonal variation of the urban stations is quite 
different than the corresponding seasonal variation pattern of the peripheral stations. At the 
central urban stations the average PM10 monthly mean values during the winter months 
(NDJF) are higher than during the summer months (MJJA), which is not observed for the 
peripheral stations. The observed difference between the urban and peripheral stations in 
spring and summer is about 15-20 µg m-3, while the corresponding difference for the autumn 
and winter months is about 25-40 µg m-3. It should be noticed that the variation pattern of the 
PM10 differences between urban and peripheral stations (low summer and high winter 
differences) is similar with the seasonal variation pattern of the concentrations of primary 
pollutants (SO2, NOx, CO) in the urban area of Athens (Kalabokas et al., 1999). The above 
observation suggests that the examination of the differences between urban and peripheral 
stations, could serve as a first approach in estimating the PM10 contribution originating only 
from local urban activities.  
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It comes out from Figures 1-2 that at the central urban stations of both examined cities, the 
annual mean EU standard (40 µg m-3) is exceeded but also the measurements of the 
peripheral stations, which are significantly less influenced by the urban pollution sources than 
the central urban stations, approach this level especially during the warm period of the year. 
In the following paragraphs the daily and hourly values will be analyzed in order to determine 
the origin of the PM10 particles with more focus on the peripheral stations.  
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(c) 

Figure 3. Distribution of PM10 atmospheric concentrations in the urban stations of Athens 
(Aristotelous, left) and Thessaloniki (Ag. Sophia, right), for the 4-year period 2001-2004 

(a) All values, b) Cold semester, c) Warm semester) 
 
3.2 Distribution of PM10 daily mean values 
In Figures 3 and 4 the distribution of the daily mean PM10 atmospheric concentrations in the 
urban stations of Athens and Thessaloniki are presented for the whole year (Figures 3a, 4a), 
the cold semester (Figures 3b, 4b) and the warm semester of the year (Figures 3c, 4c). The 
distribution of the urban PM10 daily mean values show important differences between the 
Athens and the Thessaloniki stations especially for the cold semester of the year, when the 
percentage of daily mean concentrations exceeding 100 µg m-3 is significantly higher for 
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Thessaloniki (Figure 3b). Concerning the warm semester of the year (Figures 3c, 4c), Athens 
shows higher percentage distribution values in the 30-50 µg m-3 range while Thessaloniki 
shows higher contributions in the 50-90 µg m-3 range, which might imply different atmospheric 
processes controlling the PM10 air concentrations between the warm and the cold seasons. 
Daily averages higher than 90 µg m-3 are observed mainly during the cold semester of the 
year at the urban stations of both cities. 
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(c) 

Figure 4. Distribution of PM10 atmospheric concentrations in the peripheral stations of Athens 
(Thrakomakedones, left) and Thessaloniki (Panorama, right), for the 4-year period 2001-

2004. (a) All values, b) Cold semester, c) Warm semester) 
 

Regarding the EU daily mean standard (50 µg m-3 daily mean not to be exceeded more that 
35 times in a year), it is massively exceeded at the central urban stations of both examined 
cities as the majority of the examined values are higher that the standard value (Urban 
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Athens: 54 %, Urban Thessaloniki: 69 %). It is also remarkable (Figure 4) that the 50 µg m-3 
daily mean value is frequently exceeded at the peripheral stations of both examined urban 
areas (Peripheral Athens: 12.4 %, Peripheral Thessaloniki: 13.3 %). In addition, the PM10 
distribution curves at both peripheral stations are quite similar (Figure 4), indicating that 
comparable PM10 particle levels exist at the periphery of both examined urban areas, 
separated by a distance of about 500km, indicating comparable rural background PM10 levels. 
Another interesting feature in the distribution of the peripheral PM10 values in both cities is 
that while the most frequent concentrations during the cold semester of the year are in the 10-
30 µg m-3 range (Figure 4b), they shift to the 20-50 µg m-3 range during the warm semester, 
indicating a change in the nature of particles between the two periods.  
 
3.3 Diurnal variation of PM10 hourly mean values 
In Figure 5 the diurnal variation of PM10 concentrations in the Athens urban area during the 
cold and the warm semester of the year are presented. The PM10 concentrations curves of 
the Athens peripheral stations of Thrakomakedones show a totally different behavior than the 
corresponding curves of the urban station of Aristotelous. The peripheral station shows a 
broad PM10 concentration maximum in the middle of the day (11:00 – 15:00) while the urban 
station shows a sharp peak in the morning (7:00 – 9:00) coinciding with the morning traffic 
peak and a wider peak at night (21:00 – 02:00) when the nocturnal vertical stability conditions 
prevail. Another difference is that at the peripheral station the concentrations during the warm 
semester of the year are slightly higher than during the cold semester while in the urban 
station the opposite is observed especially during the morning and the evening peaks, which 
probably indicates the different nature of the measured PM10 particles during the cold and the 
warm seasons at the two examined sites with different pollution characteristics (urban – 
peripheral). The summer increase at the peripheral stations might be attributed to the 
increase of the regional background PM10 levels, while at the central urban stations the 
summer decrease could be due to the corresponding decrease of the primary urban 
emissions. A similar pattern is observed in general in the diurnal PM10 variations of the warm 
and the cold semester of the year for the two examined Thessaloniki stations (Figure 6). At 
the urban station of Thessaloniki the concentrations during the cold semester are clearly 
higher than during the warm semester showing differences of about 15 µg m-3 in the 
afternoon and the evening hours. The corresponding difference in Athens is 5–10 µg m-3 and 
it is observed only during the morning and the late evening hours. At the peripheral station of 
Thessaloniki (Figure 6) the average diurnal PM10 concentrations during the warm semester 
shows in general slightly higher values than during the cold semester except for the afternoon 
hours (14:00 – 19:00). The diurnal variation patterns of the examined peripheral stations at 
both cities are quite comparable and their observed average diurnal concentration levels 
show broad midday peaks at the 40 - 45 µg m-3 level. 
From the above analysis of PM10 atmospheric measurements, it seems that PM10 particles 
show characteristics of primary but also of secondary atmospheric pollutants. At first, the 
levels at the peripheral stations are lower than the corresponding ones at the urban stations, 
which is a primary pollutant characteristic, same as NOx or SO2 (Kalabokas et al., 1999). On 
the other hand the PM10 average value of the peripheral stations during the warm period of 
the year is higher (even slightly) than the corresponding average for the cold period and a 
broad maximum during the day is observed, which are characteristics observed forsecondary 
air pollutants like ozone (Kalabokas et al., 2000; Kalabokas et al., 2004). It is important 
though to mention that this slight summer increase at the peripheral stations occurs despite 
the corresponding decrease at the urban stations. The relatively higher concentrations during 
summer could be attributed to local secondary particle formation but also to the increased 
particle levels on regional scale associated with long-range transport. The variation 
characteristics of the PM10 seasonal average concentration levels together with the principle 
gaseous air pollutants (SO2, NOx, ozone) have been examined in detail for Athens in a 
previous study (Kalabokas et al., 2006) and are in agreement with the above remarks arising 
from the analysis of the PM10 diurnal profiles. The high PM10 levels at the peripheral stations 
while low primary pollutant concentrations are observed at the same time (Kalabokas et al., 
2006) are strong indications that in the atmosphere of the urban areas of Athens and 
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Thessaloniki there is a substantial amount of particles not originating directly from local urban 
activities. As reported in the literature there are some categories of PM10 particles either of 
natural or of anthropogenic origin (mainly in a secondary form), which can be transported over 
large distances and which could deteriorate the air quality even of large urban centers (Noone 
et al., 2003). 
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Figure 5. Diurnal variation of PM10 concentrations in Athens, at the central urban station of 

Aristotelous (bold solid line: cold semester, bold dashed line: warm semester) and the 
peripheral station of Thrakomakedones (solid line: cold semester, dashed line: warm 

semester), averaged over the 4-year period 2001-2004 
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Figure 6. Diurnal variation of PM10 concentrations in Thessaloniki, at the central urban station 

of Ag. Sophia (bold solid line: cold semester, bold dashed line: warm semester) and the 
peripheral station of Panorama (solid line: cold semester, dashed line: warm semester), 

averaged over the 4-year period 2001-2004 
 
3.4 Scatter plots of urban versus peripheral PM10 daily mean values 
In order to check to what extend any increased regional background aerosol levels might 
influence significantly the recorded PM10 levels at the urban and the peripheral stations of 
both examined cities, the regression lines between the urban and the peripheral stations at 
each examined city are presented in Figures 7 and 8. The monitoring stations at Thessaloniki 
show higher correlations especially for the warm semester of the year (R2=0.75; Figure 8c). 
The higher correlations for the Thessaloniki stations could be explained by the fact that it is a 
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smaller urban area compared to Athens. It is clear though that a large part of the variability of 
PM10 concentrations is controlled by the rural background levels as well as the occasional 
dust pollution episodes occurring at a regional scale and associated with long-range transport 
of soil dust especially from the Sahara desert (Papayannis et al., 2005; Borge, 2007; 
Mitsakou et al., 2008; Grivas et al., 2008).  
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Figure 7. Scatter plot of PM10 daily values of the Athens monitoring stations: Aristotelous 
(Central Urban) versus Thrakomakedones (Peripheral). (a) All values, b) Cold semester, c) 

Warm semester) 
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Figure 8. Scatter plot of PM10 daily values of the Thessaloniki monitoring stations:  
Agia Sophia (Central Urban) versus Panorama (Peripheral).  

(a) All values, b) Cold semester, c) Warm semester) 
 

The influence of the regional particulate pollution episodes and the rural background levels on 
the measured PM10 concentrations in the Athens and Thessaloniki urban areas seems to be 
stronger during the warm semester of the year as the corresponding slopes in the regression 
equations at both cities are close to 1 and the correlation coefficient (R) attains its highest 
values (Figs. 7c, 8c). Athens seems to be more influenced by severe regional aerosol 
episodes as more days with very high concentrations at both the urban and the peripheral 
station are found. In addition in Athens (Fig. 7), the group of points combining high urban and 
low peripheral PM10 concentrations (on the left side of the figures) should be associated with 
intense local pollution episodes in the Athens urban area leading to secondary formation of 
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urban aerosols, especially in summer (Fig. 7c). An approximation of the PM10 levels attributed 
to the city activities could be given by the intercepts of the corresponding regression 
equations. If all values are taken into account the graphical estimation of the urban 
contributions at both cities are 32 µg m-3 and 22 µg m-3 respectively (Figs. 7a, 8a), while the 
local urban contribution at both cities is estimated to be around 20 µg m-3 during the warm 
semester (Figs. 7c, 8c). The above observation leads also to the conclusion that a significant 
part of the levels measured at the centers of the examined urban areas (about 50 %) and the 
almost all of the measured concentration levels at the peripheral stations are controlled by the 
rural regional background levels.        

 
3.5 Peripheral and Background PM10 daily mean values  
In order to obtain a more accurate determination of the rural background levels of the 
surrounding area, the Directorate of Air Pollution and Noise Control of the Ministry for the 
Environment performed daily PM10 measurements during the year 2006 in the rural station of 
Aliartos, located about 100 km NW of Athens in the Copais Plain and participating in the 
EMEP network. In total 86 daily measurements, using the gravimetric method (EN 
12341:1999 Standard), have been performed during the January–June 2006 and the 
November – December 2006 period.  The comparability of this method with the b-attenuation 
method has been reported in the literature (GMBI report, 2000). The average PM10 rural value 
in Aliartos is shown in Table 1 together with the average daily values for the corresponding 
days in the peripheral stations of Thrakomakedones (Athens) and Panorama (Thessaloniki) 
as well as in the Athens urban station of Aristotelous (the Ag. Sophia station in Thessaloniki 
was out of service in 2006). It comes out that the PM10 average rural levels in Aliartos (32 µg 
m-3) are quite close to the corresponding average values of the peripheral stations in Athens 
and Thessaloniki and these levels are about the half of the corresponding urban levels. 
 
Table 1. PM10 daily average values (µg m-3) of 86 daily measurements in 2006 (January-June 

and November-December) at the rural station of Aliartos (Central Greece), using the 
gravimetric method, and the corresponding PM10 daily averages at the peripheral station of 

Thrakomakedones (Athens), the peripheral station of Panorama (Thessaloniki) and the urban 
station of Aristotelous (Athens), using the b-attenuation method 
Monitoring stations PM10 daily means 
Aliartos 
(Rural Central Greece) 

32±17 

Thrakomakedones  
(Peripheral Athens) 

26±19 

Panorama  
(Peripheral Thessaloniki) 

31±13 

Aristotelous  
(Urban Athens) 

59±25 

 
The above reported results, concerning the average values of the rural background PM10 
levels are comparable with the corresponding levels reported in other Mediterranean 
countries like Italy and Spain (about 30 µgm-3 and 20 µg m-3 respectively, EMEP report, 
2007). They are also in good agreement with the findings of similar studies carried out in the 
city of Volos in Central Greece (Kalabokas et al., 2005), as well as at urban area of Heraklion 
and the rural site of Finokalia in Crete Crete (Gerasopoulos et al., 2006; Eleftheriadis et al., 
2006), indicating comparable rural background PM10 levels in Eastern Greece along the 
North-South axis. As reported in the literature the high PM10 rural background levels over the 
Aegean area could be due to a variety of sources such as: regional episodes of dust transport 
from desert areas, sea-spray and secondary aerosol formation either from biogenic or 
anthropogenic emissions as well as long-range pollution transport (Papayannis et al., 2005; 
Gerasopoulos et al., 2006; Eleftheriadis et al., 2006; Borge, 2007; Mihalopoulos and 
Chaloulakou, 2008; Mitsakou et al., 2008; Grivas et al., 2008). The relative contribution of 
each of the above factors could be determined by chemical analysis of PM10 particles and 
some relevant studies have been already reported (Manoli et al., 2002; Bardouki et al., 2003; 
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Manalis 2005; Valavanidis 2006). For a better and more accurate determination of the origin 
of atmospheric PM10 particles, many more particle chemical analysis studies should be 
carried out at various sites with different pollution characteristics  
 
4. CONCLUSIONS 
The mean monthly PM10 concentrations at the central urban stations in Athens and 
Thessaloniki, Greece, are on the average about twice as high in comparison to the 
corresponding concentrations at the examined peripheral stations.  
The distributions of the PM10 daily mean concentrations at the central urban stations in 
Athens and Thessaloniki show significant exceedances of the EU air quality standards. The 
percentage of daily mean concentrations exceeding 100 µg m-3 is higher for Thessaloniki 
while the 30-50 µg m-3 range shows higher contributions in Athens. The corresponding PM10 
distribution curves for the peripheral stations are quite similar indicating that comparable rural 
background PM10 levels exist in the surrounding areas of both examined cities. Also at both 
peripheral stations the most frequent concentrations during the cold semester of the year are 
in the 10-30 µg m-3 range and they shift to the 20-50 µg m-3 range during the warm semester 
indicating a change in the nature of particles between the two periods.  
From the analysis of the diurnal variation of PM10 concentrations during the cold and the 
warm semester of the year, it comes out that PM10 particles shows mixed characteristics 
compared with the other primary and secondary pollutants. The primary pollutant 
characteristic is that the levels at the peripheral stations are lower than the corresponding 
ones at the urban stations. On the other hand the PM10 average value of the peripheral 
stations during the warm period of the year is slightly higher than the corresponding average 
for the cold period, which is a characteristic observed for ozone, indicating the existence of 
important rural background aerosol levels.  
The examination of the scatter-plots of the daily mean values of the central urban and the 
peripheral stations shows that the influence of the rural background levels and also the 
regional aerosol episodes on the measured PM10 concentrations in the Athens and 
Thessaloniki urban areas is stronger in Athens and during the warm semester of the year.  
Additional daily measurements at a rural station in Central Greece (Aliartos) give PM10 
average values in the range around 30, comparable to the corresponding average PM10 
values of the peripheral stations in Athens and Thessaloniki. These values, indicative of the 
rural background PM10 levels of the surrounding area, are quite significant in respect to the 
current EU PM10 standard for the average annual value (40 µg m-3). This remark underlines 
the difficulties of the examined urban areas to comply with the EU legislation as the local 
pollution abatement actions may not be adequate with such high regional background PM10 
levels of either natural or anthropogenic origin transported over long distances.  
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