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[…] the uphill task of self-realization, 

to go up and down from the dark hell we have inside  

into the mountain of mundane struggle, 

and from there to redemption – to wit, the redemption 

from every art, act, morality and idea; 

from every chimera and every reality. 

 

(Kazantzakis N., 1934) 

 

 

 

 

 

 

 

[…] ηνλ αλήθνξν ηεο απηνηειεηνπνίεζεο, 

λ’ αλεβαίλνπκε επίπνλα από ηελ ζθνηεηλή Κόιαζε 

πνπ έρνπκε κέζα καο ζην βνπλό ηεο επίγεηαο άζθεζεο, 

θη από θεη ζηελ ιύηξωζε - δειαδή ζηελ απνιύηξωζε 

από θάζε ηέρλε, πξάμε, εζηθή θη ηδέα˙ 

από θάζε ρίκαηξα θη από θάζε πξαγκαηηθόηεηα. 

 

(Καδαληδάθεο Ν., 1934) 
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Abstract 
 

Particulate matter (PM) pollution is a major environmental problem in urban and 

remote areas, as it causes adverse effects upon human health and affects directly or 

indirectly the climate of the Earth. PM can vary considerably in size, chemical 

composition and origin. Therefore, numerous studies have investigated particle 

pollution exposure and its effects around the globe, including the region of the 

Eastern Mediterranean, which is considered a climate change hotspot that is affected 

by transportation of air pollutants originating from Europe, Africa and Asia. Despite 

these studies, however, there is still insufficient information on the air quality of 

insular coastal areas on the northern part of Eastern Mediterranean, i.e., the Northern 

Aegean Sea (NAS), and on the contribution of the local and the distant sources that 

influence it. 

 

The objective of this thesis is to estimate the physical-chemical properties of PM 

in urban and suburban-background sites in the NAS region and to compare them with 

those of other regions. First, it provides background information for PM10 

concentration levels in the two major urban centres in Greece, namely Athens and 

Thessaloniki over the period 2001 to 2010. Results indicate that most of the urban 

and suburban stations in these two major urban centres exhibit high PM10 

concentrations and exceed the EU annual and 24-h limits during the entire period. 

However, PM10 levels at urban and suburban stations are lower compared to other 

European and US cities of the same size. With the exception of the suburban stations 

in Athens and one station in Thessaloniki, all others had highest and the lowest 

monthly average PM10 concentrations during the autumn/winter and the summer 

months, respectively. For the suburban stations in Athens, the highest values are 

observed during the spring and the lowest during the winter, while one station in 

Thessaloniki did not exhibit any seasonality due to its proximity to an industrial zone.  

 

Second, this thesis reports PM measurements at urban and remote sites in the NAS 

region. Measurements of atmospheric aerosol particles conducted at a remote site of 

NAS in summer under representative synoptic meteorological conditions (i.e., Etesian 

wind conditions) showed that long-range transportation of air pollutants from 



ix 
 

industrial and urban environments can significantly affect the quality of the air in 

remote regions. When strong northeastern winds prevail, the air masses pass over the 

wider Istanbul region. This result to a shift of the peak particle size from 100 to 20 

nm, while an up to a six-fold increase in particle number concentration and high 

particle values of growth rates (ca. 9.0 nm h
-1

) are observed. An additional indication 

that particles observed in the region of NAS are long range transported from urban 

and/or industrial areas is provided the increased values of sulfates and nitrates, and 

the OC/EC ratio during the days of particle transportation compared to the rest of the 

sampling period. 

 

The characteristics of atmospheric aerosol particles and the potential PM sources 

in an urban measurement site in the NAS region were investigated during the warm 

and cold periods. Mean PM2.0 and PM1.0 concentrations at the city centre were lower 

compared to corresponding values from large cities in the region. Higher average 

mass and number concentrations were observed in winter compared to summer, due 

to the additional emissions from domestic heating and the weaker atmospheric 

dilution. During both seasons, however, PM emissions related to local natural and 

anthropogenic sources. The elemental composition measurements also showed that 

natural sources contribute sea-salt and re-suspended soil to the PM load in the city‘s 

atmosphere. Non-exhaust traffic emission sources were also found to be important, 

while a strong contribution from local traffic sources was also identified by the 

increased number concentrations in the Aitken mode during rush hours. In addition to 

these sources, long-range transported pollution mainly from Northeastern Turkey 

enriched the collected particle samples with crustal and anthropogenic elements (i.e., 

K, Ca, Ti, Mg, Fe, As, S), contributing to the decline of air quality in the region of 

NAS. 

 

Finally, this thesis evaluates the discrepancy between beta attenuation (BAM) and 

gravimetric (GM) measurements at a suburban site in the study region, taking into 

account the effect of factors such as the meteorological conditions and the type of 

filter material on the PM measurements. An overestimation of the ВАM 

measurements, which was ~30% for the PM2.5 and ~10% for the PM10 data, was 

observed. Discrepancies between BAM and GM PM2.5 measurements increased with: 

a.) increasing available water vapor, suggesting that the aerosol-bound water has a 
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strong effect on the measurements, b.) the use of highly hydrophobic Teflon filters to 

the GM method when the atmospheric water vapor pressure increased, and c.) the 

potential availability of the volatility or stability in the aerosol phase when species 

such as ammonium nitrate were present. Better correlation between GM and BAM 

measurements was observed during the cold rather than the warm period and when 

GM samples were collected on filters made of glass fiber, which is incidentally the 

material of the BAM filter tape. The finding from this study can be used for the better 

interpretation of PM measurements conducted with various BAM monitors. 
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Πεξίιεςε 
 

Η ζσκαηηδηαθή ξύπαλζε απνηειεί κείδνλ πεξηβαιινληηθό πξόβιεκα ζηηο αζηηθέο 

θαη απνκαθξπζκέλεο πεξηνρέο, πξνθαιώληαο δπζκελείο επηπηώζεηο ζηελ αλζξώπηλε 

πγεία θαη επηδξώληαο άκεζα ή έκκεζα ζηελ θιηκαηηθή αιιαγή. Σα αησξνύκελα 

ζσκαηίδηα (Α΢) κπνξεί λα πνηθίινπλ ζεκαληηθά ζην κέγεζνο, ζηε ρεκηθή ζύζζηαε 

θαη ηελ πξνέιεπζε ηνπο. Ωο εθ ηνύηνπ, πνιπάξηζκεο επηζηεκνληθέο κειέηεο έρνπλ 

δηεξεπλήζεη ηελ έθζεζε ζε ζσκαηηδηαθή ξύπαλζε θαη ηηο επηπηώζεηο ηεο παγθόζκηα, 

πεξηιακβάλνληαο ηελ πεξηνρή ηεο Αλαηνιηθήο Μεζνγείνπ. Η ζπγθεθξηκέλε πεξηνρή 

ζεσξείηαη κεγάινπ ελδηαθέξνληνο ζρεηηθά κε ηελ θιηκαηηθή αιιαγή, θαζώο 

επεξεάδεηαη έληνλα από ηε κεηαθνξά αηκνζθαηξηθώλ ξύπσλ από ηελ Δπξώπε, ηελ 

Αθξηθή θαη ηελ Αζία. Παξά ηα επξήκαηα απηά, ππάξρνπλ αθόκε ειιηπείο 

πιεξνθνξίεο ζρεηηθά κε ηελ πνηόηεηα ηνπ αέξα ζηηο λεζησηηθέο παξάθηηεο πεξηνρέο 

ζην βόξεην ηκήκα ηεο πεξηνρήο ηεο Αλαηνιηθήο Μεζνγείνπ, δειαδή ζην Βόξεην 

Αηγαίν (ΒΑ), θαη ηεο ζπκβνιήο ησλ ηνπηθώλ θαη ησλ καθξηλώλ πεγώλ πνπ ηελ 

επεξεάδνπλ. 

 

΢θνπόο ηεο παξνύζαο δηαηξηβήο είλαη ε εθηίκεζε ησλ θπζηθνρεκηθώλ ηδηνηήησλ 

ησλ Α΢ ζε αζηηθέο θαη πξναζηηαθέο πεξηνρέο ηνπ ΒΑ θαζώο θαη ε ζύγθξηζή ηνπο κε 

άιιεο πεξηνρέο ηεο Βνξεηναλαηνιηθήο Μεζνγείνπ. Αξρηθά ε δηαηξηβή παξέρεη 

πιεξνθνξίεο γηα ηα επίπεδα ζπγθέληξσζεο ησλ Α΢10 ζηα δύν κεγάια αζηηθά θέληξα 

ηεο Διιάδαο, ζπγθεθξηκέλα ηελ Αζήλα θαη ηε Θεζζαινλίθε θαηά ηελ πεξίνδν 2001 

έσο 2010. Σα απνηειέζκαηα δείρλνπλ όηη νη πεξηζζόηεξνη ζηαζκνί ζηα δύν κεγάια 

αζηηθά θέληξα ζηελ Διιάδα, παξνπζηάδνπλ πςειέο ζπγθεληξώζεηο Α΢10 θαη 

ππεξβαίλνπλ ηα εηήζηα θαη 24σξα όξηα ηεο Δπξσπατθήο Έλσζεο (ΔΔ) θαηά ηε 

δηάξθεηα ηεο εξεπλεηηθήο πεξηόδνπ, αλ θαη ήηαλ ρακειόηεξεο ζπγθξηηηθά κε άιιεο 

επξσπατθέο θαη ακεξηθαληθέο πόιεηο ηνπ ίδηνπ κεγέζνπο. Με εμαίξεζε ηξεηο 

πξναζηηαθνύο ζηαζκνύο ζηελ Αζήλα θαη έλαλ ζηαζκό ζηε Θεζζαινλίθε, όινη νη 

άιινη παξνπζίαζαλ ηηο πςειόηεξεο θαη ηηο ρακειόηεξεο κεληαίεο κέζεο 

ζπγθεληξώζεηο Α΢10 θαηά ηε δηάξθεηα ηνπ θζηλνπώξνπ/ρεηκώλα θαη ησλ ζεξηλώλ 

κελώλ, αληίζηνηρα. Γηα ηνπο πξναζηηαθνύο ζηαζκνύο ζηελ Αζήλα, νη πςειόηεξεο 

ηηκέο παξαηεξνύληαη θαηά ηελ άλνημε θαη νη ρακειόηεξεο θαηά ηε δηάξθεηα ηνπ 
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ρεηκώλα, ελώ έλαο ζηαζκόο ζηε Θεζζαινλίθε δελ παξνπζίαζε επνρηθόηεηα ιόγσ ηεο 

εγγύηεηάο ηνπ ζε βηνκεραληθή δώλε. 

 

Γεύηεξνλ, ε δηαηξηβή αλαθέξεηαη ζε κεηξήζεηο Α΢ ζε απνκαθξπζκέλεο θαη 

αζηηθέο πεξηνρέο ζηελ πεξηνρή ηνπ ΒΑ. Μεηξήζεηο αησξνύκελσλ ζσκαηηδίσλ 

δηελεξγήζεθαλ ζηελ απνκαθξπζκέλε πεξηνρή ηνπ ΒΑ ππό ζπλνπηηθέο 

κεηεσξνινγηθέο ζπλζήθεο ηελ ζεξηλή πεξίνδν (δει. θαηά ηελ πεξίνδν ησλ Δηεζίσλ 

αλέκσλ). Οη κεηξήζεηο έδεημαλ όηη ε κεηαθνξά ησλ αηκνζθαηξηθώλ ξύπσλ ζε κεγάιε 

απόζηαζε από βηνκεραληθέο θαη αζηηθέο πεξηνρέο, κπνξεί επίζεο λα επεξεάζεη 

ζεκαληηθά ηελ πνηόηεηα ηνπ αέξα ζε απνκαθξπζκέλεο πεξηνρέο. Όηαλ επηθξαηνύλ 

ηζρπξνί βνξεηναλαηνιηθνί άλεκνη, νη αέξηεο κάδεο πεξλνύλ πάλσ από ηελ επξύηεξε 

πεξηνρή ηεο Κσλζηαληηλνύπνιεο. Απηό έρεη σο απνηέιεζκα ηελ κεηαηόπηζε ησλ 

πςειόηεξσλ ηηκώλ ησλ ζσκαηηδίσλ ζε κηθξόηεξα κεγέζε (δει. από 100 ζε 20 nm), 

ελώ παξαηεξείηαη αύμεζε έσο έμη θνξέο ηεο αξηζκεηηθήο ζπγθέληξσζεο, θαζώο θαη 

πςεινί ξπζκνί αύμεζεο ηνπ κεγέζνπο ησλ ζσκαηηδίσλ (πεξίπνπ 9.0 nm h
-1

). Μηα 

επηπιένλ έλδεημε όηη ηα ζσκαηίδηα πνπ παξαηεξνύληαη ζηελ πεξηνρή ηνπ ΒΑ 

ζρεηίδνληαη κε κεηαθεξόκελε ξύπαλζε ζε κεγάιε απόζηαζε από αζηηθέο ή/θαη 

βηνκεραληθέο πεξηνρέο απνηεινύλ νη απμεκέλεο ηηκέο ησλ ζεητθώλ θαη ληηξηθώλ, 

θαζώο θαη ηεο αλαινγίαο νξγαληθνύ πξνο ζηνηρεηαθό άλζξαθα θαηά ηε δηάξθεηα ησλ 

εκεξώλ κεηαθνξάο ησλ αηκνζθαηξηθώλ ξύπσλ ζε ζύγθξηζε κε ηελ ππόινηπε πεξίνδν 

δεηγκαηνιεςίαο. 

 

Δπηπιένλ, ηα ραξαθηεξηζηηθά ησλ αησξνύκελσλ ζσκαηηδίσλ θαη ησλ δπλεηηθώλ 

πεγώλ ηνπο εξεπλήζεθαλ ζε έλαλ αζηηθό ζηαζκό δεηγκαηνιεςίαο ζηελ πεξηνρή ηνπ 

ΒΑ θαηά ηε ζεξηλή θαη ρεηκεξηλή πεξίνδν. Οη κέζεο ζπγθεληξώζεηο Α΢2.0 θαη Α΢1.0 

ζην θέληξν ηεο πόιεο ήηαλ ρακειόηεξεο ησλ αληίζηνηρσλ ηηκώλ πνπ θαηαγξάθεθαλ 

ζε κεγάιεο πόιεηο ηεο πεξηνρήο (δει. ζηελ Αζήλα θαη ζηε Θεζζαινλίθε). 

Τςειόηεξεο κέζεο ηηκέο ηόζν γηα ηελ ζπγθέληξσζε κάδαο όζν θαη γηα ηελ 

αξηζκεηηθή ζπγθέληξσζε παξαηεξήζεθαλ ην ρεηκώλα ζε ζύγθξηζε κε απηέο ηνπ 

θαινθαηξηνύ, ιόγσ ησλ πξόζζεησλ εθπνκπώλ νηθηαθήο ζέξκαλζεο θαη ηεο 

αζζελέζηεξεο αηκνζθαηξηθήο αξαίσζεο. Ωζηόζν, θαη ζηηο δύν επνρέο, νη εθπνκπέο 

ησλ Α΢ ζρεηίδνληαη κε ηνπηθέο θπζηθέο θαη αλζξσπνγελείο πεγέο. Η ζηνηρεηαθή 

αλάιπζε ζε δείγκαηα πνπ ζπιιέρζεζαλ θαηά ηελ δηάξθεηα ησλ κεηξήζεσλ έδεημαλ 

επίζεο όηη νη θπζηθέο πεγέο όπσο ην ζαιάζζην αιάηη θαη ε επαλαηώξεζε ηεο ζθόλεο 
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ζπκβάιινπλ ζην θνξηίν ησλ ζσκαηηδίσλ ζηελ αηκόζθαηξα ηεο πόιεο. Από ηηο πεγέο 

θπθινθνξηαθήο θίλεζεο πνπ δελ ζρεηίδνληαη κε ηα θαπζαέξηα βξέζεθαλ επίζεο 

ζεκαληηθέο ζπλεηζθνξέο, ελώ ηζρπξή ζπκβνιή ησλ ηνπηθώλ πεγώλ θίλεζεο 

εληνπίζηεθε επίζεο θαη από ηηο απμεκέλεο αξηζκεηηθέο ζπγθεληξώζεηο ησλ 

ζσκαηηδίσλ ηεο πεξηνρήο ‗Aitken‘ θαηά ηηο ώξεο αηρκήο. Δθηόο από ηηο ηνπηθέο 

πεγέο, ε κεηαθεξόκελε ξύπαλζε ζε κεγάιε απόζηαζε, θπξίσο από ηε 

Βνξεηναλαηνιηθή Σνπξθία, εκπινύηηζε ηα ζπιιεγέληα δείγκαηα ζσκαηηδίσλ κε 

ζηνηρεία εδαθηθήο θαη αλζξσπνγελνύο πξνέιεπζεο (δει. K, Ca, Ti, Mg, Fe, As, S), 

ζπκβάιινληαο ζηελ ππνβάζκηζε ηεο πνηόηεηαο ηνπ αηκνζθαηξηθνύ αέξα ζηελ 

πεξηνρή ηνπ ΒΑ. 

 

Σέινο, ιακβάλνληαο ππόςε ηελ επίδξαζε παξαγόλησλ όπσο νη κεηεσξνινγηθέο 

ζπλζήθεο θαη ην πιηθό ηνπ θίιηξνπ ζηηο κεηξήζεηο Α΢, επηρεηξήζεθε λα εθηηκεζεί ε 

απόθιηζε κεηαμύ ηεο κεζόδνπ απνξξόθεζεο Β-αθηηλνβνιίαο (ΒΑM) θαη ηεο 

ζηαζκηθήο κεζόδνπ (gravimetric; GM) κεηξήζεσλ Α΢ ζε έλα πξναζηηαθό-

ππνβάζξνπ ζηαζκό ζηε πεξηνρή κειέηεο. Παξαηεξήζεθε ππεξεθηίκεζε ησλ 

κεηξήζεσλ ΒΑM, ε νπνία ήηαλ ~ 30% γηα ηα Α΢2.5 θαη ~ 10% γηα ηα Α΢10. Οη 

δηαθνξέο κεηαμύ ησλ κεηξήζεσλ BAM θαη GM ζηα Α΢2.5 απμήζεθαλ κε: α) ηελ 

αύμεζε ησλ πηζαλώλ πδξαηκώλ, γεγνλόο πνπ ππνδειώλεη όηη ην δεζκεπκέλν λεξό 

ζηα αεξνδόι έρεη ηζρπξή επίδξαζε ζηηο κεηξήζεηο, β) ηελ ρξήζε εμαηξεηηθά 

πδξόθνβσλ θίιηξσλ Teflon γηα ηελ κέζνδν GM όηαλ ε αηκνζθαηξηθή πίεζε 

πδξαηκώλ απμάλεηαη, θαη γ) ηελ πηζαλή πηεηηθόηεηα ή ζηαζεξόηεηα ζηε ζσκαηηδηαθή 

θάζε εηδώλ όπσο ην ληηξηθό ακκώλην. Καιύηεξε ζπζρέηηζε κεηαμύ ησλ κεηξήζεσλ 

κε ηηο κεζόδνπο GM θαη BAM παξαηεξήζεθε θαηά ηε δηάξθεηα ηεο ρεηκεξηλήο αληί 

ηεο ζεξηλήο πεξηόδνπ θαη όηαλ ηα δείγκαηα ηεο GM κεζόδνπ ζπιιέρζεθαλ ζε θίιηξα 

θαηαζθεπαζκέλα από ίλεο πάινπ, δειαδή ην ίδην πιηθό κε απηό ηεο ηαηλίαο 

δηεζήζεσο ζηελ κέζνδν ΒΑM. Απηή ε κειέηε ζηνρεύεη ζηελ θαιύηεξε εξκελεία 

ησλ κεηξήζεσλ ησλ Α΢ πνπ δηεμάγνληαη κε δηάθνξνπο ειεγθηέο εθπνκπώλ κεζόδνπ 

απνξξόθεζεο Β-αθηηλνβνιίαο. 
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Chapter 1 

 

Introduction 

 

1.1 Atmospheric pollution 

 

Deterioration of air quality is an important environmental issue in urban and 

remote areas, which occurs as a result of local and regional emissions as well as 

transportion of air pollutants. Air pollutants are considered to be all compounds that 

deliberately, or through a natural process, enter the atmosphere that are not part of the 

original, normal composition. They can be classified as primary and secondary. 

Primary pollutants are those emitted directly into the atmosphere (e.g., SO2, NO, CO, 

hydrocarbons, most suspended particles), while secondary pollutants are those 

formed in the atmosphere through chemical transformation of primary pollutants or 

products of different complicated reactions (e.g., O3, H2SO4, HNO3). In the 

atmosphere, pollutants can be in the form of gases or liquid droplets and solid 

particles, usually refered to as particulate matter (PM). Particle pollutants are of 

particular interest because of their impact on public health (Pope III et al., 1995; Pope 

III, 2000; Dockery, 2001) and their contribution to climate change (Penner et al., 

1998; Jacobson, 2001; Kanakidou et al., 2005; Seinfeld and Pandis, 2006) as 

discussed below. 

 

 

1.2 Atmospheric particles and their characteristics 

 

Atmospheric particles are microscopic liquid and solid particles such as dust, 

carbon particles, pollen, sea salts and microorganisms suspended in the air, that range 

in size from a few nanometers (nm) to tens of micrometers (κm) (Seinfeld and 

Pandis, 2006). They mostly contain inorganic ions, metal compounds, elemental 

carbon, organic compounds and crustal compounds (EPA, 2004). The term of 
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atmospheric aerosol is used to describe both the particulate and the gaseous phase 

(Hinds, 1999). 

 

Emissions of atmospheric particles are from natural and anthropogenic sources. 

Major natural sources of particles include desert and soil dust, sea salt, volcanic 

eruptions, and forest fires (Boubel et al., 1994), while the major anthropogenic 

sources of particle emissions related to the transportation (i.e., diesel vehicles, 

aircrafts), industrial processes and other miscellaneous sources including household 

and commercial sources (Wark et al., 1997). 

 

Particles enter and exit the atmospheric environment by various processes (Colls, 

2002). They may be emitted directly (primary) or formed in the atmosphere 

(secondary) by transformations of gaseous emissions such as sulphur oxides (SOx), 

nitrogen oxides (NOx), and volatile organic compounds (VOC) (Seinfeld and Pandis, 

2006). Examples of secondary particle formation include: (1) the conversion of 

sulphur dioxide (SO2) to sulphuric acid (H2SO4) droplets that further react with 

gaseous ammonia (NH3) to form various sulphate particles (e.g., ammonium sulphate, 

(NH4)2SO4, ammonium bisulphate, NH4HSO4, etc.), (2) the conversion of nitrogen 

dioxide (NO2) to nitric acid (HNO3) vapour that reacts further with ammonia to form 

ammonium nitrate (NH4NO3) particles, and (3) reactions involving gaseous VOCs 

yielding organic compounds with low vapour pressures that nucleate or condense on 

existing particles to form secondary organic aerosol particles (EPA, 2004). 

 

The chemical composition of PM consists of inorganic and organic species such as 

sulfates, nitrates, ammonium, crustal species, sea salt, hydrogen ions and water. The 

contribution of organic and inorganic compounds to their total mass depends on 

various factors such as their sources, the atmospheric conditions, and their size. 

Nitrates can be found in both the fine and coarse particles, while sulfates, ammonium, 

organic and elemental carbon and some transition metals mainly originate from 

combustion sources (i.e., in fine fraction). 

 

Particles can participate in physical and chemical processes in the atmosphere; 

thereby significantly affecting its properties. They can change their size and 

concentration by nucleation, condensation, evaporation, aggregation, precipitation and 
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participation in chemical reactions (cf. Figure 1.1; Colbeck and Lazaridis, 2014). 

Because particle size plays an important role on their potential impacts (e.g., 

environment, human health), it is important to know the distribution of their size.  

 

Particles having diameters greater than ca. 2.5 κm are characterized as coarse, 

while those with diameter less than ca. 2.5 κm are reffered to as fine. The fine mode 

fraction typically includes most of the total number of particles and a large part of the 

mass. Fine particles can also be divided into two sub-modes. The accumulation mode 

includes particles having a diameter between about ca. 0.08 and 2.1 κm, and the 

nucleation together with Aitken mode includes particles with diameter less than 0.08 

κm (Finlayson-Pitts and Pitts, 1986). Nucleation mode particles can grow both 

through coagulation and by condensation of low volatility compounds into 

accumulation mode particles (Jacobson, 2002). 

 

 

Figure 1.1: The principal modes, particle formation and removal mechanisms of particles in 

the atmnospheric environment.  

 

The coarse mode consists of coarse particles with diameters from 2.5 to 10 κm that 

are usually formed by mechanical processes such as attrition and suspension of dust. 

Because of their natural mechanical formation, they have relatively large size and can 

be removed from the atmosphere by deposition (Finlayson-Pitts and Pitts, 1986). 
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The accumulation mode is important because particles in this mode are more likely 

to cause adverse health effects by penetrating deep into the lungs, and also reduce 

visibility as they have sizes close to the peak wavelengths of visible light. Generally, 

nucleation mode particles have the highest surface area concentrations and the coarse 

mode particles have the highest volume and mass concentrations (Jacobson, 2002). 

The residence time of the particles in the atmosphere varies from a few days, when 

the particle size is greater than 1 micron and a few weeks for the particles smaller than 

1 micron (Colbeck and Lazaridis, 2014). 

 

 

1.3 Effects of particulate matter in air pollution 

 

Atmospheric particulate matter has been demonstrated to have a significant 

number of effects in the environment. PM can impair atmospheric visibility by 

scattering and absorption of solar radiation, affect directly (by both scattering and 

absorption of solar radiation) and indirectly (by acting as cloud condensation nuclei) 

the Earth‘s climate, and cause serious health problems (IPCC, 2013).  

 

1.3.1 Visibility degradation 

 

Several factors determine how far one can see through the atmosphere, including 

the gas phase composition of the atmosphere and the concentration and chemical 

composition of the suspended atmospheric particles (Seinfeld, 1986). Although most 

suspended particles in the atmosphere reflect light, some can also absorb it. The 

strongest aerosol particle absorbing material in the visible spectrum is black carbon, 

while sulfates and nitrates as well as other transculent particles scatter light. Also, 

particles like those of mineral dust can either scatter or absorb both incoming and 

outgoing radiation (Jacobson, 2002). 

 

Particles having diameteres within the range of the wavelength of light reduce the 

atmospheric visibility through absorption and light scattering (Malm, 1999). 

Absorption takes place when electromagnetic radiation interacts with the particles, 

transferring energy to them. Light scattering by particles change the direction and/or 

the frequency of the light (Boubel et al., 1994). More precisely, particle scattering is 
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the combination of reflection, refraction, and diffraction (Figure 1.2). When a wave 

approaches a particle it can be absorbed, transmitted through the particle and refracted 

out, or reflected internally one or more times and then refracted out (Jacobson, 2002). 

Scattering of solar radiation by aerosol particles is the main process limiting visibility 

in the troposphere. Anthropogenic aerosols in urban environments typically reduce 

visibility by one order of magnitude relative to unpolluted conditions. The 

atmospheric haze is a case of reduced visibility, caused by the presence of fine 

particles (typically ammonium sulphate) and NO2 in the atmosphere. The reduction in 

visibility is greatest at high relative humidities when the aerosol particles swell due to 

water uptake, increasing the cross-sectional area and therefore their ability to scatter 

and absorb light (Jacob, 1999). 

 

 

 

Figure 1.2: Three effects of particle light interactions including reflection, diffraction and 

refraction. 

 

1.3.2 Effects on climate change 
 

Changes of the concentrations of greenhouse gases and aerosols in the atmosphere 

of solar radiation, and of the properties of the Earth's surface contribute to the climate 

by causing changes to the Earth‘s energy balance. These changes are expressed in 

correspondence of the radiation intensity, which is used to compare how a range of 

human and natural factors can cause heating or cooling of the planet (IPCC, 2013). 

 

Aerosols perturb the climate directly through scattering and absorption of solar 

radiation and indirectly through their ability to act as cloud condensation nuclei 

(Seinfeld and Pandis, 2006). Scattering and absorbing properties of aerosols depend 

primarily on their composition. Compared to the greenhouse gases, which have a 
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warming effect and act only on the outgoing infrared radiation, aerosol particles act 

on both sides of the energy balance (Seinfeld and Pandis, 2006). Consequently, 

anthropogenic aerosols may partly explain why the Earth‘s surface is not getting as 

warm as one would have expected when the concentrations of greenhouse gases 

continue to increase (Figure 1.3). Although it is difficult to access the impact of 

aerosols on climate, they are believed to have an overal negative contribution to the 

radiative balance of the planet. 

 

 

Figure 1.3: The changes of greenhouse gases, aerosols and solar activity and their effect in 

globally averaged radiative forcing from year 1750 to 2011. 

 

1.3.3 Health effects of particulate matter 

 

Particulate matter pollution is serious health threat. PM enters the human body 

mainly through the respiratory system, and causing a number of harms (Baron and 

Willeke, 2001). Deposition of particles in different parts of the human respiratory 

system depends on the size, shape and density (ICPR, 1994; Löndahl et al., 2007). It 

has been estimated that 20-60% of the inhalable particles having sizes between 0.01 



  7 
 

and 2.5 κm, penetrate and deposit in the lungs (Wark et al., 1997) or onto the skin 

surface, depending on their size and surface properties (Hoet et al., 2004). According 

to their health risks, inhalable particles are categorized into three groups: i) the 

extrathoracic fraction that does not penetrate beyond the larynx; ii) the thoracic 

fraction that enters the throax and is deposited beyond the larynx, within the lung‘s 

airways, and iii) the respirable fraction which is deposited in the gas exchange regions 

of our respiratory system, i.e., the alveoli (Fig.1.4; ISO, 1995; ACGIH, 1998). 

 

   

Figure 1.4: The human respiratory system and the three groups of particles according to their 

health risks. 

 

The extent of the negative effect that inhaled particles have on the human body is 

also affected by the chemical composition of the particles, the length of exposure and 

individual‘s sensitivity (Jimoda, 2012). Epidemiological studies showed that 

morbidity and mortality are strongly associated with particle concentrations in the 

ambient air (e.g., Dockery et al., 1993; Ostro et al., 2006; Goldberg et al., 2006; 

Theophanides et al., 2007) and in particular the fine and ultrafine fraction (Englert, 

2004; Hoek et al., 2010). According to the World Health Organization (WHO, 2013) 

there are several important short-term and long-term effects of exposure to particulate 

matter (Table.1.1). 
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Table 1.1: Effects of short-term and long-term exposure to particulate matter on human 

health. 

 

Short-term effects Long-term effects 

Lung inflammation Increased in lower respiratory symptoms 

Respiratory problems Reduction of lung function in children 

Adverse effects on the 

cardiovascular system 

Increased of chronic obstructive pulmonary disease 

Increased use of drugs Reduction of pulmonary function in adults 

Increase in hospital 

admissions 

Reduction in life expectancy, mainly due to 

cardiopulmonary mortality and probably to lung 

cancer 

Increased mortality  

 

 

1.4 Air quality legislation and standards for particulate matter 

 

Evidence on the health effects of air pollution from air pollutants and specifically 

from particulate matter and their implications has forced policy-makers to promote 

the development of more effective strategies to reduce air pollution. National air 

quality standards for particulate matter (i.e., total suspended particulate matter; TSP) 

were first established in 1971 in the USA by the Environmental Protection Agency 

(EPA). Since then, the indicators for PM have been further modified to enforce size-

specific standards (PM10 in 1987 and PM2.5 in 1997). The last revision of the air 

quality standards for particle pollution was in 2013 (Esworthy, 2013). The 2013 

standards tighten the 24-hour fine (i.e., PM2.5) particle standard from 65 to 35 g m
-3

, 

and the annual fine particle standard from 15 g m
-3

 to 12 g m
-3

. EPA decided to 

retain the existing 24-hour PM10 standard of 150 g m
-3

 for no more than one 

exceedance per year on average over three years. Also, EPA revoked the annual PM10 

standard because available evidence does not suggest a link between long-term 

exposure to PM10 and health problems (Esworthy, 2013; Kuklinska et al., 2015).  

 

In the European Union (EU), some initial air quality directives were adopted 

during the Union‘s pollution policy developments in the first part of the 1980s. 

However, the significant development of EU policy in the field of air quality started at 
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Table 1.2: Comparison of the Unites States and European Union current air quality 

guidelines. 

 

 

 the beginning of the 1990s. EU then formally put forward a proposal for an air 

quality framework directive in the beginning of July of 1994. According to the 

 Unites States European Union 

Pollutant 
Limit 

value 

Margin of tolerance/  Date by 

which limit value is to be met 

Limit 

value 

Margin of tolerance/  

Date by which limit 

value is to be met 

PM2.5 

Annual 

limit 

value of 

12 g m-3  

The 3-year average of the 

weighted annual mean PM2.5 

concentrations from single or 

multiple community-oriented 

monitors must not exceed 12 

µg m-3 

Annual 

limit  

value of 

25 κg m-3  

20% on 11 June 2008, 

reducing on 1 January 

2009 and every 12 

months thereafter by 

equal annual percentages 

to reach 0% by 1 January 

2015 

24-hour 

limit 

value of 

35 g m-3 

The 3-year average of the 

98th percentile of 24-hour 

concentrations at each 

population-oriented monitor 

within an area must not 

exceed 35 µg m-3 (effective 

March 18, 2013). 

- - 

PM10 

 

 

Annual 

limit 

value 

was 

revoked 

Due to a lack of evidence 

linking health problems to 

long-term exposure to coarse 

particle pollution, the agency 

revoked the annual PM10 

standard in 2006 (effective 

December 17, 2006). 

Annual 

limit 

value of 

40 κg m-3  

20% on 11 June 2008, 

reducing on 1 January 

2009 and every 12 

months thereafter by 

equal annual percentages 

to reach 0% by 1 January 

2015 

24-hour 

limit 

value of 

150 g 

m-3  

The 3-year average of the 

weighted annual mean PM10 

concentrations from single or 

multiple community-oriented 

monitors must not exceed 150 

µg m-3 

24-hour 

limit 

value of 

50 κg m-3  

 

Not to be exceeded more 

than 35 times a calendar 

year. / 

 

Already in force since 1 

January 2005 
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developing legislation, the Member States were in pressure to achieve continuous 

improvements in air quality and to move closer towards harmonisation of national air 

quality measurement programmes until today. In order to improve air quality, the 

European Conciliation Committee published the new air quality directive 2008/50/EC 

on 21 May 2008. This directive sets new strict air quality objectives for PM2.5 

including the limit value and exposure reduction targets and merges the existing 

legislations in a single directive, leaving the existing objectives of air pollutants 

unchanged. For the case of particulate matter, the annual limit value is 25 g m
-3

 and 

40 g m
-3

 for PM2.5 and PM10, respectively, while a daily value of 50 g m
-3

 only 

exists for PM10 that should not be exceeded more than 35 times per year. Stricter PM10 

and PM2.5 annual limit values proposed by WHO (i.e. limit values of 10 g m
-3

 and 20 

g m
-3

; WHO, 2006) compared to those of the EC directive (2008/50/EC; EU-

Commission, 2008), which WHO target values must be reached gradually in 

forthcoming years to prevent or reduce harmful effects on human health and the 

environment. 

 

 

1.5 Methods of particulate matter measurements 

 

The measuring processes of particulate matter provide important information of air 

quality. The most common parameters for characterizing particulate pollution are the 

mass and number concentration and the particle size (particle size distribution). The 

mechanisms for capturing particles for further analysis, including measurements of 

their mass may be classified in six categories as gravitational settling, centrifugal 

impaction, inertial impaction, direct interception, diffusion and electrical attraction 

(Wark et al., 1997). The capturing efficiency of these mechanisms of particle 

sampling depend on the flow rate, the composition and nature of the particles, 

particle size, and the type of filter media (Hinds, 1999). To measure the concentration 

and size distribution of the particles, one can probe their optical properties, the 

diffusion, the aerodynamic resistance, the mass and the electrical mobility (Baron and 

Willeke, 2001). Measurements of the particle mass (i.e., gravimetric and Beta-ray 

absorption) and number (i.e., electrical mobility) concentration were used in this 

study as discussed below. 
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Figure 1.5: A typical arrangement of ―hi-volume‖ sampler for the particle mass concentration 

measurements. (1) is the hood, (2) is the air inlet, (3) is the flow control, (4) is the fan, while 

(5) and (6) is electronics and the motor control. Finally, (7) is the air exhaust. 

 

The gravimetric method is the most straightforward method for determining the 

mass concentrations of particles in the atmosphere. In this method, the sample air is 

pumped continuously through a specifically designed inlet for keeping particles with 

diameter larger than the threshold value (10, 2.5, or 1 m) out of the flow through 

impaction deposition. Then the sample air is passed through a specific filter on which 

the total particle mass is collected. The mass of the particles is then estimated by the 

difference on the filter‘s weight before and after the sampling. The concentration of 

the particle mass is then calculated as the particulate matter mass collected on the 

filter divided by the total volume of the air sampled through the system (Figure 1.5, 

showing the schematic of a high-volume sampler).  

 

The method of Beta-ray absorption is based on the measurement of the intensity 

of β radiation passing through a filter on which particulate matter is being collected. 

The advantage of this method is that PM mass concentrations can be measured in 

nearly real-time. Typically, a glass fiber filter in the form of a film is moved over the 

radioactive source automatically in given time intervals (typically ranging from 1 to 

24 h). The radioactive source (Krypton-85) is placed opposite two booths (the sample 

and the reference booths) of ionization where the radiation is measured as current. 

The absorption in the sample booth is larger because of the dust that is collected on 
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the filter. Differences in the current measured between the two booths is proportional 

to the total particle mass collected (Figure 1.6; Baron and Willeke, 2001). 

 

 
 

Figure 1.6: A typical arrangement of β-ray attenuation sensor for particle mass concentration 

measurements. (1) and (2) are the booths of ionization, (3) is the radioactive source (Krypton-

85), (4) is the booth of particle matter collection, (5) is the filter tape, and (6) is the recorder. 

 

The size distribution of atmospheric particle can be measured by electrical 

mobility techniques with oprical particle detection. As shown in Figure 1.7, 

partricles are passed through the sampling tube and neutralized (using a radioactive 

source) due to have a Fuchs equilibrium charge distribution to the sampled particles. 

Then they are classified according to their electrical mobility by a Differential 

Mobility Analyser (DMA). A DMA consists of a cylinder, with a charged rod at the 

center. Particles with a positive charge move accross a sheath flow towards the central 

high voltage rod, at a rate determined by their electrical mobility, and only particles of 

a narrow selective range of mobility exit (i.e., monodisperse aerosol), while all other 

particles exit with the exhaust air flow. The monodisperse particles are then passed 

through a light scattering counter (i.e., a coundensation particle counter; CPC) after 

their size has been increased by condensation of a known produced vapor. The 

magnitude of supersaturation determines the minimum detectable particle of the CPC. 

In the counter used in this thesis individual drops go through the focal point of a laser 

beam, with a flash of lightand are counted. Finally, the data are stored on a PC 

(McMurry, 2000). 
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Figure 1.7: A typical arrangement of electrical mobility specctriometer for the particle 

number concentration and size distribution measurements. The main parts are (1) the aerosol 

charger, (2) a Differential Mobility Analyser (DMA), (3) a condensation particle counter 

(CPC), and (4) the data recorder (PC). 

 

 

1.6 Chemical analysis methods for particulate matter 
 

There are various techniques for analyzing the chemical composition of particulate 

matter and to identify important categories of chemical species such as heavy metals 

and inorganic and organic anions and cations. Numerous macroscopic methods for the 

chemical determination of the total particulate matter are based on X-Ray Diffraction 

(XRD), including: Particle Induced X-ray Emission spectroscopy (PIXE), Grafite 

Furnace Atomic Absorption Spectrometry (FAAS), X-Ray Fluorescence spectroscopy 

(XRF). The main advantage of these methods is that they do not require any 

pretreatment of the sample before analysis, and that they not destructive thus 

preserving the samples for additional chemical analysis. Another macroscopic method 

is ion chromatography (IC) for the separation and simultaneous detection of anions 

and cations in pre-prepared liquid samples. This high sensitivity method is a powerful 

tool for rapid multi-element analyses and enables simultaneous detection of many 

elements in a solid or liquid sample. 

 

Energy dispersive x-Ray Fluorescence spectroscopy (EDXRF) is a method for 

non destructive elemental analysis in different types of samples (i.e., solids, filters), 
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even in those cases where only small sample amounts are available. This method is 

applied to elements with atomic numbers ranging from 11 (Na) to 92 (U). A typical 

set-up of an EDXRF instrument is shown in Figure 1.8. The sample is irradiated with 

high-energy x-rays by a power x-ray source (i.e., x-ray tube) or a radioisotope. Then a 

fluorescence radiation emitted from the sample is collected by an energy dispersive 

detector, which determines the energy of the x-ray photons and accumulates the data 

in a multi-channel analyzer. The multi-channel analyzer separates the different 

energies of the characteristic radiation from each of the different sample elements into 

a complete fluorescence energy spectrum. This spectrum which is then processed for 

qualitative or quantitative analysis (Verma, 2007). 

 

 

Figure 1.8: A typical arrangement of energy dispersive x-ray fluorescence spectroscopy 

(EDXRF) for the elemental analysis of particulate matter measurements. The main parts are a 

x-ray source, a sample cassette, an energy dispersion detector, a multi-channel analyzer and a 

data recorder (PC). 

 

Ion chromatography (IC) is an analytical technique that separates ionic species 

by combining chromatographic and ion equilibrium theory into one application. This 

technique has the capability to analyze simultaneously a large range of anions (e.g., F
-

, Cl
-
, Br

-
, I

-
, Cl

-
, NO3

-
 and SO4

2-
) and cations (e.g. NH4

+
, Na

+
, K

+
, Ca

2+
, Sr

2
, Li

+
). 

First, the PM samples are prepared as aqueous solution. For solid phase extraction of 

particulate matter samples, ions are extracted into the aqueous phase by sonication in 

water. In some cases a small amount (<1%) of wetting substance, such as propan-2-ol, 

is used to impure the extraction of the ions. The method starts with the introduction of 

this solution into a sample loop of known volume, which carries the sample (the 

mobile phase) from the loop onto a column filled with an appropriate material (i.e., 

typically a resin or gel matrix that contains charged groups – the stationary phase). 

Then the separation of solutions molecules occurs due to their relative interaction 



  15 
 

(e.g., differences in the speed of motion) with the mobile and stationary phases. Ions 

in the sample are detected by a conductance detector after they pass through the 

column, and are separated according to their retention times that are known for the 

ions to be detected (Dodds and Whiles, 2010). 

 

 

Figure 1.9: A typical arrangement of ion chromatography system for chemical analysis of 

anions and cations of particulate matter. The main parts are a pump, a sample loop; where is 

injected the sample solution, a column in which the separation of solutions molecules occurs, 

a detector and a data recorder (PC). 

 

 

1.7 Urban particulate matter observations 

 

Particulate matter concentration measurements in big cities of Europe and the 

United States are conducted since the early 1970's (Houthuijs et al., 2001; Aarnio et 

al., 2008; Bardouki et al., 2003; Querol et al., 2004; Ketzel et al., 2007; Calvo et al., 

2008). In Greece, total suspended particles and black smoke (soot) measurements 

have been performed since the early 1980s, with airborne particles having diameters 

smaller than 10 κm (coarse particle measurements, PM10) being systematically 

measured since 1990 (Triantafyllou, 2001; Chaloulakou et al., 2005; Samara, 2005; 

Vassilakos et al., 2005). Today, the average daily PM10 concentrations are measured 

by organized networks of air pollution monitoring stations in major cities of Greece, 

namely Athens and Thessaloniki. Smaller cities such as Volos, Kavala and Heraklion 

have a limited number of stations, while many cities, including Mytilene, lack of air 

pollution monitoring stations. In the recent past, a number of studies have been 

conducted to estimate the concentration and the chemical composition of particulate 

matter in different sites in Greece. Most of the studies have taken place in the cities 

of Athens (Manalis et al., 2005; Pateraki et al., 2008; Theodosi et al., 2011; 
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Paraskevopoulou et al., 2015; Diapouli et al., 2017b), Thessaloniki (Tsitouridou et 

al., 2003; Samara and Voutsa, 2005; Voutsa et al., 2014; Argyropoulos et al., 2016; 

Yotova et al., 2016; Sarigiannis et al., 2017), Heraklion and Akrotiri in Crete 

(Mihalopoulos et al., 1997; Lazaridis et al., 2008; Kopanakis et al., 2012; Bougiatioti 

et al., 2016), Patras in Western Greece (Koliadima et al., 1998; Pikridas et al., 2013; 

Kostenidou et al., 2015; Manousakas et al., 2017b), Kozani in Western Macedonia 

(Petaloti et al., 2006a; Terzi et al., 2008; Tolis et al., 2014; Matthaios et al., 2017), 

and the city of Volos in central Greece (Papanastasiou and Melas, 2008; Proias et al., 

2012; Emmanouil et al., 2017; Manoli et al., 2017).  

 

 

1.8 Scope and structure of the Thesis 

 

This thesis investigates the quantitative (concentration and size) and qualitative 

(chemical composition) characteristics of aerosols in urban and suburban-background 

sites in the North Aegean Sea region, which have been largely ignored. In addition, 

PM levels in the region of NAS compared to those in different sites in Greece and 

internationally. 

Chapter 2 provides an overview of the temporal variation of PM10 mass 

concentrations at urban and suburban areas in the two major cities in Greece, namely 

Athens and Thessaloniki. More specifically, the chapter presents the annual, seasonal 

and monthly variation of PM10 concentration levels and provides a statistical analysis 

of the data. The purpose of chapter 3 is to assess and identify the main particulate 

pollution sources, based on the gravimetric method and chemical analysis of 

particulate matter, in a remote environment (Lemnos Island) during the summer 

period. In chapter 4, the characterisation of air particulate matter as well as their 

potential sources in the capital city of the North Aegean Sea (NAS) region in Greece, 

namely Mytilene, during winter and summer are investigated. Chapter 5 provides 

information of the differences in sampling/measurement conditions between 

reference gravimetric and continuous monitoring methods of particulate matter. For 

this purpose, systematic PM2.5 measurements performed at a suburban site in Athens, 

Greece, are presented and analysed. Finally, chapter 6 summarizes the most 

important conclusions of this research and recommends future work. 
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Chapter 2 

 

Overview of the temporal variation of PM10 mass concentrations in 

the two major cities in Greece: Athens and Thessaloniki 

 

 

2.1 Abstract 

 

Literature reports have indicated that Particulate Matter (PM) concentrations in the 

atmosphere over the major urban centres of Greece are high compared to other 

European cities of the same size. The great majority of these reports are based on 

measurements that have been conducted over a limited amount of time. This study 

provides an overview of the temporal variation that shows the trends of PM10 

concentrations in the two major urban centres of Greece (Athens and Thessaloniki) 

during the last decade (i.e., from 2001 to 2010). Annual average PM10 concentrations 

at the urban monitoring stations in Athens range from 32.3 to 62.5 κg m
-3

, and at the 

suburban stations from 21.5 to 62.9 κg m
-3

. In Thessaloniki the respective values 

range from 41.7 to 70.8 κg m
-3 

for the urban stations, and from 23.4 to 51.5 κg m
-3 

for 

the suburban. The highest and the lowest monthly average PM10 concentrations at the 

urban stations in Athens are observed during the autumn/winter and the summer 

months, respectively. For the suburban stations the highest values are observed during 

the spring and the lowest during the winter. In Thessaloniki, autumn exhibits the 

highest and summer the lowest PM10 values both for the urban and the suburban 

stations.  

 

 

2.2 Introduction 

 

Particulate matter (PM) pollution is of great concern due to its association with 

adverse effects upon human health ( e.g., Pope III, 2000; Dockery, 2001). These 

effects are more pronounced in densely populated cities where PM concentrations are 

high as a result of intensive human activity ( e.g., Harrison et al., 2001; Querol et al., 
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2008). Indeed, as health impact assessment studies show, a reduction of the ambient 

concentration of PM10 by 5 κg m
-3

 in European cities can prevent between 3 to 8 

thousand early deaths annually (Medina et al., 2004). A growing number of such 

studies underline the importance for systematic monitoring of PM concentration 

levels for facilitating control of particle-pollution sources. 

 

Apart from local sources, PM concentrations in the atmosphere over urban and 

suburban areas can be affected by regional and long-range transport of natural and 

human-made particles. In Greece for instance, the dominance of northern winds 

during the summer transport polluted air masses from continental Europe to the East 

Mediterranean (e.g., Lelieveld et al., 2002), thereby having a significant contribution 

of PM concentrations in the region (Bougiatioti et al., 2009). Moreover, due to the 

proximity to North Africa, Saharan dust is frequently observed during spring and 

autumn in the region (Kaskaoutis et al., 2008). These phenomena make PM pollution 

in the region of particular complexity, thereby posing great challenges in the design 

and implementation of pollution control strategies. 

 

Several studies have reported PM concentration measurements conducted at the 

two major urban centres in Greece. Kambezidis et al. (1986) were among the first 

ones to report PM concentration measurements at the city of Athens. Almost two 

decades later, Chaloulakou et al. (2003) reported a comprehensive yearlong (1999-

2000) record of simultaneous PM10 and PM2.5 measurements conducted at a single 

station in the centre of Athens. In an attempt to identify the spatial variation of PM 

pollution in the city of Athens, Mantis et al. (2005) have reported PM10 concentration 

performed at four monitoring stations from 2001 to 2002. Most recently, Vardoulakis 

and Kassomenos (2008) and Grivas et al. (2008) have correlated three-year (2001-

2003) and four-year-long (2001-2004) PM concentration measurements, respectively, 

with gaseous species concentration measurements to identify the sources and to assess 

the temporal variation of PM pollution in the city of Athens.  

 

PM pollution at the city of Thessaloniki has been the subject of many studies since 

the early 90‘s (e.g., Samara et al., 1990; Tsitouridou and Samara, 1993). In a more 

recent study, Manoli et al. (2002) have reported a yearlong record (1994-1995) of PM 
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concentration and composition measurements from a single traffic-impacted urban 

site in an attempt to identify the main sources of particulate pollution in the city. To 

investigate the spatial and temporal variation of PM pollution, Voutsa et al. (2002) 

have reported similar measurements conducted at three urban sites in Thessaloniki for 

the period 1997-1998. Samara and Voutsa, (2005) and more recently Chrysikou and 

Samara (2009), have provided size-segregated PM concentration and composition 

measurements in order to identify the potential risks associated to the inhalable 

fractions. 

 

The objective of this paper is to provide an overview of the temporal variation of 

PM10 concentration levels in the two major urban centres in Greece over the period 

2001 to 2010. Using daily average PM10 concentration measurements provided by the 

standardized air pollution monitoring networks, we estimate the annual and the 

seasonal variation of PM concentrations for that period. Employing one-way ANOVA 

and Tukey's multiple comparison tests, or Welch ANOVA and Games-Howell tests 

depending on the homogeneity and the normality of the data, we estimate the 

statistically significant differences among the annual and monthly average PM10 

concentrations (cf. Appendix A). This analysis allows us to draw conclusions on the 

trends of PM pollution in the two cities and to assess the significance of human 

contribution.  

 

 

2.3 Methods and techniques 

 

2.3.1 Study areas and sampling stations 

 

Athens is the largest urban centre in Greece having a population of 3.8 million 

inhabitants (Hellenic Statistical Authority, 2011). The city is surrounded by Parnitha 

mountain (1413 m asl) in the North, by Penteli mountain (1109 m asl) in the North-

East, by Hymettus mountain (1026 m asl) in the East, and by open sea (the Saronic 

Gulf) in the South-West. Systematic PM10 measurements in Athens are performed 

since 2001 by an authority of the Ministry of Environmental Physical Planning and 

Public Works. The measurements used in our study were collected from 2001 to 2010 
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from six stations in Athens, including the urban stations at Aristotelous (ARI), 

Maroussi (MAR), and Piraeus (PIR), and the suburban stations at Agia Paraskevi 

(AGP), Thrakomacedones (THR) and Lykovrissi (LYK) (cf. Figure 2.1).  

 

Thessaloniki is the second largest city in Greece having a population of 1.1 million 

inhabitants (Hellenic Statistical Authority, 2011). The city is situated in the northern 

part of Greece and is surrounded in the North-Northeast by Hortiatis Mountain (1200 

m asl) and in the South by Thermaikos Gulf. Daily PM10 concentration measurements 

in Thessaloniki are conducted by the Department of Environment and Public Works of 

the District of Central Macedonia since 2001. The measurements used in our study 

have been collected during the period 2001–2010 from five stations in the city, 

including the urban stations at Kordelio (KOD) and Agia Sofia square (AGS), and the 

suburban stations at Kalamaria (KAL), Panorama (PAO), and Sindos (SIN), as shown 

in Figure 2.1. More details about the stations are available in the HMEECC (2010) 

report for Athens and in the RCM (2007) report for Thessaloniki. The instruments 

used for measuring PM10 mass concentrations at all stations in both cities are beta 

radiation attenuation monitors (ESM-Andersen, Model FH 62 I-R). 

 

 

 

Figure 2.1: Map of Greece showing the cities of Athens (ATH) and Thessaloniki (THS) and 

the locations of the stations from which we obtained PM daily average PM10 concentrations. 
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2.3.2 Data Analysis 

 

The daily average PM10 concentration measurements from each monitoring station 

were grouped on an annual basis, and for each year the data were further separated in 

sub-groups on a monthly basis. To identify whether normal or log-normal probability 

density functions best fit the measurements for each group we used one-sample 

Kolmogorov-Smirnov (K-S) tests at a 0.05 significance level before continuing with 

the rest of the analysis. Normal probability density functions can be indicative of 

natural sources, whereas the lognormal of human sources (Zikovsky et al., 1987). 

 

Analysis of the annual and seasonal variation for each station was conducted by 

one-way analysis of variance (ANOVA) to identify whether the average values for 

each group are significantly different among each other. The homogeneity of variance 

between the different groups was also investigated using Levene's test (p-value of 

0.05). For the groups that failed the Levene tests (i.e., the grouped measurements that 

did not show similar variances) we performed Welch ANOVA to identify potential 

differences among the average values for each sub-group. In both cases, the analysis 

was completed with post hoc tests to determine similarities and differences among the 

various groups. Depending on whether the variances among the groups were equal or 

not we employed Tukey Honestly Significant Difference (HSD) or the Games-Howell 

tests, respectively (cf. Lomax, 2007). 

 

 

2.4 Results and discussion 

 

2.4.1 Annual variation 

 

Figure 2.2 shows the temporal variation of the annual average PM10 concentrations 

for all the monitoring stations in Athens. The stations that exhibit the highest and the 

lowest concentrations during the entire period we investigated are LYK and THR 

having average values 54.6 and 30.3 κg m
-3

, respectively. Interestingly, both the 

highest and the lowest concentrations are observed at suburban stations. The high 

values at LYK can be explained by the fact that the station is located in an area that is 

characterized by high agricultural activity and is also close (at a distance of ca. 100 m) 
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to a highway. For the urban stations, the highest and the lowest values are observed at 

ARI and MAR with average values 54.0 and 47.2 κg m
-3

, respectively. The EU annual 

PM10 concentration limit of 40 κg m
-3

 (European Council Directive 1999/30/EC, 

1999) was exceeded at all urban stations and at the suburban station of LYK for 

almost the entire period that we investigated. The EU 24-h PM10 limit (i.e., 

concentrations higher than 50 κg m
-3

 for more than 35 days per year) was exceeded 

for all the urban stations in Athens during the period we investigated. For the 

suburban stations, LYK exceeded the EU 24-h PM10 for the entire period from 2001 to 

2010, whereas THR only for 2010 and AGP only from 2001 to 2005.  

 

In general, the annual average PM10 concentrations in Athens are higher at the 

urban than at the suburban stations. The average PM10 concentration at the urban 

stations (PIR, ARI and MAR) is 50.1 κg m
-3

, while the respective value for the 

suburban stations (LYK, THR and AGP) is 39.8 κg m
-3

 for the entire period that we 

investigated (2001 to 2010). Excluding the measurements at LYK, which are affected 

by high traffic and agricultural activity as mentioned above, the average PM10 

concentrations for the suburban stations in Athens is 32.5 κg m
-3

. An overall decrease 

in PM10 concentrations is observed at PIR (by 29.2 κg m
-3

), in MAR (by 14.9 κg m
-3

), 

in AGP (by 18.3 κg m
-3

) and in LYK (by 21.1 κg m
-3

) during the entire period. ARI 

shows fairly constant concentration levels with values ranging from 51.7 to 57.9 κg 

m
-3

 throughout the period from 2001 to 2008, and a decrease (by 7.9 κg m
-3

) from 

2008 to 2010. The only station that shows an increase of the annual average 

concentration is THR (by 15.2 κg m
-3

) from 2008 to 2010. 

 

K-S tests revealed that the probability density functions of the measurements for 

each year and each station can be represented in almost all the cases by lognormal 

distributions. Investigation of the homogeneity of annual variances (Levene‘s test) 

shows that there are no significant deviations among the annual average PM10 

concentrations in ARI, LYK and THR (p-value of 0.05). Using one-way ANOVA for 

those stations, the PM10 annual average concentrations were found to vary 

significantly (p-value of 0.05) from one another. Tukey HSD tests showed that four 

groups of PM10 annual average concentrations having annual average PM10 values of 

27.9 κg m
-3 

for the years 2001-2005 and 2009 (p-value of 0.444), 23.1 κg m
-3 

for the 
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years 2006 and 2008 (p-value of 1.000), 31.1 κg m
-3 

for the years 2002 and 2010 (p-

value of 0.056), and 18.8 κg m
-3 

for the year 2007 (p-value of 1.000) can be identified 

for THR. This grouping indicates that the variability in the annual PM10 concentration 

for this station is random. In a similar manner, three groups can be distinguished for 

LYK, having a PM10 annual average values of 55.6 κg m
-3 

for the years 2001-2004 (p-

value 0.152), 50.3 κg m
-3 

for the years 2005-2008 (p-value 0.142) and 36.1 κg m
-3 

for 

the years 2009-2010 (p-value 0.116), showing a clear decreasing trend. Two main 

groups can be distinguished for ARI having mean values of 51.3 κg m
-3 

for the years 

2001 to 2008 (p-value of 0.106) and 44.7 κg m
-3

 for the years 2009 and 2010 (p-value 

0.142). 

 

 

 

Figure 2.2: Annual average PM10 concentrations (κg m-3) at three urban (PIR, MAR, ARI) 

and three suburban (LYK, THR, AGP) monitoring stations in Athens. Each box plot shows 

the median (middle line of the box), upper (25%) and lower (75%) quartile (top and bottom 

lines of the box, respectively) as well as the minimum and maximum values (upper and lower 

end of the whisker lines). 

 

For the stations PIR, MAR and AGP that exhibit data in homogeneity we used the 
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Welch ANOVA and the Games-Howell post hoc test. In all these stations, the Welch 

ANOVA showed significant differences among the PM10 annual average 

concentrations from one year to another (p-value of 0.05).  The Games-Howell post 

hoc tests showed that three groups can be distinguished for PIR. The first includes the 

years 2001-2005 having an annual average PM10 concentration of 53.1 κg m
-3 

(p-

value of 0.599), the second includes the years 2005, 2007 and 2010 and has an 

average value of 44.2 κg m
-3

 (p-value 0.351), and the third the years 2008 and 2009 

with an average value of 29.6 κg m
-3

 (p-value 0.357). This classification indicates that 

although a statistically significant decrease is observed at PIR after 2005, the variation 

in PM10 concentrations from 2007 to 2010 is random. In a similar manner, two groups 

can be distinguished for MAR: one including the years 2005-2008 having an average 

value of 43.6 κg m
-3 

(p-value of 0.991), and one including the years 2009 and 2010 

with an average value of 38.4 κg m
-3 

(p-value of 0.774), indicating that there is a 

systematic decreasing trend. Finally, the annual average concentrations observed in 

AGP can be divided in four groups that are significantly different from one another: 

the first group includes the years 2002-2004 and has an annual average PM10 

concentration of 33.7 κg m
-3

 (p-value of 0.939), the second group includes the years 

2002, 2004 and 2005 and has an average value of 35.0 κg m
-3

 (p-value of 0.517), the 

third includes the years 2003 and 2006 and has an average value of 31.3 κg m
-3

 (p-

value of 0.462), and the forth group includes the years 2007, 2008 and 2010 of 25.4 

κg m
-3

 (p-value of 0.990). This classification suggests that there is a statistically 

significant decreasing trend of PM10 concentrations at AGP over the years that are 

investigated in this paper. 

 

Figure 2.3 shows the temporal variation of the annual average PM10 concentrations 

for all monitoring stations in Thessaloniki. The stations that exhibit the highest and 

the lowest values are the urban station KOD (having an average value of 59.2 κg m
-3

) 

and the suburban station PAO (having an average value of 30.3 κg m
-3

), respectively. 

The annual average PM10 concentrations at the two urban stations KOD and AGS, as 

well as the suburban station SIN are considerably higher than the annual EU limit 

value. The PM10 concentrations at the suburban station KAL also exceed the annual 

limit for the year 2008, while the measurements at PAO are below the limit for the 

entire ten-year period that we investigated. The 24-h limit is exceeded in both the 
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urban and the suburban stations in Thessaloniki during the entire period we 

investigated. The only exceptions are the urban station AGS in 2004 (only 28 days 

exhibited 24-h PM10 concentrations higher than 50 κg m
-3

), the suburban station of 

SIN in 2009 (21 days having PM10 concentrations higher than 50 κg m
-3

) and the 

suburban station PAO for the periods 2003-2004, and 2006-2009 (26 and 12 days with 

concentrations higher than 50 κg m
-3

, respectively). The station with the most days 

above the 24-h limit was AGS (with 149 days per year in average), which is located in 

the center of the city. 

 

 

 

Figure 2.3: Time series of annual average PM10 concentrations (κg m-3) at two urban (KOD, 

AGS) and three suburban (PAO, SIN, KAL) monitoring stations in Thessaloniki. Each box 

plot shows the median (middle line of the box), upper (25%) and lower (75%) quartile (top 

and bottom lines of the box, respectively) as well as the minimum and maximum values 

(upper and lower end of the whisker lines). 

 

In general, the annual average PM10 concentrations in Thessaloniki are higher at 

the urban stations than the suburban stations. The average PM10 concentrations at the 

urban stations (KOD and AGS) are 57.7 κg m
-3

, whereas for the suburban stations 
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(SIN, KAL, and PAO) the respective value is 37.7 κg m
-3

 for the period 2001-2010. 

Interestingly, the PM10 concentrations at the urban stations of Thessaloniki are much 

higher compared to those at the urban stations in Athens. An explanation that has been 

offered for this observation is that apart from heavy traffic there is intensive industrial 

activity in the city of Thessaloniki (Samara et al., 2003; Moussiopoulos et al., 2009). 

It is worth noting that 20% of the industrial activity of the country is located in this 

area. 

 

Despite the high values, an overall decrease of the PM10 annual average 

concentrations is observed at almost all the monitoring stations in Thessaloniki from 

2001 to 2010. More specifically, a decrease is observed for the urban stations of KOD 

(by 27.3 κg m
-3

) and of AGS (by 17.3 κg m
-3

), as well as for the suburban stations of 

PAO (by 13.5 κg m
-3

) for the entire period we investigated, of SIN (by 6.3 κg m
-3

) 

from 2008-2009, and of KAL (by 20 κg m
-3

) from 2007 to 2010 (measurements are 

not available for previous years for this station). SIN is the only station that does not 

show any increasing or decreasing trend, having PM10 concentrations that vary 

randomly between 44.9 and 51.5 κg m
-3

 from 2001 to 2008. This observation can be 

explained by the fact that the station is located close to the industrial zone of the city, 

which is a continuous and constant source of PM pollution. 

 

The K-S tests revealed that the measurements for each year at each station can be 

well represented in almost all the cases by lognormal distributions. The only 

exceptions are the measurements from PAO during 2007 and SIN during 2009, which 

follow a normal distribution. The Levene‘s test showed that the variances do not differ 

significantly among the different years in SIN and PAO (p-value of 0.05), indicating 

that either the sources or the conditions affecting the PM10 concentrations are similar 

for all the years. One-way ANOVA for these two stations showed that the PM10 

annual average concentrations vary significantly from one another (p-value of 0.05). 

The Tukey HSD tests showed that annual average PM10 concentrations at SIN can be 

classified in three groups having significantly different values: the first having an 

average value of 45.5 κg m
-3

 for the years 2001-2003, and 2006-2008 (p-value of 

0.443), the second of 38.7 κg m
-3

 for 2004 and 2009 (p-value of 0.726), and the third 

group with 42.7 κg m
-3 

for 2002, 2004 and 2008 (p-value of 0.063). The annual 
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average PM10 values at PAO can be classified in three groups: the first one having 

average value of 32.4 κg m
-3

 for the years 2001 and 2002 (p-value of 0.143), the 

second 29.4 κg m
-3

 for the years 2002-2004 and 2006 (p-value of 0.076), and the third 

22.7 κg m
-3

 for 2007 and 2009 (p-value of 0.252). Despite the lack of data for the 

years 2008 and 2010, an overall decreasing trend is observed at this station. 

 

Because of the significantly different variances for the annual average PM10 

measurements at the stations KOD, AGS, and KAL (as indicated by the Levene‘s 

tests), we proceed with the Welch ANOVA and Games-Howell post hoc tests. The 

analysis showed that the annual average PM10 concentrations vary significantly from 

one another (p-value of 0.05) at all these stations. The Games-Howell post hoc tests 

revealed that three groups of PM10 annual average concentrations can be distinguished 

for KOD: the first one having mean value of 59.1 κg m
-3 

for the years 2001-2006 (p-

value of 0.926), the second 51.0 κg m
-3 

for the years 2005, 2007, and 2008 (p-value 

0.938), and the third 38.3 κg m
-3

 for the years 2009-2010 (p-value of 0.830). This 

classification indicates a clear decreasing trend over the years that were investigated. 

At AGS the annual average PM10 concentrations can be categorized in two groups that 

differ significantly from one another: the first includes the years 2001, 2003 and 2008 

and has a mean value of 56.4 κg m
-3 

(p-value of 0.700), whereas the second includes 

the years 2007, 2009 and 2010 and has a mean value of 45.7 κg m
-3 

(p-value of 

0.790). Finally, at KAL the annual average concentrations are significantly different 

among each other for the entire period that data were available (i.e., from 2007 to 

2010), showing a systematic decreasing trend over the years. 

 

 

2.4.2 Seasonal and monthly variation 

 

As shown in Figure 2.4, the highest monthly average PM10 values at the urban 

stations in Athens are observed during the autumn/winter seasons and the lowest 

during the summer. For the suburban stations the respective values are observed 

during the spring and during the winter. This systematic difference between the urban 

and the suburban stations in Athens indicates that the former are influenced to a 

greater extent by sources that exhibit seasonality (e.g., domestic heating systems) 
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compared to other PM sources (e.g., traffic). 

 

The urban stations MAR and ARI exhibit higher monthly-average concentrations 

in November (56.2 and 65.8 κg m
-3

, respectively) and lower in June (39.7 κg m
-3

) and 

August (47.5 κg m
-3

), respectively. The PM10 concentrations measured at the urban 

station PIR ranged between 40.6 and 53.7 κg m
-3

 without showing any significant 

monthly variations. This can be explained by the fact that the station of PIR is located 

close to the main port of Athens, and as a result is influenced by its intensive activity. 

Monthly average PM10 concentrations measured at the suburban stations of THR and 

AGP (cf. Figure 2.4) were found to be higher in April and in September (having 

average values of 41.3 and 40.0 κg m
-3

, respectively) and lower in December (having 

average values of 22.5 and 24.3 κg m
-3

, respectively). At AGP and THR, the 

measurements showed systematically higher concentrations during April for all the 

years. This observation suggests that both these stations, which are situated close to 

pine and conifer forests, are significantly influenced by the spring flowering period 

(Apostolou and Yannitsaros, 1977; Vassilakos et al., 2005). Measurements at the other 

suburban station (i.e., LYK) showed higher PM10 concentrations in November and 

lower in August (60.7 and 49.5 κg m
-3

, respectively). This observation suggests that 

PM10 concentrations at LYK are predominantly determined by sources (e.g., the high 

traffic on the highway located < 100 m away) other than flowering. 

 

The variance of the monthly average PM10 measurements at all stations was found 

to be inhomogeneous as indicated by the Levene‘s tests (p-value of 0.05). With the 

exception of PIR, Welch ANOVA and Games-Howell post hoc tests showed that the 

seasonal average concentrations were significantly different from one another (p-

value of 0.05) for all the stations in Athens. The Games-Howell test at PIR showed 

that although the average PM10 concentrations in spring (44.6 κg m
-3

) and winter 

(42.9 κg m
-3

) are higher compared to those in autumn (42.4 κg m
-3

) and summer (41.0 

κg m
-3

), they do not differ significantly from each other (p-value of 0.508). At MAR 

the respective concentrations for winter (45.3 κg m
-3

) and autumn (43.4 κg m
-3

) do 

not differ significantly from each other (p-value of 0.478), but are significantly higher 

compared to those in spring (43.1 κg m
-3

) and summer (40.6 κg m
-3

). In a similar 

manner, the PM10 concentrations in spring (29.4 κg m
-3

) and summer (29.1 κg m
-3

) are 
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similar (p-value of 0.947) at THR, and significantly higher compared to autumn (24.9 

κg m
-3

) and winter (19.5 κg m
-3

). At ARI the average PM10 values in autumn, winter 

and spring do not differ significantly (p-value of 0.355) from each other (having 

average values 52.7 κg m
-3

, 49.9 κg m
-3

 and 49.4 κg m
-3

, respectively), but are 

significantly higher compared to those for the summer (46.7 κg m
-3

). At LYK the 

PM10 concentrations for spring, summer and autumn, do not vary significantly (p-

value of 0.543) from each other (having average values 50.9, 48.9 and 48.0 κg m
-3

), 

but are significantly higher compared to the measured values in winter (46.8 κg m
-3

). 

Finally, at AGP the respective PM10 values for summer and spring do not differ 

significantly (p-value of 0.059) from each other (having average values 34.9 κg m
-3

 

and 32.9 κg m
-3

), but are much higher compared to those in autumn (30.4 κg m
-3

) and 

in winter (23.2 κg m
-3

).  

 

 

Figure 2.4: Monthly average PM10 concentrations (κg m-3) at three urban (PIR, MAR, ARI) 

and three suburban (LYK, THR, AGP) monitoring stations in Athens. Each box plot shows 

the median (middle line of the box), upper 25% and lower 75% quartile (top and bottom lines 

of the box, respectively) and the minimum and maximum values (upper and lower end of the 

whisker lines). 
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Both urban and suburban stations in Thessaloniki exhibit the highest monthly 

average PM10 values during the ―cold‖ seasons (autumn and winter) and the lowest 

during the summer. The only exception is PAO station that exhibits highest seasonal 

average PM10 values during spring and the lowest during the winter. This seasonal 

difference could be attributed to the fact that the station is located close to a forest, 

which can be an important source of airborne particles (i.e., pollen) during the 

flowering period (April to July). As shown in Figure 2.5, the stations KOD, AGS, and 

SIN exhibit the highest PM10 concentrations in November (with average values 78.4 

and 75.9 and 64.1 κg m
-3

, respectively) and the lowest in July (50.1 κg m
-3

), July 

(48.6 κg m
-3

) and March (43.6 κg m
-3

), respectively. The suburban stations KAL and 

PAO exhibit the highest monthly average PM10 concentrations in November (48.0 κg 

m
-3

) and in April (34.4 κg m
-3

), and the lowest in September (30.6 κg m
-3

) and in 

December (29.0 κg m
-3

), respectively.  

 
 

Figure 2.5: Monthly average PM10 concentrations (κg m-3) at two urban (KOD, AGS) and 

three suburban (PAO, SIN, KAL) monitoring stations in Thessaloniki. Each box plot shows 

the median (middle line of the box), upper 25% and lower 75% quartile (top and bottom lines 

of the box, respectively) and the minimum and maximum values (upper and lower end of the 

whisker lines). 
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The seasonal variations of the log-transformed PM10 concentrations differ 

significantly among the different seasons in all the monitoring stations (Levene‘s test, 

p-value 0.05). The Welch ANOVA and the Games-Howell post hoc tests showed that 

the seasonal average PM10 concentrations also vary significantly from one another for 

all the monitoring stations. The seasonal average PM10 values at KOD for autumn and 

winter (average values of 55.2 and 56.5 κg m
-3

, respectively) do not differ 

significantly from each other (p-value of 0.892), but are higher compared to those in 

spring (49.8 κg m
-3

) and summer (47.9 κg m
-3

). In a similar manner, the respective 

concentrations for autumn (55.9 κg m
-3

) and winter (53.5 κg m
-3

) at AGS do not differ 

significantly from each other (p-value of 0.429), but are higher compared to those in 

spring and summer (48.7 κg m
-3

 and 47.4 κg m
-3

, respectively). The average PM10 

values at PAO do not differ significantly (p-value of 0.865) between summer and 

spring (having average values of 29.5 κg m
-3 

and 29.0 κg m
-3

, respectively), but are 

higher compared to winter (27.0 κg m
-3

). For SIN, the seasonal average PM10 values 

do not differ significantly (p-value of 0.997) for winter and summer (43.7 κg m
-3 

and 

43.9 κg m
-3

, respectively), but are significantly higher compared to spring (40.7 κg m
-

3
). Finally the concentrations at KAL do not differ significantly (p-value of 0.518) for 

winter and autumn (37.0 κg m
-3 

and 34.5 κg m
-3

, respectively), but are significantly 

higher compared to spring and summer (30.5 κg m
-3 

and 30.1 κg m
-3

, respectively). 

 

 

2.5 Conclusions 

 

The two major urban centres in Greece, Athens and Thessaloniki, exhibit high 

PM10 concentrations compared to other European and US cities of the same size. In 

both cities, all urban stations exceeded the EU annual and 24-h limits during the entire 

period that we investigated. With the exception of LYK and AGP in Athens, and of 

SIN and KAL in Thessaloniki, all suburban stations showed lower than the EU limit 

PM10 concentration levels. The urban stations in Thessaloniki exhibited higher PM10 

concentrations, compared to those in Athens, which can be attributed to the more 

intensive industrial activity in the city. 

 

The annual average PM10 concentrations exhibited an overall decreasing trend in 
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both cities during the entire period we investigated. Exception to this observation was 

observed for the suburban station of THR in Athens, that showed an increasing trend 

from 2007 to 2010, as well as for the stations PIR in Athens and SIN in Thessaloniki 

that did not exhibit any trend, most likely due to their proximity to constant PM 

sources (the station at PIR is close to the main port of the country, whereas the station 

at SIN is close to an industrial zone). The seasonal variation was shown to be different 

between urban and suburban station in Athens and Thessaloniki. The highest PM10 

concentrations at the urban stations in Athens were higher during the autumn and 

winter and lower during the summer, while the highest values at the suburban stations 

were observed during the spring and the lowest during the winter. A possible 

explanation for this difference is that the former are influenced to a greater extent by 

domestic heating systems compared to other sources of PM10. In Thessaloniki, with 

the exception of one station (SIN) that does not exhibit any seasonality; seasonal 

variations were found to be similar both at the urban and the suburban stations, 

exhibiting highest and lowest concentrations during autumn and summer, respectively. 
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Chapter 3 

 

Particulate pollution transport episodes from Eurasia to a remote 

region of northeast Mediterranean 

 

 

3.1 Abstract 

 

Long-range transportation of air pollutants from industrial and urban environments 

can significantly affect the quality of the air in remote regions. In this study, we 

investigate episodes of particulate transport (PT) from Eurasia to the remote 

environment of Northeastern Mediterranean, i.e., the region of the North Aegean Sea 

(NAS), during the summer when the synoptic Etesian wind conditions prevail. A 

temporary monitoring station was set up at a remote region on the island of Lemnos, 

which is located at the center of the NAS at a distance of ca. 250 km from the 

continent. Measurements of the aerosol particle size distributions, the total number 

and mass concentrations, as well as the chemical composition of the particles were 

conducted from 27 August to 10 September 2011. During this period, the wind speeds 

were high (typically higher than 5.5 m s
-1

) with a direction that mostly ranged from 

north to northeast (68% frequency). Winds having direction ranging from northwest 

to south were less frequent (7% frequency), while the rest of the cases were 

characterized as calm (i.e., wind speeds less than 1 m s
-1

; 25% frequency). Seven PT 

episodes were observed during the sampling period. When the wind direction was 

northeastern we observed up to a six-fold increase in particle number concentration of 

nucleation mode, while the peak size of the particles decreased from 100 to 20 nm. 

Interestingly, the nucleation-mode particles grew from ca. 15 to 25 nm with rates of 

ca. 9.0 nm h
−1

, which are representative of polluted areas. Analysis of the chemical 

composition of particle samples collected on filters during the PT episodes shows that 

the concentration of sulfates and nitrates increased by ca. 60%, while the OC/EC ratio 

increased by ca. 22% compared to the rest of the sampling period. Back-trajectory 

analysis for the period during the episodes shows that the air masses arriving at the 

station passed over the greater Istanbul area and the Black Sea 9 to 12 hours before 
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reaching our station. These observations provide strong evidence that the air quality in 

the remote region of the NAS can be significantly affected by the transportation of 

particulate pollution during the summer period, having potentially important effects 

upon human health and climate in the region. 

 

 

3.2 Introduction 

 

Long range air pollution transport can significantly affect air quality and therefore 

human health and climate in both urban (Kubilay et al., 2000; Karaca et al., 2009) and 

remote (Masclet et al., 1988; Kato et al., 2001) regions. For instance, the region of the 

Eastern Mediterranean, which is considered a climate hotspot, is strongly affected by 

transportation of air pollutants originating from Europe, Africa and Asia. While, 

numerous studies have focused on the southern part of the Eastern Mediterranean 

(Kouvarakis et al., 2002; Smolík et al., 2003), its northern part, i.e., the Northern 

Aegean Sea (NAS), has largely been ignored. 

The NAS is an important part of the Mediterranean region, located very close to 

big cities of Greece (Athens and Thessaloniki), Turkey (Istanbul, Izmir, and Bursa) 

and Bulgaria (Burgas and Plovdiv) that have organized industrial zones, including 

large factories, power plants, and mines (Thöni et al., 2011; Civan et al., 2011). The 

area is of particular interest since on the one hand the economic crisis in Greece has 

affected everyday human practices, which in turn have led to an increase in 

anthropogenic emissions of particles (Saffari et al., 2013; Paraskevopoulou et al., 

2014) and a decrease of gaseous pollutants such as NO2 and SO2 (Vrekoussis et al., 

2013), while on the other the expanding economy of Turkey has strongly affected 

regional air quality (Alyuz and Alp, 2014). 

The seasonal pattern of air pollution transport is strongly affected by the annual 

variability of the wind patterns in NAS (Kallos et al., 2007). During summer and early 

autumn, the prevailing winds (i.e., the Etesians) have a northeasterly direction. 

(Kallos et al., 1998; Poupkou et al., 2011). The Etesian winds are associated with 

horizontal and vertical transport of air masses to the region of the Aegean Sea and the 

Eastern Mediterranean (Tyrlis et al., 2013; Anagnostopoulou et al., 2014). This in turn 
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perplexes the air pollution pathways between southern Balkans, Turkey and the NAS 

(Kotroni et al., 2001) and influences the quality of the air and the climate of the entire 

region (Bezantakos et al., 2013; Tombrou et al., 2013, 2015). 

In this study, we investigate the properties of atmospheric particles observed in the 

remote environment of the NAS during the summer period when Etesian winds 

prevail, in order to understand how cross-border air pollution transport affects local 

air quality. Measurements of the size distributions, the number and mass 

concentrations, as well as the chemical composition of the atmospheric particles were 

conducted on Lemnos, a remote island located at the center of the NAS. 

 

3.3 Experimental 

 

Measurements were conducted from 27 August to 10 September 2011 (239 –253 

Day of Year; DOY) at a temporary monitoring station at Vigla; a remote region on the 

island of Lemnos (39° 58΄ N, 25° 04΄ E; 420 m a.s.l.), which is located at a distance of 

ca. 250 km from mainland Greece and Turkey at the center of the NAS (cf. Fig. 3.1). 

A Scanning Mobility Particle Sizer (SMPS; TSI Model 3034) was used to measure 

the size distribution of aerosol particles having diameters in the range from ca. 10 to 

500 nm with a 3-min time resolution. In addition, a micro-orifice uniform deposit 

cascade impactor (MOUDI; MSP Model 110) was used to collect PM1 samples on 

Teflon filters (Pall Life Sciences Zefluor Supported PTFE filter, 47mm in diameter; 

Part No. P5PL047) at a flow rate of 30 lpm. A separate sampler operated at 20 lpm 

was used to collect samples on pre-treated quartz filters (Pall Life Sciences Pall flex 

Σissuquartz, 47mm in diameter; Part No.7202) for determining the mass of the total 

suspended particles (TSP). After gravitational analysis, the filter samples were 

analyzed for inorganic ions (i.e., NH4
+, Na+, K+, Ca

2+
, Cl

-
, NO3

-
 and SO4

2-
) using an 

ion chromatograph (Dionex Model DX-500) equipped with a conductivity detector 

(Dionex Model CD20) and a gradient pump (Dionex Model GP50). Organic and 

elemental carbon (OC and EC) were analyzed with the Thermal Optical Transmission 

(TOT) technique (Birch and Cary, 1996), using a Sunset Laboratory OC/EC Analyzer 

(Sunset Laboratory Inc. Model 4L ECOC Lab Instrument). In particular, a punch of 
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1.5 cm
2
 from each sample was analyzed using the EUSAAR-2 protocol (cf. 

Paraskevopoulou et al., 2014). 

Meteorological data including wind speed, wind direction, mean hourly 

temperature and relative humidity were provided by the meteorological station located 

at the airport of the island. Ultraviolet radiation (UV) radiation data were obtained by 

the Greek UV monitoring network operated by the Laboratory of Atmospheric 

Physics of the Aristotle University of Thessaloniki. Back-trajectories (5-days long) of 

the air masses arriving at Vigla station were determined by the NOAA HYSPLIT 

model (Draxler and Hess, 1998; Draxler and Rolph, 2003). The trajectories were 

calculated at 12:00 UTC, which is around the starting time of the episodes. In 

addition, we investigated the vertical wind velocity motion (omega fields) using the 

NCEP/NCAR Reanalysis 1 by NOAA (Kalnay et al., 1996) on a daily basis during the 

entire campaign. 

 
 

Figure 3.1: Map showing the island of Lemnos (39° 58΄ N, 25° 04΄ E) and the location of the 

station at Vigla (420 m a.s.l.). The most important industrial sites and the largest cities close 

to the monitoring station are also shown. 
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3.4 Results and discussion 

 

The prevailing winds had north to northeast direction (68% frequency) with wind 

speeds ranging up to 11.3 m s-1 (cf. Fig. 3.2). Calm conditions (i.e., average wind 

speed < 1 m s−1) were observed ca. 25% of the entire sampling period with the 

majority (73%) being observed during nighttime (from 8:00 in the morning to 18:00 

in the evening). In eight out of the fifteen days of the campaign (i.e., 239, 240, 241, 

246, 247, 248, 249 and 250 DOY), the meteorological conditions were representative 

of the Etesian conditions as identified by Tyrlis and Lelieveld (2013). 

 

 
 

Figure 3.2: Wind rose for Lemnos during the sampling period. Calm conditions are identified 

when the wind speeds are < 1 m s-1. 

 

Figure 3.3a shows the evolution of the normalized particle number size 

distributions throughout the campaign. The mean particle size during the entire period 

was ca. 100 nm, with 47% of the size distributions exhibiting a single mode, 40% two 

modes and 13% more than two modes. The total particle number concentration ranged 

from 1×10
3 

to 7×10
3 

particles cm
-3

, having a mean value of 2×10
3 

particles cm
-3

, 

which is in agreement with measurements conducted in the Eastern Mediterranean 

(Kalivitis et al., 2008; Pikridas et al., 2010) and other coastal areas in Europe (Weijers 

et al., 2004). As shown in Fig. 3.3b, the mean number concentration of nucleation-

mode particles (i.e., particles having diameters smaller than 25 nm; Nd<25nm) was ca. 
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20 particles cm
-3 

(average value for most of the sampling period), but increased to 

values higher than 1×10
2 

particles cm
-3 

during almost all the Etesian days (referred as 

particle transportation PT episode days hereinafter): i.e., on 27 (239 DOY), 28 (240 

DOY), and 29 (241 DOY) August as well as on 5 (248 DOY), 6 (249 DOY), and 7 

(250 DOY) September. The same pattern was observed for 10 September (253 DOY), 

which is not identified as an Etesian day. 

 

 
 

Figure 3.3: Particle size distributions measured from 27 August to 10 September 2011 at the 

Vigla station. Normalized particle number size distributions (a), time series of particle 

number concentrations having sizes in the range 10-500 nm (black line), 10-25 nm (blue line), 

26-90 nm (red line), 91-500 nm (green line) (b), and of the wind speed (solid black line) and 

direction (dashed black line) during the entire sampling period (c). The days of Etesians (ED) 

are indicated at the top of the figure. The black dashed line shown in 3b indicates the Nd<25nm 

above which we have PT episodes. Light shaded areas in 3b and 3c indicate the periods with 

PT episodes that are characterized as moderate (i.e., on 27 (239 DOY), 28 (240 DOY), and 29 

(241 DOY) August, as well as on 5 (248 DOY), 6 (249 DOY), 7 (250 DOY)), while the dark 

shaded area indicates the period with the strong PT episode (on 10 (253 DOY) September). 

The red rectangle in 3.3b and 3.3c corresponds to the period when the prevailing wind 

conditions were similar to those during the PT episodes but Nd<25nm was below the threshold 

value. 

 

All the PT episodes started around midday and lasted for ca. six hours, coinciding 

with the period of the day that the lower troposphere influences most the boundary 

layer. During this period, the vertical distributions and the transport of air masses is 
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enhanced (Tyrlis and Lelieveld, 2013). Almost all the episodes exhibited Nd<25nm 

values that reached up to ca. 5×10
2
 particles cm

-3 
and can therefore be characterized as 

moderate events (light shaded areas in Fig.3.3b). The PT episode on 253 DOY was 

characterized as strong (dark shaded area in Fig. 3.3b) with Nd<25nm reaching values of 

ca. 1.2×10
3 

particles cm
-3

. The particle number concentration of the Aitken mode 

during all the PT episodes exhibited a 100% increase (i.e., from 0.7×10
3
 to 1.4×10

3
 

particles cm
-3

), while that of the accumulation mode ca. 30% decrease (i.e., from 

1.2×10
3 
to 0.8×10

3
 particles cm

-3
) compared to the rest of the sampling period. 

Generally, Nd<25nm increased up to 1.2×10
3
 particles cm

-3 
(strong episodes) when 

strong north-northeastern winds (average speed 7.5±1.9 m s
-1

) prevailed during the PT 

episode days, while Nd<25nm increased up to 5×10
2
 particles cm

-3
 (weak episodes) 

under weaker north-northeastern winds (average speed 4 m s
-1

). Some episodes (e.g., 

on 249 and 250 DOY) were interrupted for several hours as indicated by the decreases 

of Nd<25nm below 100 particles cm
-3

 (Fig. 3.3b), coinciding with short and sudden 

changes in wind speed and direction, as well as with the presence of clouds. It should 

be noted here that although the prevailing wind conditions on 251 DOY (indicated by 

the red rectangle in Fig. 3.3b and 3.3c) were similar to those during the PT episodes, 

the observed Nd<25nm was less that 100 particles cm
-3

. This can be attributed to the 

different paths of the air masses (cf. dark green back-trajectory that does not pass over 

Istanbul in Fig. 3.6), and/or the moderate or weak nucleation events occurring 

upwind. 

Characteristic particle size distributions before the beginning and until the end of a 

PT episode on 241 DOY are shown in Fig. 3.4. Size distributions before the episode 

(i.e., at 8:00; Fig. 3.4a) showed a single peak at ca. 100 nm. Immediately after the 

episode started (i.e., at 12:00; Fig. 3.4b), the measured particle size distributions were 

best fitted by a trimodal distribution, indicating that polluted air masses from different 

sources are transported to the region and blend with local emissions. Three hours later 

(i.e., at 15:00; Fig.. 3.4c), the size distribution showed a sharp peak at ca. 30 nm 

having a maximum concentration of 4.5×10
3
 particles cm

-3
. Four hours after the end 

of the episode (i.e., at 21:00; Fig. 3.4d) the particle number concentration (for 

particles having diameters from ca. 10 to 500 nm) increased almost by a factor of five, 
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while the size distribution also exhibited a peak shift towards larger diameters (ca. 60 

nm). After 3 h (i.e., at 24:00) the size distributions returned to the normal mode, 

showing a peak at 70 nm (maximum value of 2.5×10
3 
particles cm

-3
). 

Interestingly, during all the episodes, the nucleation mode particles appear at 

relatively large sizes (ca. 15-17 nm) and grow to ca. 25 nm over a period of an hour 

(i.e., having a growth rate of ca. 9.0 nm h
-1

). The fact that they are relatively large 

when they first appear in our measurements indicates that they are formed in a region 

further upwind and that they grow during their transportation to our site. Typical 

particle growth rate values in clean coastal areas are < 4 nm h
-1 

(Ehn et al., 2010; Peng 

et al., 2014), while higher values are observed at highly polluted urban and industrial 

areas (Birmili et al., 2003; Kulmala et al., 2005; Hamed et al., 2007). This provides an 

additional indication that the nucleation-mode particles observed in our station during 

the PT events have been formed at the urban and/or the industrial region of Istanbul 

further upwind. 

 

 
 

Figure 3.4: Particle number size distribution measurements before (a), during (b and c) 

and after (d) the PT episode on 241 DOY. The square symbols represent the 

measurements, whereas the solid and the dashed lines are the overall and the individual-

mode lognormal fits, respectively. 
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To further investigate the assumption that these particles are produced by 

nucleation events that take place upwind, we correlate their concentration with that of 

sulfuric acid ([H2SO4]) determined by the empirical model described by Mikkonen et 

al. (2011a) (cf. Appendix B-Part A and B). In brief, the concentration of H2SO4 was 

estimated using measurements of the UV, relative humidity, as well as predictions of 

the concentration of SO2 by the WRF-Chem model ( sulfur WRF-chemsimulation; 

Grell et al., 2005), whereas the condensation sink (CS) was determined using the size 

distribution measurements (cf. Appendix B-Part B). The estimated [H2SO4] had an 

average value of 1.6×10
5
 molecules cm

-3 
during the PT episodes, with maximum 

values reaching up to 5.7×10
5
 molecules cm

-3
. Considering that H2SO4 is believed to 

induce new particle formation at concentrations higher than 10
5
 molecules cm

-3 

(Curtius, 2006), our estimations indicate that it plays an important role in the 

formation (upwind of the station) and growth of the nucleation-mode particles 

observed over Lemnos. The correlation between the estimated gaseous [H2SO4] and 

Nd<25nm was moderate (R
2
 = 0.50), but increased (R

2
 = 0.71) when a time lag of ca. 7 h 

was used between the data sets (i.e., the concentrations of Nd<25nm were time shifted 

from 6 to 8 h backwards to achieve the highest correlation with [H2SO4]). This 

increase in correlation provides additional evidence that the nucleation-mode particles 

did not form in the region of NAS, but further upwind. 

 

 

3.4.1 Chemical composition of aerosols 

 

Figure 3.5 shows the composition of the inorganic fraction of PM1.0 filter samples 

(38 in total) collected during the entire sampling period. These samples were further 

classified to those corresponding to the period during the PT episodes (8 samples), 

before (6 samples) or after (6 samples) the PT episodes (referred as transition periods; 

TP), and to the periods when the atmosphere over Lemnos was not affected by PT 

(referred as ordinary days; OD). 

Figure 3.5 a indicates that sodium and chloride were the dominant ionic 

constituents of the PM1.0 mass concentration (51% of the total PM1.0 mass) during the 

OD, which is expected for a coastal site. During those days, sulfates nitrates and 

ammonium accounted for 17% of the total PM1.0 mass. In contrast, during the PT 
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episodes or the TP, the PM1.0 mass fraction in sulfates, nitrates and ammonium 

increased respectively to 70% and 83% (cf. Fig. 3.5b and 3.5c). Given that these ions 

are associated with secondary inorganic aerosols (e.g., Deshmukh et al., 2011; Talwar 

and Bharati, 2012), the measurements shown in Fig. 3.5 provide an additional 

indication that the particles observed on Lemnos during the PT episodes have an 

urban and/or industrial origin. 

 

 

 

 Figure 3.5: Ion mass fractions of PM1.0 samples collected on filters during ordinary days (a), 

PT episodes (b), and transition periods (c). 
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Organic carbon (OC) was the most abundant component and accounted for 91% of 

the total carbon during the entire sampling period, which is indicative of 

urban/industrial emissions. Mean concentrations of organic and elemental carbon (OC 

and EC) in TSP were 2.2±1.1 and 0.2±0.2 κg m
-3

, respectively. Similar levels of 

carbonaceous particles have been reported in the Eastern Mediterranean region 

(Sciare et al., 2003; Koulouri et al., 2008). The relationship between OC and EC 

levels was significantly high (R
2
 = 0.67), which suggests common dominant 

combustion sources (Sillanpää et al., 2005; Cao et al., 2007; Xu et al., 2012). With the 

exception of 28 August (240 DOY) during which the aerosol was affected by a fire 

event in Northern Greece, the OC/EC ratio ranged from 4 to 46 (median = 10), with 

those observed during the PT episodes or the TP being higher compared to those 

measured during  the OD (10.0 and 9.0, respectively). 

 

 

3.4.2 Transportation pathways of the sampled air masses 

 

Figure 3.6a shows five-day back-trajectories of air masses reaching the measuring 

site during the PT episodes. With the exception of 10 September (253 DOY), all the 

transported air masses originated from northeastern regions, when strong winds 

prevailed (mean wind speed of 6.3±2.7 m s
-1

). More precisely air masses passed over 

Black Sea (12h before reaching the monitoring station), the Greater Istanbul Area (9h) 

and the Northern Greece (6h). Until the end of the transportation episode, the winds 

had a northwestern direction with local wind speeds of 1.9 m s
-1

. Of particular interest 

is the back-trajectory on 8 September (251 DOY), which has a northeastern origin but 

by –passes the wider Istanbul region. It should be noted that this is the day that no PT 

was observed although the favoring prevailing winds. On 10 September (253 DOY), 

the air masses passed over the industrial areas of Bulgaria (18h before reaching the 

station) and the regions of Evros in Northern Greece (7h). 

Overall, these observations show air masses coming from industrial areas that 

travel and transport pollutants to the remote region. For the rest of the sampling days, 

the back-trajectory calculations show that the air passed over Northern Greece and the 

Balkan under weak northern and southern winds before reaching the monitoring 



 

  44 
 

station. The vertical component of the 5-day back trajectories is shown in Fig. 3.6b. 

During the PT episodes, all the trajectories were below ca. 2000 m for at least 24 

hours before reaching the station, but approached the ground level halfway when 

reaching the Greater Istanbul Area. For the rest of the days, the trajectories indicate 

vertical mixing and influences of the air masses received at our station from different 

sources (data not shown).  

 
 

Figure 3.6: Horizontal (a) and vertical (b) paths of 5-day back-trajectory calculations during 

the PT episodes and on 8 (251 DOY) September. All the trajectories on 27 (239 DOY), 28 

(240 DOY), and 29 (241 DOY) August as well as on 5 (248 DOY), 6 (249 DOY), 7 (250 

DOY), 8 (251 DOY) and 10 (253 DOY) September (magenta, red, blue, orange, cyan, yellow, 

dark green and green lines, respectively) start at 12:00 UTC. The dots on each trajectory 

indicate the position of the air parcels at the end of each 6-h interval before reaching the 

monitoring station. 

 

In addition, the vertical component of the wind from the analysis of the omega 

fields (at a pressure level of 500 hPa) during the PT episodes shows downward 

movement of air masses (up to 7.5 Pa min
-1

) over the NAS. For example, the vertical  
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omega profile on 239 DOY shows subsidence conditions over the region of north and 

central Aegean Sea and strong wind fields (up to 15 Pa min
-1

) over the Black Sea and 

the Greater Istanbul Areas (cf. Fig. 3.7a). Considering also that the height of the back 

trajectories does not fluctuate substantially once they reach the lower levels over the 

Black Sea and the Greater Istanbul Areas (cf. Fig. 3.6b), this analysis supports the 

hypothesis that the increased particle number concentrations in the remote region of 

the NAS are due to transportation of polluted air masses from anthropogenic sources. 

 

For the rest of the sampling days (e.g., 242 DOY; cf. Fig. 3.7b showing the associated 

omega field), the profiles show a high-pressure over the NAS, which prevents any air 

mass transport to the region. 

 

 

Figure 3.7: Vertical wind motion (omega fields) at 500 hPa during the PT episode on 27 (239 

DOY) August (a) and during the non episode day on 30 (242 DOY) August (b) based on daily 

reanalysis data from the National Centers for Environmental Prediction (NCEP).The color bar 

shows the changes of the vertical velocity (Pa min-1). 
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3.5 Conclusions 

 

Elevated aerosol number concentrations (with a mean value of 2.2×10
3 

particles 

cm
-3

) were observed during particle transportation (PT) episodes in the NAS when the 

meteorological conditions were representative of the Etesian conditions. During these 

episodes, the particle size distributions exhibited a peak shift towards lower diameters 

(i.e., from 100 to ca. 20 nm), while the number concentration increased substantially. 

The nucleation-mode particles observed during all the PT episodes had sizes from ca. 

15 to 17 nm and grew with a rate of ca. 9.0 nm h
-1

, providing a first indication that 

they have been formed in highly polluted areas and their size was increased during 

transportation to the NAS. The estimated concentrations of sulfuric acid during the 

episodes were in the order of 10
5
 molecules cm

-3
, suggesting that it plays an important 

role in the formation and growth of the observed nanoparticles. The correlation 

between Nd<25nm and [H2SO4] was moderate but became strong (R
2
 = 0.71) when a 

time lag of 7±1 h was used between the two data sets. The fraction of sulfates, 

nitrates, and ammonium on PM1.0 samples exhibited an increase of ca. 60%, whereas 

the OC/EC ratio was systematically higher during the PT days compared to the rest of 

the days. In addition, a strong correlation (R
2
 = 0.67) was observed between OC and 

EC, suggesting that they have common combustion sources. These observations 

provide an additional indication that the particles observed in the region of NAS have 

an urban and/or industrial origin, as also confirmed by the analysis of back-

trajectories and the omega fields. Considering that the aerosol is not influenced by 

many other sources during their transport over the sea, air quality measurements at 

this site provide a great opportunity to study the ageing of anthropogenic particles. 
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Chapter 4 

 

Characterisation of the atmospheric urban aerosol in a background 

marine region 

 

4.1 Abstract 

 

The concentrations, size distributions, and elemental compositions of the 

atmospheric aerosol over a small but representative insular coastal city in the North 

Aegean Sea were measured during the warm and cold periods. Mean PM2.0 and PM1.0 

concentrations at the city centre were respectively 26 and 21 κg m
-3

 during winter and 

21 and 15 κg m
-3

 during summer. Although these concentrations are considerably 

lower compared to corresponding values recorded in large cities in the region, they 

are still very close to the mean annual standards set by the EU for PM2.5. Higher 

average mass (by ca. 26%-36% for TSP, PM2.0 and PM1.0) and number (ca. 44%) 

concentrations were observed in winter compared to those in summer, due to the 

additional emissions from domestic heating and the weaker atmospheric dilution. The 

elemental composition measurements showed that crustal and anthropogenic elements 

(i.e., K, Ca, Ti, Mg, Fe, As, S) in the collected particle samples were also enriched 

when polluted air masses were transported from Northeastern Turkey. These 

measurements also showed that natural sources contribute sea-salt and re-suspended 

soil to the particulate matter load in the city's atmosphere. Non-exhaust traffic 

emission sources were also found to be an important contributor, as indicated by the 

good correlations (R
2
 = 0.40 - 0.91) between crustal and traffic-related elements (i.e., 

Zn, Cr, Cu, and Mn). The strong contribution of local traffic sources was also 

identified by the increased number concentrations in the Aitken mode during rush 

hours. Overall, PM measurements in the urban environment in the region are 

relatively high, being influenced by both local sources and long transported air 

masses. 
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4.2 Introduction 

 

Urban air quality is affected by natural and anthropogenic sources of particulate 

matter (PM) and gaseous species (Fenger, 2009) that can cause adverse effects upon 

human health (e.g., Kampa and Castanas, 2008; D‘Amato et al., 2013; Lelieveld et al., 

2015; Stafoggia et al., 2017). Although the concentrations of main air pollutants has 

been decreasing in large European cities during the last decade (Klimont et al., 2013; 

Guerreiro et al., 2014), airborne particles having sizes smaller than ca. 2.5 κm (i.e., 

PM2.5) often exhibit values above or close to the EU annual standard (25 κg m
-3

) 

mainly due to the numerous and intense anthropogenic sources, including 

transportation, domestic combustion processes and industrial activities (Szigeti et al., 

 2013; Eleftheriadis et al., 2014; Manousakas et al., 2015; Diapouli et al., 2017a; 

Mamali et al., 2018). 

 

The air quality in small cities (i.e., cities with less than 100000 inhabitants) is 

believed to be better than that in large urban agglomerations due to the smaller 

number of emission sources and high natural ventilation with clean marine ambient 

air. Previous studies, however, have shown that small cities can be influenced by 

major particle sources under certain meteorological conditions. In the small 

agricultural city of Ciudad Real (75000 inhabitants) in Spain, for instance, high PM2.5 

concentrations are mostly influenced by crustal sources and transported air masses 

from the Sahara desert, while vehicular traffic accounts for only 14% of those 

concentrations (Aranda et al., 2015). Also, in Lycksele and Gundsømagle, two small 

Scandinavian cities, the high concentrations of coarse and fine particles (PM10, PM2.5 

and PM1.0) typically observed in winter are the result of local traffic and wood 

combustion emissions in combination with low air temperatures and stable weather 

conditions (Glasius et al., 2006; Krecl et al., 2008). 

 

Apart from local/regional sources, air quality in small cities may be significantly 

affected by transported air pollution from distant sources under specific 

meteorological conditions (i.e., wind direction and speed). A number of studies at 

coastal cities in the region of Eastern Mdetiterranean have shown that high PM 

concentrations are in many cases linked to air masses transported from Africa and the 
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Middle East (Kubilay et al., 2000; Lazaridis et al., 2005; Sciare et al., 2008; Floutsi et 

al., 2016). Especially for the region of the Northern Aegean Sea (NAS), air quality 

can be significantly affected by polluted air masses transported from Eastern Europe 

and the Black Sea (Bezantakos et al., 2013; Tombrou et al., 2013, 2015; Triantafyllou 

et al., 2016). Despite this evidence, however, there is still insufficient information on 

the quality of the air in coastal urban areas in this region and on the contribution of 

the local and distant sources that influences it. 

 

The aim of this work is to characterize, for the first time, the atmospheric aerosol 

and investigate the potential sources of PM pollution at a small insular coastal city in 

the background marine environment of the NAS during summer and winter. To do so 

we measured the concentrations, size distributions, as well as the elemental 

composition of the atmospheric aerosol particles in Mytilene, a representatively small 

coastal city in the region, and related them with transported air masses from different 

regions. 

 

 

4.3. Methods 

4.3.1. Study areas and meteorology 

 

Measurement campaigns were conducted in the city of Mytilene (39° 10΄ N, 26° 

20΄ E), which is the capital on the island of Lesvos. The island is located in the region 

of the NAS, as shown in Fig. 4.1, and is very close to Turkey. In total, two campaigns 

were carried out: one during winter from 27 January to 24 February 2014 (DOY 27 – 

55), and one during summer from 24 June to 15 July 2014 (DOY 175 – 195). 

 

Mytilene is a small densely populated city (ca. 1647 people/km
2
; 30,000 

inhabitants in total) which serves as the main port of the island of Lesvos. The main 

air pollution sources in the city include the port activities, the thermal power plant 

located at the suburbs of the city, and the international airport, which is located ca.8 

km away from the city (cf. Psanis et al., 2017, for details). Another major contributor 

to air pollution is traffic, which can be a significant source at many locations of the 

city as a result of the narrow roads that cause high congestions, especially during rush 

hours. PM concentrations were measured simultaneously at two measurement sites 
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installed at the centre (at Sapfous Square of Mytilene, SSM) and at the port (at the 

Port Authorities of Mytilene, PAM) of the city, as shown in Fig. 4.1. 

 

A number of meteorological parameters, including temperature, relative humidity, 

wind speed and direction, were provided by the meteorological station located at the 

airport of the island. To identify the origin of the air masses reaching the 

measurement sites during the campaigns, we calculated back-trajectories using the 

NOAA HYSPLIT model (Stein et al., 2015; Rolph et al., 2017). Back trajectories 

were obtained at ground level. In order to estimate the impact of long range transport 

of anthropogenic air pollution and desert dust, we also determined back trajectories at 

a height of 500 and 2500 m a.g.l. over the sampling sites. In addition, days with desert 

dust episodes were identified using the online NMMB/BSC-dust transport model 

(Pérez et al., 2011; Haustein et al., 2012) and the SKIRON/Dust model (Spyrou et al., 

2010). Finally, the simulated boundary layer height was derived from ECMWF 

reanalysis data, with a temporal resolution of 6 h and a spatial resolution of 0.75° 

(Uppala et al., 2005). 

 

 
 

Figure 4.1: Map of Greece showing the islands of Lesvos (39° 10΄ N, 26° 20΄ E) and the 

cities of high population density (up to 1 million inhabitants) in the Eastern Mediterranean 

area (black solid circles). The detailed map on the right, show the city of Mytilene, the 

airport, the power plant and the monitoring stations, at the centre (Sapfous Square, SSM) and 

at the port (Port Authorities, PAM) of the city. 
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4.3.2. Measurements and analytical methods 

 

Total Suspended Particle (TSP) samples were collected at both sites (SSM and 

PAM) every 8 h during the winter and summer campaigns, using a custom-made 

sampler operated at a flow rate of 13 lpm. The TSP sampling periods were scheduled 

during the day (between 7:00 and 14:00), the evening (between 15:00 and 22:00) and 

the night (between 23:00 and 6:00 the next morning). In addition to TSP samples, 

particle mass size distributions in the range from 0.1 to 3.2 κm were measured at SSM 

using a Micro-Orifice Uniform Deposit Impactor (MOUDI; Model 110R; MSP 

Corporation, Shoreview, MN) operated at a flow rate of 30 lpm for 48 h continuously 

for each sample. The different stages of the MOUDI had 50% particle cut sizes of 18, 

10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, and 0.10 κm. Using these measurements we 

also determined the mass concentrations of particles having sizes in the range 0.1κm 

< dp < 1.8κm and 0.1κm < dp < 1.0κm, which provide good approximations of PM2.0 

and PM1.0, respectively. Finally, particle number size distributions (in the range 

between 10 and 500 nm) were measured with a Scanning Mobility Particles Sizer 

(SMPS; TSI Model 3034) at SSM, and the associated number concentrations were 

determined by integrating the measurements. 

 

A total of 47 TSP samples (27 corresponding to the winter and 20 to the summer 

campaign), as well as 19 PM2.0 and PM1.0 samples (9 corresponding to the winter and 

10 to the summer campaign) were collected respectively every 8 and 48 h on quartz 

filters (Whatman QM-A quartz filters 47 mm in diameter, 2 κm pore size, Part 

No.Z675032). Prior to sampling, the filters were heated at 450°C for 12 h to remove 

any organic residues. An electronic microbalance with a resolution of 0.01 mg (Kern 

& Sohn Model 770) was used to weigh the filters under controlled temperature and 

moisture conditions (20±2°C and 50±5% RH) before and after sampling. After 

collection and final weighing, the samples were wrapped in aluminium foils, sealed in 

plastic containers and stored in a freezer at – 20°C until analysed. The majority of the 

TSP, PM2.0 and PM1.0 samples collected during the two sampling periods were further 

analysed for a number of elements (i.e., Na, Cl, S, Ca, Ti, K, Cr, Mg, Mn, Fe, Ni, Zn, 

Ba, Cu and As) using a high resolution energy dispersive X-ray fluorescence 

spectrometer (Model PANalytical Epsilon 5). Calculated limits of detection (LOD) 

for the above-mentioned elements ranged from 1×10
-5

 to 3×10
-2

 κg m
-3

, with 
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precisions ranging from 0.2 to 19%. Details of the XRF analysis and quantification 

are described in Manousakas et al. (2017). 

 

 

4.4 Results and discussion 

4.4.1 Particle mass concentrations 

 

In general, particle mass concentrations were higher in winter compared to summer. 

As shown in Fig. 4.2, the measured average concentrations of TSP, PM2.0 and PM1.0 at 

SSM were higher by ca. 32%, 26% and 36%, respectively, during winter than during 

the summer. This observation is consistent with similar measurements from other 

cities reported in the literature (Carbone et al., 2010; Triantafyllou and Biskos, 2012; 

Perrino et al., 2014; Mamali et al., 2018), and can be attributed to i) the additional 

emissions from domestic heating during winter, and ii) the lower dilution associated 

to the weaker winds and the lower boundary layer heights (ca. 39%; i.e., average 

values calculated by WRF-Chem model) in winter compared to summer (cf. Table 

4.1). 

 

 

Figure 4.2: Mass concentrations of TSP, PM2.0 and PM1.0 measured at SSM during winter and 

summer. 

 

Average TSP concentrations at the two sampling sites during summer were 61κg 

m
-3

 at SSM and 79 κg m
-3

 at PAM (cf. dashed lines in Fig. C1a in the Appendix C), 

with the difference being statistically significant as indicated by the Student‘s t-test 
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using a cut-off p-value of 0.05. This difference can be attributed to the higher 

emissions from the enhanced activities at PAM during summer (compared to winter) 

and the fact that ship emissions did not affect significantly the city centre (i.e. SSM) 

due to the northern winds that prevailed during the summer period (cf. also Kotrikla et 

al., 2017). In contrast, the respective values during winter were 80 and 84 κg m
-3

 (cf. 

dashed lines in Fig. C2a), and those were not statistically significantly different, 

suggesting that the two sampling sites are similarly affected by all the local sources in 

this case. The PM2.0 and PM1.0 concentrations recorded at the SSM site had average 

values of 26 and 21 κg m
-3

 during winter and 21 and 15 κg m
-3

 during summer, 

respectively (cf. dashed lines in Figs. C1b and C2b). These measurements are lower 

(by ca. 10-40% in winter and 18-40% in summer) compared to those observed in 

urban environments of larger cities in Greece, such as Thessaloniki and Athens 

(Eleftheriadis et al., 2014a; Voutsa et al., 2014; Tolis et al., 2015) as a result of the 

lower anthropogenic activity (e.g., traffic and heating), but still very close to the mean 

annual limit values set by the EU for PM2.5. 

Table 4.1: Statistics of average hourly wind speed and boundary layer height during the 

winter and summer sampling periods. 

 

 

 

 

 

 

 

 

 

 

 

PM measurements are affected by local sources, but can also be attributed to long-

range transport of polluted air masses. As indicated by back trajectory calculations, in 

ca. 57% of the cases during winter and 80% during summer, the observed air masses 

were in the polluted region of Northeastern Turkey and the Black Sea ca. 30 h before 

reaching the measurement sites in our study (cf. Fig. C3a and C3b). Consequently, 

summer concentrations of PM in the city are affected by the industrial and domestic 

sources (Elbir, 2003; Odabasi et al., 2010; Koçak et al., 2011) of the Eastern region of 

Turkey and by the shipping emissions from the nearby waterways connecting the 

 Wind speed (m s
-1

) 
Boundary layer 

height (m) 

 Winter Summer Winter Summer 

Average 2.3 4.1 662 980 

St. dev. 1.2 1.9 371 328 

Min 1.0 1.0 56 378 

Max 5.8 9.3 1514 1741 
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Black Sea to the Mediterranean and from there to the rest of the globe (Kesgin and 

Vardar, 2001; Deniz and Durmuşoğlu, 2008). 

Days with favourable synoptic conditions for Saharan Dust transport over the 

North Aegean region were also observed (cf. periods identified by the gray-shaded 

areas in Figs. C1 and C2 and results of back-trajectory analysis and of the SKIRON 

Model shown respectively in Figs. C4 and C5). In all cases the transportation of 

natural dust occurred over small-scale dust events (i.e., events during which the 

particle reached values of 200–1000 κg m
-3

;
 
Draxler et al., 2001; Escudero et al., 

2006). During days with desert dust transport, the TSP, PM2.0 and PM1.0 

concentrations were in average ca. 40% higher compared to the days when the air 

quality was affected primarily by local emissions (cf. Fig. 4.3). This is not surprising 

given that the Eastern Mediterranean is frequently affected by long-range dust 

transport (Gkikas et al., 2013; Floutsi et al., 2016), with reports showing that particle 

concentrations can increase by up to 120% at other rural/coastal sites of the region 

(e.g., Edermli and Finokalia in the eastern Mediterranean; Gerasopoulos et al., 2006; 

Koçak et al., 2007; Lazaridis et al., 2008; Vasilatou et al., 2017). 

 

 
 

Figure 4.3: Mass concentrations of TSP, PM2.0 and PM1.0 during the days with or without 

desert dust sources measured at SSM of Mytilene during winter. 

 

The contribution of the finest particle fraction to TSP and of PM1.0 to PM2.0, 

reflected by the ratios of PM2.0/TSP and PM1.0/PM2.0, are shown in Table 4.2. Fine 

particles comprise a small fraction of total particle mass (PM2.0/TSP) in both periods, 

with an average value of 0.34 and a relatively small range, suggesting that natural 
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sources (i.e., desert dust transport, local soil dust re-suspension or sea-salt particles) 

contribute significantly to the particulate matter load in the atmosphere over the city. 

This is consistent with observations in other Mediterranean coastal cities (Alastuey et 

al., 2005; Koçak et al., 2007; Galindo et al., 2013; Romano et al., 2016), 

corroborating that this is a generalized regional pattern. The smaller fractions during 

both periods are affected largely by anthropogenic sources as indicated by the 

relatively high average PM1.0/PM2.0 ratios (0.80 in winter and 0.75 in summer; 

Alastuey et al., 2005). Considering also that the variability of this ratio is small for the 

entire period during both measuring campaigns, the importance of anthropogenic 

sources in the atmosphere of Mytilene is high in both cases. 

Table 4.2: Concentration ratios of the different PM fractions measured at Mytilene during 

winter and summer period. 

 
 Winter Summer 

 Whole period Whole period 

 
PM2.0/

TSP 

PM1.0/ 

PM2.0 

PM2.0/

TSP 

PM1.0/ 

PM2.0 

Average 0.34 0.80 0.34 0.75 

Min 0.23 0.45 0.24 0.50 

Max 0.54 0.89 0.46 0.88 

 

 

Figure 4.4 shows the average mass distributions of particles having diameters from 

0.1 to 3.2 κm measured by the MOUDI during the two seasons at SSM. In both cases 

the size distributions exhibit two modes: one in the submicron range with a mean size 

between 0.18 and 1.0 κm, and one corresponding to coarser particles with sizes > 1.0 

κm. The mean size of the particles derived from these measurements is smaller (ca. 

0.6 κm) during winter and larger (ca. 1.2 κm) during summer, with more particles 

residing in the submicron region during winter. This corroborates the higher 

importance of anthropogenic combustion sources (that produce smaller particles 

compared to natural sources; Lin and Lee, 2004) during the cold period, which is also 

supported by the elemental analysis of the PM samples discussed in section 4.4.2 

below. 
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Figure 4.4: Mass size distributions of particles having diameters in the size range 0.1-3.2 κm 

measured at SSM during (a) winter and (b) summer. 

 

4.4.2 PM chemical composition 

 

Variation in the chemical composition of TSP, PM2.0 and PM1.0 samples collected 

at the two measurement sites (SSM and PAM) during summer and winter are 

provided in Tables 4.3 and 4.4. Average values of all elements in both periods are 

much lower than those reported from measurements at urban sites in Thessaloniki and 

Athens (Karanasiou et al., 2007; Terzi et al., 2010), with Na, S, Ca, Fe, K and Cl 

being the most abundant elements at both sites and seasons. 

 In order to compare the elemental composition and the sources of PM observed 

during the two seasons, we used a range of tools including the Student‘s t-test (with p-

value 0.05), correlation analysis of elemental concentrations in the TSP (Table 4.5) as 

well as in PM2.0 and PM1.0 (Table 4.6) samples, and calculations of the enrichment 

factor (EFs) for each element and season. The EF of an element X for each PM 

sample was determined by (IAEA, 1992): 

EF =
(𝑋/𝐶)𝑃𝑀𝑠𝑎𝑚𝑝𝑙𝑒

(𝑋/𝐶)𝐶𝑟𝑢𝑠𝑡
                                                                                                   (1) 

where C is a reference element of crustal origin, which is usually chosen among Al, 

Si, Sc, Mn, Ti, Fe (Reimann and Caritat, 2000; Sutherland, 2000). In all cases 
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presented here we used Ti as a reference element, whereas the elementary 

composition of the Earth‘s crust was taken from Wedepohl (1995). The EF values for 

each element in the samples collected at the two measurement sites (SSM and PAM) 

are shown in Figure 4.5. EF values larger than 10 suggest that anthropogenic sources 

dominate the investigated samples, while EF values lower than 5 indicate that 

elements are of crustal origin. EF values between 5 and 10 correspond to elements 

that originate from both natural and anthropogenic sources. The results of these 

analyses suggested that the main PM sources were the marine environment (sea-salt 

particles), re-suspension of polluted soil particles and road dust, as well as emissions 

from traffic and residential heating. More detailed discussion on each of these sources 

is provided below. 

Table 4.3: Average and the standard deviation of elemental concentrations (in ng m−3) in TSP 

mass at the monitoring sites SSM and PAM in winter and summer. 

 

 Winter Summer 

 n (8) n (7) n (10) n (10) 

 
TSP SSM 

(ng m-3) 

TSP PAM 

(ng m-3) 

TSP SSM 

(ng m-3) 

TSP PAM 

(ng m-3) 

 Av±Std Av±Std Av±Std Av±Std 

Na 1118±1351 1823±2284 672±396 1338±470 

S 960±409 1550±495 1004±393 1620±635 

Ca 631±298 1250 ±551 1285±645 5010±2260 

K 374±256 510±285 211±119 623±397 

Fe 239±198 619±526 656±1309 1611±1069 

Cl 169±193 352±649 99±67 1610±971 

Mg 68±52 209±76 226±136 634±276 

Ba 56±49 117 ±129 125±76 166±67 

Zn 56 ±77 88±130 11±21 25±28 

Mn 6±11 33±31 20±35 46±26 

Ti 13±10 27±13 36±27 151±114 

Cu 6±4 10±6 7±17 15±33 

V 1±2 4±3 4±5 9±6 

Cr 1±1 11±14 32±67 23±11 

As 18±9 23±10 6±7 10±5 

 n: number of samples 

 

Sea-salt was an important fraction of atmospheric aerosol sampled in the marine 

coastal environment of Mytilene. The abundant presence of marine elements (Na and 

Cl) were mainly found in TSP, as expected, due to the coarse size of sea-salt particles, 

which yields relatively low mean PM2.0/TSP ratios (ranging from 0.15 to 0.18; cf. 

Tables 4.3 and 4.4) obtained for these elements during both seasons. The higher 
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concentrations of Na and Cl at the PAM (p-value of 0.05) suggest that this site is 

more affected by the sea spray in comparison to SSM, which can be explained by its 

closer proximity to the open sea. During summer, the mean Cl/Na concentration ratio 

(ca. 1.2) at PAM was close to the typical sea water ratio of 1.8 (Bowen, 1979), 

indicating that fresh sea-salt aerosol impacted the site. However, the Cl/Na ratios were 

very low at SSM in summer and at both sites in winter (0.15 at SSM and 0.19 at 

PAM). These low values can be explained by the depletion of Cl by the chemical 

reaction of sea-salt particles with gaseous pollutants (such as nitric and sulfuric acid), 

leading to the removal of Cl and the formation of particulate nitrate or sulfate species 

(i.e., NaNO3, Na2SO4; cf. Eleftheriadis et al., 1998).  

Table 4.4: Average and standard deviation of elemental concentrations (in ng m−3) of the 

PM2.0 and PM1.0 samples collected at the monitoring site SSM in winter and summer. 

 

 Winter Summer 

 n (9) n (9) n (10) n (10) 

 
PM2.0SSM 

(ng m-3) 

PM1.0SSM 

(ng m-3) 

PM2.0SSM 

(ng m-3) 

PM1.0SSM 

(ng m-3) 

 Av±Std Av±Std Av±Std Av±Std 

Na 182±58 79±37 124±44 80±31 

S 402±141 354±128 255±95 227±85 

Ca 73±43 33±40 157±67 95±37 

K 178±107 157±97 30±21 19±12 

Fe 27±7 8±4 45±38 18±11 

Cl 29 ±40 1±4 15±11 1±1 

Mg 17±14 5±10 35±15 19±6 

Ba 11±4 7±3 3±3 2±3 

Zn 9±3 4±1 3±2 2±1 

Mn 2 ±1 1±1 4±1 3±1 

Ti 1±1 0.5±0.5 6±4 3±1 

Cu 3±4 3±3 1±0.5 0.4±0.5 

V 0.6±0.3 0.6±0.3 1±1 1±1 

Cr 1±1 1±1 3±1 2±1 

As 3±1 2±1 2±1 1±1 

 n: number of samples 

 

More recently, in a source apportionment study conducted in two Greek urban centres 

(Athens and Thessaloniki), Diapouli et al. (2017a) have reported Cl depletion and 

significant contribution from secondary species in the sea-salt chemical profiles. 

While we cannot provide evidence for these reactions here due to the absence of 

sulfate and nitrate measurements, the observed low Cl/Na ratios indicate that marine 

Na is reacting with nitric acid. The low temperatures and high relative humidity 
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prevailing during the cold period favour the formation of secondary nitrate (Dassios 

and Pandis, 1999), leading to aging of the marine aerosol at both sites. Here, Na 

concentrations displayed a good correlation (R
2
 ranging from 0.50 to 0.99) with Fe, 

Zn, Cr, Cu, Mn at both sites during the cold period (Table 4.5). This observation 

suggests the presence of aged sea-salt, as it is associated with trace elements of 

anthropogenic origin having spent considerable time mixed with marine air (Ogunsola 

et al., 1994; Visser et al., 2015). 

 

Enhanced re-suspension of polluted soil particles and road dust is another 

important source suggested by the elemental composition of the TSP samples 

collected at both sites and seasons. High concentrations of Ca, Mg, Fe, and Ti were 

observed in both seasons, with concentrations during summer being significantly 

higher compared to those in winter (p-value of 0.05), as a result of the more dry 

conditions (Petaloti et al., 2006; Minguillón et al., 2012b) and of the stronger (by ca. 

78%) summer winds. This is in line with mean PM2.0/TSP ratios for these elements, 

which exhibited lower values in summer (up to 0.18), and the elemental size 

distribution of most crustal elements, like Ti, which are shifted towards the coarser 

sizes (1.0 – 1.8κm; Fig.4.6), indicating that these elements were related more to the 

natural sources during this period. This is also supported by the lower EFs (exhibiting 

values < 5) of Ca, Mg, Fe and Ti in the TSP samples collected at both seasons and for 

K in summer (Fig. 4.5a and 4.5b), as well as by the good correlations among almost 

all these elements (i.e. Ca, Mg, Fe, K and Ti) measured in the TSP samples at both 

sites during summer (R
2
 ranging from 0.40 to 0.80; Table 4.5c and 4.5d). The fine and 

coarse modes (0.32-0.56 κm and above 1 κm, respectively) of K concentrations in 

summer are of similar magnitude (cf. Fig.4.6), indicating significant contribution from 

soil re-suspension under dry atmospheric conditions (Lü et al., 2012; Bougiatioti et 

al., 2013). The important contribution of road dust re-suspension was further 

exhibited by good correlations between Ca and Mg (R
2
 ranging from 0.40 to 0.87; 

Table 4.6), with most of the traffic-related elements (i.e. Cr, Cu and Mn) being in the 

fine fractions at the SSM site. Ca has been linked to the combustion of lubricating oil, 

while Mg can be related to the re-suspension of soil dust and sea-salt particles by 

vehicular traffic (Viana et al., 2008; Wawer et al., 2015).
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Table 4.5: Correlation coefficients (R2) among the TSP elemental concentrations at SSM and PAM during winter (a and b, respectively) and summer 

(c and d, respectively). Only R2 equal or higher than 0.40 (p-value of 0.05) are shown.  

 
 a) Winter elemental correlations in TSP mass at SSM  c) Summer elemental correlations in TSP mass at SSM 

 Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg  Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg 

Fe 1.00              1.00             

Zn 0.84 1.00              1.00            

Cr 0.88 0.99 1.00            0.95  1.00           

Cu 0.53 0.62  1.00            0.40  1.00          

Mn 0.97 0.86 0.99 0.45 1.00          0.97  0.91  1.00         

As      1.00              1.00        

V       1.00              1.00       

S        1.00              1.00      

Na 0.81 0.99 0.97 0.64 0.82    1.00       0.89  0.43     1.00     

Ti          1.00             0.40 1.00    

Ca          0.51 1.00             0.63 1.00   

K            1.00           0.51 0.73 0.44 1.00  

Mg             1.00          0.51 0.74 0.46 0.67 1.00 

    

 b) Winter elemental correlations in TSP mass at PAM  d) Summer elemental correlations in TSP mass at PAM 

 Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg  Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg 

Fe 1.00              1.00             

Zn 0.65 1.00              1.00            

Cr 0.98 0.79 1.00              1.00           

Cu  0.67 0.40 1.00            0.40  1.00          

Mn 0.59 0.50 0.53  1.00          0.80    1.00         

As      1.00              1.00        

V       1.00              1.00       

S        1.00           0.51  0.55 1.00      

Na 0.63 0.99 0.72 0.59 0.50   0.45 1.00       0.44      0.43 1.00     

Ti          1.00     0.75    0.46   0.88 0.40 1.00    

Ca           1.00    0.55       0.58  0.64 1.00   

K            1.00   0.80    0.68   0.78 0.54 0.79  1.00  

Mg             1.00         0.47 0.42 0.40  0.43 1.00 
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Table 4.6: Correlation coefficients (R2) between the elemental concentrations of the PM2.0 and PM1.0 mass at SSM, that were equal or higher than 0.40 

(p-value of 0.05) in winter (a and b, respectively) and summer (c and d, respectively). 

 
 a) Winter elemental correlations in PM2.0 mass at SSM  c) Summer elemental correlations in PM2.0 mass at SSM 

 Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg  Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg 

Fe 1.00              1.00             

Zn 0.43 1.00             0.75 1.00            

Cr 0.43  1.00            0.40 0.46 1.00           

Cu 0.40  0.99 1.00              1.00          

Mn 0.65  0.59 0.57 1.00          0.62 0.71 0.45 0.47 1.00         

As      1.00              1.00        

V       1.00            0.57  1.00       

S        1.00              1.00      

Na 0.69 0.49 0.55 0.50 0.60    1.00      0.69    0.82   0.72 1.00     

Ti          1.00     0.64    0.61   0.46 0.64 1.00    

Ca 0.56  0.95 0.93 0.65 0.47     1.00    0.89 0.74 0.70 0.40 0.87   0.55 0.89 0.80 1.00   

K        0.75    1.00   0.93   0.40 0.71   0.61 0.63 0.77 0.58 1.00  

Mg 0.41  0.80 0.76 0.47    0.53  0.69  1.00  0.73 0.58 0.53 0.40 0.70   0.46 0.73 0.90 0.89 0.63 1.00 

    

 b) Winter elemental correlations in PM1.0 mass at SSM  d) Summer elemental correlations in PM1.0 mass at SSM 

 Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg  Fe Zn Cr Cu Mn As V S Na Ti Ca K Mg 

Fe 1.00              1.00             

Zn 0.70 1.00              1.00            

Cr   1.00              1.00           

Cu   0.99 1.00             0.41 1.00          

Mn 0.78 0.62 0.47 0.46 1.00           0.67  0.51 1.00         

As   0.40   1.00              1.00        

V       1.00              1.00       

S        1.00              1.00      

Na 0.41  0.88 0.89 0.50    1.00      0.63        1.00     

Ti 0.84 0.59   0.72 0.46    1.00      0.40     0.40 0.40  1.00    

Ca 0.40  0.77 0.78 0.58      1.00       0.40 0.63  0.57 0.97   1.00   

K        0.72    1.00            0.44  1.00  

Mg 0.40  0.56 0.53 0.42    0.54  0.70  1.00      0.40   0.65   0.70  1.00 
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Traffic-related PM elements such as Cr, V and Mn were detected in all three PM 

fractions (TSP, PM2.0 and PM1.0) and Ba in TSP, with the concentrations being 

significantly higher (p-value of 0.05) in summer compared to 1 winter (Tables 4.3 and 

4.4). This is to be expected since vehicular traffic is an important contributor to the 

local emissions, becoming stronger in the busy summer holiday season. In addition, 

correlations among Fe, Zn, Cr, Cu, and Mn were stronger in the TSP rather than the 

fine fractions, as a result of the contribution of non-exhaust emissions (tire and break 

wear and road dust re-suspension), which generally appear more often at the coarse 

fractions (Eleftheriadis and Colbeck, 2001; Pio et al., 2013; Pant and Harrison, 2013). 

The contribution of the non-exhaust emissions is also supported by the PM2.0/TSP 

ratios for these elements, which were very low (ranging from 0.03 and 0.20) in 

summer, suggesting the production of mechanical abrasion particles. Significant 

enrichment with respect to crustal composition (EFs>10) was observed for all traffic-

related elements (i.e. Zn, Cu, Cr, and Ba) for all PM fractions in both measurement 

sites and seasons (Fig. 4.5a and 4.5b), clearly pointing to a anthropogenic origin of 

these species.  

 

 

Figure 4.5: Enrichment factors for the major elements in TSP mass at SSM and PAM and in 

PM2.0 and PM1.0 at SSM in winter (a) and summer (b) period.  
 

In the case of other elements associated with anthropogenic emissions such as As, 

average concentrations in all three PM fractions were at least two times higher at both 

sites during winter, indicating contributions from combustion sources such as 
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residential heating and coal combustion (Bem et al., 2003; Sun et al., 2014; 

Manousakas et al., 2015). In addition to that, high K concentrations, which are 

indicative of wood combustion emissions (Molnár et al., 2005; Saffari et al., 2013), 

were also observed at SSM in the winter, suggesting that residential heating in 

Mytilene partly relies on wood burning. This is also reflected by the corresponding EF 

values (5 < EF < 10) as discussed above (cf. Fig. 4.5), further supporting the 

association of K with combustion sources, and specifically wood combustion. In 

addition, the fact that K correlated strongly with S in winter (R
2
 ranging from 0.72 to 

0.75; Table 4.6), also suggests that sources such as biomass burning are important 

contributors to PM pollution in the city (Liu et al., 2000; Minguillón et al., 2012a). 

Attribution of K concentrations to anthropogenic combustion in winter is further 

supported by the fact that higher elemental concentrations are observed at smaller 

particle sizes (i.e., from 0.32 to 0.56 κm) as shown in Fig.4.6 (Zhao et al., 2011).  

 

The high concentration levels and the high EFs (values >10) for S at both sites and 

seasons indicate that its sources, which are commonly related to anthropogenic 

activities, are important contributors to PM pollution in the city. The anthropogenic 

origin of S is also also supported by its size distributions (Fig. 4.6) which exhibited 

peaks in the fine mode (at 0.32 – 0.56 κm) during both seasons. S-containing aerosol 

particles may very well be attributed to local shipping emissions and the subsequent 

formation of sulfates as a results of the increased photochemical activity, or to long 

range transport of S-containing particles (Zhang et al., 2010; Lü et al., 2012; Becagli 

et al., 2012). Higher PM2.0/TSP ratio for S is determined in winter, but the opposite is 

observed in summer, indicating that it is related to anthropogenic and more 

specifically to S-containing fuel combustion in winter. According to the correlation 

analysis, average S concentrations at PAM can partly be attributed to fuel combustion 

from shipping emissions (Daher et al., 2013; Johnson et al., 2014), as the 

concentrations of the element associated with those of V and Mn during the summer 

period (Table 4.5), but not at the SSM site as mentioned above (cf. section 4.4.1). 

 

Contribution of long-range transported polluted air masses to the air quality of 

Mytilene was observed during both seasons (cf. section 4.1 and Figs. C3a and C3b). 

This is indicated by the higher concentrations of some crustal (ca. K, Ca, Ti, Mg and 

Fe) and anthropogenic elements during the transport events, in comparison to the days 
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influenced mainly by local emissions. More specifically, elemental concentrations in 

the TSP samples increased by ca. 50% for K, Ca, Ti, Mg and 90% for Zn and As 

during the regional transport events in summer, while the associated increase in winter 

was estimated to be ca. 45% for K, Ca, Ti, Fe and 40% for Zn and S. The observed 

higher summer contributions associated with long-range transported polluted air 

masses are also indicated by the correlations between S and crustal components (i.e., 

Ca, Mg) or Na during summer (Table 4.5 and 4.6), which may be related to the long-

range transport of dust along with sea-salt and secondary sulfates as were observed by 

Diapouli et al. (2017b). 

 

Figure 4.6: Elemental size distributions of S, Ti and K measured at the monitoring site SSM 

during winter (a, c and e, respectively) and summer (b, d and f, respectively). 
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4.4.3 Particle number size distributions and concentrations 

 

Figure 4.7 shows the average diurnal evolution of the normalized particle number 

size distributions, and the associated number concentrations measured at SSM during 

the winter and summer periods. Although the average concentration levels (having 

values of 1.4 ×10
4
 and 1.0×10

4
 particles cm

-3
 during winter and summer, respectively) 

were up to a factor of 2 lower than those observed in large urban cities of the region 

(Diapouli et al., 2011; Siakavaras et al., 2016), we observed a seasonal variation that 

is typical for an urban site with higher number concentrations in winter (ca. 34%). 

 

 

Figure 4.7: Diurnal evolution of the normalized particle number size distributions and of the 

average number concentrations of particles having sizes in the range 10-500 nm (black line), 

10-25 nm (blue line), 26-90 nm (red line) and 97-500 nm (green line), measured at SSM 

during winter (a, and c, respectively) and summer (b, and d, respectively). 

 

The dominance of Aitken mode particles was evident in both periods (cf. Figs. 4.7a 

to 4.7d), indicating that the atmospheric aerosol is strongly influenced by traffic 

emissions (Harris and Maricq, 2001; Wu et al., 2008). Despite that, however, some 

distinct differences in the evolution of the size distributions measured in winter and 

summer can be observed. First, number concentrations corresponding to the early 

morning traffic between 7.00 and 9.00 had a more pronounced increase (reaching 

values up to 1.8×10
4
 particles cm

-3
) in winter than in summer, most likely due to 

contribution of the emissions from domestic heating during wintertime. Second, 

number concentrations decreased by 1.5 times whereas the mean particle size shifted 
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from ca. 70 to 40 nm after the morning peak during winter. In contrast, during the 

summer, the size distributions remained almost unchanged, which could be partly 

explained by the absence of heating emissions. Third, the number concentrations in 

the evenings (after 17.00) exhibited a similar pattern to that in the morning hours in 

both periods, which can be attributed to the evening traffic. However, mean total 

number concentrations during the winter evenings (Fig. 4.7c) were 1.5-fold higher (p-

value of 0.05) than those observed in summer, which can be partly attributed to 

domestic emissions such as heating (in the winter) and cooking, as well as to 

temperature inversions that occur over the wider region of the Mediterranean area 

during the winter night hours as reported by Sindosi et al. (2003). 

 

Total number concentrations during days with desert dust transport (which were 

about 10% of the sampling days) exhibited a strong increase (by ca.40%; Fig.C6) 

during summer and a weak increase (by ca. 12%) during the winter. The situation was 

similar also during days with long range transport of anthropogenic air pollution. This 

difference on the impact of long range transport emissions between summer and 

winter can be supported by the fact that the additional local emissions (such as 

domestic heating) and the unstable atmospheric conditions (weaker atmospheric 

dilution; see section 4.4.1) increase the significance of local emissions in winter, 

therefore reducing the difference with the long-range transported air masses. 

 

 

4.5 Conclusions 

 

In this paper we report, for the first time, measurements of the atmospheric aerosol 

at a representative small insular coastal city in the NAS, namely the city of Mytilene, 

during the warm and the cold period. Particle mass and number concentration levels 

in the city are up to a factor of 2 lower compared to those observed in larger cities in 

the region. Mass concentrations of TSP, PM2.0 and PM1.0 as well as the average total 

number concentrations were higher (by ca. 32, 26, 36 and 44%, respectively) in winter 

compared to summer, which can be attributed to the additional emissions from 

domestic heating, and to the weaker atmospheric dilution associated to the lower 

average values of wind speed (ca. mean difference of 56%) and boundary layer 

height. 
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Higher particulate concentrations were recorded at the site located at the port of the 

city (i.e., PAM) only in summer due to enhanced port activities, and not at the site 

located at the city centre (i.e., SSM) as the prevailing wind directions did not favour 

the transport of air masses to the direction of city centre. A similar observation can be 

made for the higher contribution of sea-salt particles at PAM because of its higher 

proximity to the open sea, in comparison to SSM site. 

 

Re-suspension of polluted soil particles and non-exhaust traffic emission sources 

are important contributors mainly in the TSP samples at both sites and seasons. Re-

suspension of polluted soil particles is more significant in summer, as shown by the 

higher concentrations of Ca, Mg, Fe, and Ti, due to the drier conditions. High mass 

and number concentrations in the Aitken mode during heavy traffic hours, as well as 

strong correlations among anthropogenic elements like Fe, Zn, Cr, Cu, and Mn, 

suggest that traffic is one of the main contributors to PM pollution. The smaller PM 

fractions during both periods were also affected largely by other anthropogenic 

activities such as wood and fuel combustion (i.e. residential heating and shipping 

emissions), as indicated by high concentrations of K and S. These heating sources are 

also reflected by a more pronounced increase of number concentrations in winter than 

in summer.  

 

In addition to the local sources, high contribution of long-range transported 

polluted air masses was observed in summer compared to winter. This contribution 

was further supported by the higher concentrations and the strong relationship among 

some crustal and anthropogenic elements that were recorded during the long-range 

transport events, as well as by the diurnal variability of the size distribution 

measurements that are more pronounced in winter. 
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Chapter 5 

 

Assessment of factors influencing PM mass concentration measured 

by gravimetric & beta attenuation techniques at a suburban site 

 

 

5.1 Abstract 

 

Near real-time atmospheric particulate matter (PM) monitors are extensively used 

in air quality networks given their ability to provide continuous measurements with 

minimal attention by the operator. Their principle of operation is based on 

measurement of a physical parameter that is quantitatively linked to the PM mass 

concentration. Significant discrepancies between these measurements and those 

obtained by the reference gravimetric method, conducted in regions with diverse 

climatic conditions, have been reported in the literature. In this study we compare 

systematic PM2.5 and PM10 gravimetric (GM) and beta attenuation (BAΜ) 

measurements performed at a suburban site in Athens, Greece, over a period of 4 

years (2009-2012). In general, BAΜ and GM datasets exhibited similar temporal 

variation for both PM size fractions. An overestimation of the ΒΑM measurements, 

which was ~30% for the PM2.5 and ~10% for the PM10 data, was observed. Good 

linear correlations between GM and BAM data were observed, with estimated 

Pearson coefficients being 0.79 for the PM2.5 and 0.85 for the PM10 measurements. 

The respective fitted equations through the entire dataset were BAΜ = 0.71∙GM + 

6.2, and BAM = 0.77∙GM + 4.1. Better correlation between GM and BAM 

measurements was observed during the cold rather than the warm period. 

Discrepancies between BAM and GM PM2.5 measurements increased with increasing 

available water vapor, suggesting that the aerosol bound water has a strong effect on 

the measurements. The effect of filter material used for GM measurements (i.e., 

quartz, glass fiber, or Teflon) was also examined for the PM2.5 dataset. Best 

correlation between BAM and GM data was observed when glass fiber, which is 

incidentally the material of the BAM filter tape, was used in the GM measurements. 

When the BAM to GM relationship was examined by further categorizing the data by 
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the season (i.e., cold and warm period) for different filter types, the relationships that 

were fitted to the data for the two seasons were similar when Teflon filters were used, 

but quite diverse when quartz and glass fiber filters were employed in the GM 

measurements. Finally, the variability of the ratio between the two measurement 

techniques was found to be potentially dependent on the availability of the volatility 

or stability in the aerosol phase of species such as ammonium nitrate. 

 

 

5.2 Introduction 

 

Inhaled particles can cause a number of respiratory, cardiovascular, circulatory and 

nervous diseases including chronic bronchitis, and asthma, alveolar inflammation, 

cardiac arrhythmia, as well as hypertrophy (Seaton et al., 1995; Schwarze et al., 

2006). It is not surprising, therefore, that particulate matter (PM) pollution in urban 

environments has been associated with increased morbidity and mortality rates in 

several epidemiological investigations (e.g., Katsouyanni et al., 2001; Puett et al., 

2011; Wang et al., 2013; Ostro et al., 2015). The documented detrimental effects of 

particulate matter pollution to human health have drawn attention to the need for 

integrated mitigation strategies, including the establishment of air quality guidelines, 

continuous and accurate monitoring of PM concentrations and effective control of 

population exposure. 

A number of air quality directives have been set by the US Environmental 

Protection Agency (US-EPA) and the European Commission (EC) since the early 

1980‘s. The first air quality guidelines established by the EC introduced threshold 

values for ―black smoke‖ which was determined by measuring the light reflectance 

from PM loads collected on paper filters (Wolff and Perry, 2010). Since then, the EC 

legislation has been reviewed many times, following the evidence from 

epidemiological and toxicological studies. The most recent EC Directive 

(2008/50/EC; EU-Commission, 2008) includes daily and annual limit values for 

ambient PM10 concentration, as well as an annual target value for PM2.5. 

Apart from setting the threshold PM values, another objective of the directives are 

to establish standardized techniques for measuring PM mass concentrations in order to 

ensure the quality and uniformity of the data. The use of near real-time PM monitors 
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has been supported in US and European air quality networks over the past decades 

mainly due to their ability to provide continuous measurements with minimal human 

intervention. All types of PM gravimetric samplers, including the sampler 

recommended by EPA, can provide accurate measurements, considering a 10% 

variation of mean concentration (Yanosky and MacIntosh, 2001). In contrast to the 

gravimetric (GM) method, i.e. the reference method for measuring PM 

concentrations, there are no standardized techniques for near real-time observations. 

As a result, international policy-making bodies such as the EC Working Group on 

PM, support actions towards comparability and equivalence among methods for 

measuring PM mass concentrations (US-EPA, 1999; EC, 2010). 

The most commonly used near real-time techniques for measuring PM are the 

Tapered-Element Oscillating Microbalance (TEOM) and Beta Attenuation (BAM) 

method. Several studies have compared indirect/near real-time BAM with direct GM 

particle mass concentration measurements and identified a number of parameters that 

lead to overestimation of the mass concentration determined by the former (e.g., 

Chang et al., 2001; Salminen and Karlsson, 2003; Lazaridis et al., 2008; Shin et al., 

2011, 2012). These differences often depend on meteorological conditions and 

therefore exhibit seasonal variability (Gębicki and Szymańska, 2012). In addition, 

variations in the aerosol chemical composition can induce differences between BAM 

and GM measurements.  

Considering that both meteorological conditions and chemical composition exhibit 

spatial and temporal variability, calibration parameterization is mandatory for 

different locations and seasons. One important factor contributing to the discrepancy 

between BAM and GM measurements is the amount of material (e.g., water and/or 

other semi-volatile compounds) that can be evaporated from (Chang et al., 2001; 

Takahashi et al., 2008; Shin et al., 2011, 2012) or adsorbed on the filter or the 

particle-sample matrix. The filter type is among the most important contributors to the 

difference between the referred methods, due to their efficiency for releasing or 

adsorbing water or semi-volatile species such as nitrate salts, during periods of high 

atmospheric stability (Perrino et al., 2013). Additionally, the influence of ambient 

humidity conditions on different filter types can lead to non-linear hysteresis effects 

during the equilibration procedure of filters (Brown et al., 2006). 
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Price et al. (2003) found that particle bound water may be the major factor in the 

observed discrepancy between the gravimetric and the TEOM real time monitor, 

when operating at 50˚C. The water content of particles collected on filters depends on 

the relative humidity (RH) of the sampled air as well as the chemical composition of 

the particles. GM samples are collected in ambient conditions but are then weighed at 

~50% RH. BAM measurements on the other hand are performed in ambient 

conditions but in order to prevent water condensing on the filter tape, the inlet tube of 

BAM monitors is typically heated until the moisture content of the sampled air 

reduced to 35% or below a specified limit, which vary and depend on the different site 

locations and meteorological conditions (Gobeli, 2008). These differences in 

sampling/measurement conditions between the BAM and the GM method can 

significantly affect quantitative agreement between the two methods.  

In the present study we report on systematic PM2.5 measurements performed at a 

suburban site in Athens, Greece, during the period 2009-2012, using BAM Thermo 

ESM Andersen FH62I-R monitors and the Gravimetric Reference method according 

to the EN12341 Standard. The effect of factors such as the meteorological conditions 

and the type of filter material used for sampling was investigated. Our analysis 

focuses more on PM2.5 observations because they have not been studied so extensively 

as PM10 measurements, and in addition they exhibit increased health risks in relation 

to coarse particles (Kampa and Castanas, 2008). It should be noted that given the 

documented differences in the chemical composition of coarse and fine airborne 

particles in the Mediterranean area (Lazaridis et al., 2005, 2006), the comparability of 

BAM and GM data can differ significantly for these two particle size fractions.  

 

 

5.3 Methodology 

 

5.3.1 The study area 

 

PM measurements by GM and BAM methods were performed from January 2009 

to December 2012 at two co-located monitoring stations in the suburban area of Agia 

Paraskevi in Athens, Greece. The reference GM measurements were conducted at the 

DEM station (N37º59΄42΄΄.00; E23º48΄57΄΄.60) of the National Center for Scientific 

Research (NCSR) ―Demokritos‖, which is part of the Global Atmosphere Watch 
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(GAW) and ACTRIS networks. The BAM measurements were performed at a 

National Monitoring Network (NMN) station, operated by the Hellenic Ministry of 

Environment, Energy & Climate Change (N37º59΄42΄΄.39; E23º49΄09΄΄.90) also 

situated inside the NCSR ―Demokritos‖ campus, at a distance of 315 m from DEM 

station. The NCSR ―Demokritos‖ campus is located in the north-east of the city of 

Athens, at the foothills of Hymettus Mountain and at an altitude of 270 m above sea 

level. The site is characterized by rich vegetation of pine trees. Both stations have a 

distance of approximately 400 m from the Hymettus Peripheral road and 1 km from a 

regular traffic avenue (Fig. 5.1). The background nature of this suburban area ensures 

that parallel measurements were conducted under the same meteorological conditions 

and were influenced from the same sources. The uncertainty introduced to the data by 

the variability in concentrations due to the small distance between the two sites can be 

therefore considered insignificant. The area exhibits low PM concentrations 

(Triantafyllou and Biskos, 2012; MinEnv, 2013; Eleftheriadis et al., 2014; Kostenidou 

et al., 2015) and is representative of suburban background conditions.  

 
 

Figure 5.1: Map showing the location of the monitoring stations operated by NCSR 

―Demokritos‖ (DEM Station) and the National Monitoring Network (NMN Station) at the 

suburban area of Agia Paraskevi in Athens, Greece. 
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5.3.2 Measurements and Methods 

 

Two BAM instruments (Thermo ESM Andersen FH62I-R) were used for the 

monitoring of PM10 and PM2.5 concentrations. The instruments utilize the radiometric 

principle of beta attenuation by a 2-beam compensation method. Particles are 

collected at a flow rate of 1 m
3
 h

-1 
on a glass-fiber filter tape and exposed to a low 

level (50 mCi) beta radiation emitted by an 
85

Kr source. The radiation attenuated by 

the particle loadings on the filter tape is continuously monitored and converted to PM 

mass concentrations (Baron and Willeke, 2001). The accumulated particle mass is 

also monitored. The concentration range of the BAM monitors is set in the range 0–1 

×10
3
 µg m

-3
. Measurements at the Ministry of Environment stations employed for this 

study, were obtained by BAM monitors equipped with a heated inlet maintained at 28 

± 2 ºC. 

PM10 and PM2.5 GM measurements were performed using custom-made low-

volume reference gravimetric samplers. Three types of filters were used throughout 

the measurement period: teflon, quartz and glass fiber. Filters were weighed before 

and after sampling by a microbalance (Sartorius Model BP 211 D) of 0.01 mg 

accuracy. Prior to weighing, the filters were conditioned at 20±1 ºC and 50±5% RH 

for 48 h, according to the EN12341 (1998) guidelines. PM concentrations generally 

corresponded to 24-h sampling, but in some cases we used longer sampling periods of 

up to 72 h.  

Meteorological conditions (i.e., temperature, RH, as well as wind speed and 

direction) were monitored throughout the measurement period. Back-trajectory 

analysis by HYSPLIT model (Draxler, and Rolph, 2013) was also used in order to 

investigate the effect of the origin of air masses arriving at the stations. The near real-

time concentrations measured by the BAM monitors were averaged based on the 

duration of the GM measurements, and classified in two main groups depending on 

the sampling period. The first group included measurements conducted during the 

cold period (i.e., from 16 October to 15 April) and the second during the warm period 

(i.e., from 16 April to15 October).  
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5.4 Results and discussion 

 

5.4.1 PM2.5 measurements 

5.4.1.1 Concentration levels 

 

PM2.5 concentrations measured by the GM and BAM methods (referred to as the 

GM PM2.5 and BAM PM2.5 measurements, respectively, from this point onwards) are 

presented in Fig. 5.2. In general, the two data sets exhibited similar temporal 

variation. The measured PM2.5 concentration levels ranged from 2 to 82 κg m
-3

 for the 

GM method, and from 5 to 52 κg m
-3 

for the BAM method. Two of the three highest 

concentrations (> 50 κgm
-3

) measured by the GM method corresponded to Sahara 

dust long range transport episodes. BAM measurements were not available for these 

days.  

 

  

Figure 5.2: Time series of PM2.5 mass concentrations measured by gravimetric (blue circles) 

and beta attenuation (red diamonds) methods at Agia Paraskevi from 2009 to 2012. 

 

The mean PM concentrations measured by the GM and BAM methods for each 

year are shown in Table 5.1. The BAM PM2.5/GM PM2.5 concentration ratio for the 

entire study period indicated that the BAM levels were on average approximately 

30% higher than the respective GM values (ANOVA, p-value < 0.05). This 

overestimation is more pronounced during the warm period. The BAM PM2.5 to GM 
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PM2.5 relationship exhibited significant day-to-day variability, suggesting that various 

factors may affect the measured concentration levels.  

 

Table 5.1: Descriptive statistics for the GM PM2.5 and BAM PM2.5 concentrations measured at 

Agia Paraskevi from 2009 to 2012. 

 

 

 

5.4.1.2 Correlation between BAM and GM measurements 

 

Good correlation was observed between BAM PM2.5 and GM PM2.5, as depicted in 

Fig. 5.3a (Pearson coefficient was 0.79 for the entire period, and 0.72 and 0.84 for the 

 GM PM2.5 BAM PM2.5 
BAM PM2.5 / 

GM PM2.5 

 Year 

Number 

of 

samples 

(N) 

Mean ± St. 

Deviation 

(κg m-3) 

Number 

of 

samples 

(N) 

Mean ± St. 

Deviation 

(κg m-3) 

Mean ± St. 

Deviation 

 

E
n

ti
re

 P
er

io
d
 

2009 95 16.5 ± 10.5 102 14.7 ± 6.7 1.02 ± 0.47 

2010 212 14.6 ± 9.2 103 14.1 ± 6.0 1.25 ± 0.46 

2011 254 13.0 ± 5.3 255 17.0 ± 5.6 1.36 ± 0.32 

2012 324 12.4 ± 5.5 285 14.7 ± 4.3 1.33 ± 0.37 

2009-2012 885 13.5 ± 7.3 745 15.4 ± 5.5 1.29 ± 0.40 

 

W
ar

m
 P

er
io

d
 

2009 29 18.6 ± 14.4 31 15.8 ± 5.5 1.19 ± 0.63 

2010 116 16.0 ± 8.9 23 12.9 ± 3.3 1.15 ± 0.44 

2011 132 12.4 ± 4.4 132 17.1 ± 4.3 1.45 ± 0.37 

2012 163 13.2 ± 6.0 136 15.9 ± 4.4 1.42 ± 0.47 

2009-2012 412 14.0 ± 7.5 292 16.2 ± 4.5 1.40 ± 0.46 

 

C
o
ld

 P
er

io
d
 

2009 66 15.5 ± 8.1 71 14.3 ± 7.2 0.95 ± 0.36 

2010 96 12.9 ±9.4 80 14.5 ± 6.6 1.28 ± 0.47 

2011 122 13.8 ± 6.1 123 17.0 ± 6.8 1.27 ± 0.23 

2012 161 11.5 ± 4.8 149 13.6 ± 4.0 1.24 ± 0.23 

2009-2012 445 13.0 ± 7.0 423 14.9 ± 6.1 1.21 ± 0.33 
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warm and cold seasons, respectively). Best linear fits were calculated for all data and 

each period separately: BAM = 0.71∙GM + 6.2 (entire period); BAM = 0.62∙GM + 8.3 

(warm period); BAM = 0.77∙GM + 4.7 (cold period). Although the trends in the 

warm- and cold-period data are similar, the differences in the fitted equations 

highlight the need for seasonal calibration of BAM data through reference gravimetric 

measurements.  

Correlation between BAM PM2.5 and GM PM2.5 data was also examined depending 

on the filter type used in the GM measurements (Fig. 5.3(b)-(d)). A slightly better 

correlation was observed when glass fiber filters were used for the GM samples 

(estimated Pearson correlation coefficients were 0.82 and 0.80 for the Teflon and the 

quartz filters, respectively). This agreement was anticipated, considering that the 

BAM monitor employs a glass fiber filter tape. The equation that fitted the data best 

in the case of glass fiber filters presented the highest slope (BAM = 0.79∙GM + 5.3). 

The corresponding best linear fits in the case of Teflon and quartz filters were BAM = 

0.75∙GM + 6.1 and BAM = 0.64∙GM + 4.5, respectively.  

 

 

Figure 5.3: Linear correlation between BAM PM2.5 and GM PM2.5 measurements for (a) all 

the data, and when (b) Teflon, (c) Glass fiber and (d) Quartz were used in the GM 

measurements. Red and blue circles correspond to measurements during the warm and the 

cold period, respectively. Outliers are depicted by diamond-shaped data points. The black line 

represents the linear fit for all data, while red and blue dashed lines are the fitted equations to 

the warm and cold season data, respectively. 

 

For all filter types, better correlations were obtained for the cold rather than the 

warm period. The largest difference between cold and warm period correlation 
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relationships was observed for glass fiber samples, followed by quartz samples. These 

discrepancies may be attributed to the different water uptake of each filter type. Glass 

fiber filters, which are used as standard filter material in BAM measurements, are 

moisture sensitive.  

Quartz filters on the other hand present lower water uptake, whereas Teflon filters 

are generally hydrophobic (Baron and Willeke, 2001). The results indicate that the 

selection of the filter substrate may influence the measured PM levels and that filter 

material should be taken into account when calibrating BAM with GM measurements. 

The relation between BAM PM2.5 and GM PM2.5 measurements was also examined 

in relation to the origin of air masses arriving at the site, which is an indicator of 

different types of aerosols (with respect to chemical composition and size 

distribution). Sahara dust long-range transport events were identified during only 4% 

of the measurement days and did not affect the relationships between BAM PM and 

GM PM measurements. The rest of the measurements were separated into three 

groups depending on the conditions: (i) days of calm conditions, representative of 

local aerosol (with more than 50% of hourly wind speed values below 1 ms
-1

), (ii) 

days with south/west wind directions representative of polluted aerosols coming from 

the city center, and (iii) days with north/east wind directions representative of 

―cleaner‖ aerosols coming from the sea. No change in the BAM/GM relationships was 

observed, suggesting that the linear regression equations obtained for warm and cold 

period are representative for the investigated site, and may be used for calibration of 

BAM monitors. 

 

 

5.4.1.3 Effect of meteorological and sampling conditions 

 

To further investigate whether the seasonal variability in the differences between 

BAM and GM measurements is attributed to water evaporation, we tried to estimate 

the water content of the samples. This depends on the ability of the particles to hold 

water under given RH conditions, i.e. their hygroscopicity (Colbeck, 2008; 

Bezantakos et al., 2013), which mainly depends on their chemical composition: 

inorganic particles are more hygroscopic whereas soot and organic particles can take 

up significantly lower amounts of water. In addition, the material of the sampling 
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medium may also take up water during sampling. Glass fiber and quartz filters have a 

slightly alkaline surface and are therefore affected by humidity, while membrane 

filters such as Teflon exhibit lower moisture absorption. The amount of liquid water 

in the atmosphere that can be absorbed by the particles and the filters is: 

𝑒 = 𝑅𝐻 ∙ 𝑒𝑠         (5.1) 

where RH is the mean relative humidity (%) in the atmosphere during sampling, 

and es the maximum water vapor pressure (mbar). For a given temperature, T (K), es 

can be estimated by the modified empirical Magnus – Tetens relation (Salby, 1996): 

log𝑒𝑠 = 9.4041 −
2354

𝑇
             (5.2) 

The estimated water vapor pressure can be normalized by the GM PM2.5 measured 

concentration, and the resulting value represents the potentially available water for 

interaction with each unit of sampled mass.  

 

The monthly averaged BAM PM2.5 to GM PM2.5 concentration ratio, along with the 

respective temperature and relative humidity conditions, is shown in Fig. 5.4. The 

BAM PM2.5/GM PM2.5 ratio was consistently higher than 1.3 when the RH decreased 

below 60% and the temperature was higher than 20 °C. The lowest values of the 

BAM PM2.5/GM PM2.5 concentration ratio (i.e., around 1.2) were observed during the 

 

 
 

Figure 5.4: Variation of the monthly averaged BAM PM2.5 to GM PM2.5 concentration ratio 

(bars and blue line) and of the corresponding temperature (red line), relative humidity (green 

line) and the water vapor pressure normalized by PM2.5 concentrations (orange line). 

 

cold period when ambient temperature was around or below 10 °C and RH was above 

70%. The lowest values of the BAM PM2.5/GM PM2.5 concentration ratio (i.e., around 

1.2) were observed during the cold period when ambient temperature was around or 



 

  79 
 

below 10 °C and RH was above 70%. Given that a heating inlet was employed at the 

BAM monitor (in order to bring the sample to a standard temperature of 28 °C) and 

not in the GM measurements, the lower values of the ratio during the cold period may 

be related to the evaporation of water and loss of volatile aerosol compounds during 

heating of the sampled air. During the warm period, volatile aerosol compounds are 

not present when sample air enters the inlet due to high ambient air temperatures. As 

shown in Fig. 5.4, the normalized water vapor pressure exhibits a seasonal variation 

that is very similar with that of the BAM PM2.5/GM PM2.5 ratio. This similarity 

indicates that the samples‘ water content strongly affects the discrepancies observed 

between BAM and GM measurements.  

 

 

 

Figure 5.5: Correlation between the BAM PM2.5/GM PM2.5 ratio and the normalized water 

vapor pressure, for (a) the entire data set and separately when (b) Teflon, (c) glass fiber, and 

(d) quartz filters were used in the GM measurements. The dashed line show best fit regression 

models. 

 

The relationship between the BAM PM2.5/GM PM2.5 ratio and the normalized water 

vapor pressure, for the entire data set and for the measurements using the different 

filter types, is shown in Fig. 5.5. BAM to GM concentration ratios exhibited an 
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increasing trend with normalized water vapor pressure in all cases. It is interesting to 

note that the curve fitted through the measurements is steeper when Teflon filters 

(which are highly hydrophobic) are used in the GM measurements (Fig. 5.5b).  

 

In order to evaluate the other issues of possible gain or loss of water and/or other 

species, further analysis of the parameters involved was conducted. As already shown, 

temperature or RH alone cannot explain the discrepancy between BAM and GM 

measurements, as well as the normalized available water content does (Fig. 5.4). 

Temperature is a critical parameter for semi volatile species like ammonium nitrate as 

expected from basic thermodynamic considerations (Dassios and Pandis, 1999). 

Pandolfi et al. (2012) observed that temperature is the only parameter showing a 

relatively high correlation with NO3. The temperature range between 15 and 22°C has 

been also shown to play a role in the ambient levels of the semi volatile species 

according to model calculations and ambient data for Riverside CA, US (Aw and 

Kleeman, 2003). Although these effects are difficult to quantify, conditioning of 

filters and PM samples at 20°C and 50% RH sets some reference conditions at which 

the discrepancy between BAM and GM measurements can be evaluated, thereby 

providing a systematic way of its characterization. 

Useful information about the structure of the variability of the BAM to GM ratio 

can be derived when we examine this ratio against RH over three temperature ranges 

0-10°C, 11-22°C and greater than 22°C. Scatter plots of this exercise are shown in 

Fig. 5.6.  

Despite the high scatter we observe that the linear fit lines display no significant 

trend of the discrepancy at high and low temperatures and that the mean value across 

the whole of the RH range is similar to the ratios shown in Table 5.1, with BAM 

measurements constantly overestimating the GM PM2.5 concentration. When the mean 

temperature is within the range 11-22°C we have a significant number of data where 

BAM measurements underestimate the PM2.5 concentration at high RH and a linear 

trend becomes significant (p < 0.01). This trend appearing for the temperature range 

studied can be attributed to the loss of nitrate. This assumption is supported by the 

fact that ammonium nitrate salts are found in the urban atmosphere in significant 

concentrations. Other semi volatile species can also cause an equivalent discrepancy 

under these conditions (see discussion below). 
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Figure 5.6: Correlation between the BAM PM2.5/GM PM2.5 ratio and the relative humidity 

when Teflon filters were used in the GM measurements and the ambient temperature was (a) 

less than 10°C, (b) between 11 and 22°C, and (c) higher than 22°C. The dashed line show 

best-fit regression models. 

 

The dataset for the Teflon measurements shown in Fig. 5.7 is evaluated in the same 

way against the normalized water content over the same temperature ranges. The 

temperature range between 11 and 22 °C does not display a distinct behavior as that in 

the measurements shown in Fig. 5.6. The available water does not seem to depend on 

RH for all three temperature ranges, while the overestimation of PM2.5 concentration 

by the BAM measurements is always correlated with liquid water, with the correlation 

coefficient becoming stronger for higher temperatures. This feature indicates that 

BAM systems retain or accumulate liquid water due to condensation on the measured 

sample, while conditioning of filters during GM measurements removes liquid water 

more efficiently. On the other hand, the difference in the water content does not 
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explain alone the dependence of the BAM/GM ratio to RH as shown in Fig. 5.6b. It is 

reasonable to explore the possibility of evaporation/condensation of other semi 

volatile species such as organics and ammonium nitrate, which may be in transition 

from particulate to gaseous phase at these temperature and RH ranges. Especially for 

ammonium nitrate, the particle phase is favored at high RH and lower temperatures.  

 

 
 

Figure 5.7: Correlation between the normalized water vapor pressure and the BAM 

PM2.5/GM PM2.5 ratio (blue solid circles), or the relative humidity (blue open circles), when 

the ambient temperature was (a) less than 10 °C, (b) between 11 and 22°C, and (c) higher than 

22°C. The black solid line and the blue dashed line represent best linear fit for the correlations 

between the normalized water vapor pressure and the BAM PM2.5/GM PM2.5 ratio and the 

relative humidity, respectively. These correlations include the PM2.5 samples collected on 

Teflon filters. 

 

During our study period, estimated ammonium nitrate levels inferred from earlier 

measurements at the same site (Eleftheriadis et al., 2014 reporting total NH4 and NO3 
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to be on average 1.3 κg m
-3

 and 1.4 κg m
-3

, respectively) are expected in general to be 

below 2 κg m
-3

. This in turn is a 10-15% of the PM2.5 mass concentration. During 

periods when maximum ammonium nitrate concentrations are expected in the 

particulate phase due to high RH (Dassios and Pandis, 1999), dissociation due to 

BAM inlet heating and retention in the GM filter at ambient and conditioning 

temperatures < 20°C can explain the lower BAM/GM ratios observed in Fig. 5.6b. 

The temperature difference between the heated inlet (28°C) and the equilibrium 

temperature for filters during gravimetric analysis can induce an increased 

evaporation of NH4NO3 as well as aerosol particle water during BAM measurements 

while GM measurements remain unaffected.  

The analysis presented here for PTFE filters could not be repeated for an 

equivalent number of data for the GF and Quartz filter due to a smaller number of 

samples on these filters. The data available display either similar behaviour with 

PTFE filters or absence of correlation. 

Based on the above observations, it is proposed that when equivalence tests are 

conducted the results are checked against the normalized water content in order to 

remove seasonal discrepancies external to the conditioning of the aerosol samples. A 

method of drying the incoming aerosol before a BAM system instead of heating 

would also facilitate towards reducing the effect of water vapor condensation and loss 

of aerosol due to heating. 

 

 

5.5 PM10 measurements 

 

A less extensive data set with BAM and GM PM10 concentration measurements 

was also obtained during the studied period. All GM PM10 measurements were 

conducted with Teflon filters. Descriptive statistics of this data set are provided in 

Table 5.2. Mean PM10 concentrations measured by the two methods exhibited an 

average difference of 10% for the entire period (ANOVA, p-value = 0.05). Very good 

correlation was observed between BAM PM10 and GM PM10 mass concentration 

measurements (Fig. 5.8). Different linear regression equations were calculated for the 

warm and cold season measurements, highlighting the seasonality of BAM to GM 

relationship.  
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Table 5.2: Descriptive statistics of PM10 concentrations measured at Agia Paraskevi by beta-

attenuation (BAM) and gravimetric method (GM) for the years 2011 and 2012.  

 

The obtained results are comparable to those reported by Lazaridis et al. (2008) 

who have also observed a slight over prediction of the PM10 concentrations measured 

by a BAM monitor during measurements on the island of Crete, Greece (mean 

BAM/GM ratio around 1.2). While BAM and GM methods for PM10 measurements 

are in good agreement, the application of calibration equations, derived through 

parallel gravimetric measurements at both cold and warm season, can certainly 

enhance the reliability of the measurements obtained by BAM monitors.  

 

 
 

Figure 5.8: Correlation between BAM PM10 and GM PM10 measurements. Red and blue 

circles correspond to measurements during the warm and the cold period, respectively. 

Outliers are depicted by the black diamonds. The solid black line (BAM = 0.77∙GM + 4.1, R
2
 

= 0.72) represents the best linear fit for the entire data set. The red dashed line (BAM = 

0.88∙GM + 3.6, R2 = 0.80) and the blue dashed line (BAM = 1.50∙GM – 6.7, R2 = 0.88) 

represent best linear fits for the warm and cold period, respectively.  

 GM PM10 BAM PM10 
BAM PM10/ 

GM PM10 

Year 

Number of 

samples 

(N) 

Mean ± St. 

Deviation 

(κg m-3) 

Number of 

samples 

(N) 

Mean ± St. 

Deviation 

(κg m-3) 

Mean ± St. 

Deviation 

(κg m-3) 

2011-2012 

2011 (warm 

period) 

95 

48 

23.4 ± 14.9 

24.4  ± 7.5 

67 

48 

25.1 ± 6.5 

24.9 ± 6.3 

1.10 ± 0.33 

1.08± 0.38 

2012 (cold 

period) 
47 

22.4 ± 19.8 
19 

25.7 ± 7.1 
1.18± 0.15 
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5.6 Conclusions 

 

This work presents a comparison of PM2.5 and PM10 concentration measurements 

performed by a single type of beta attenuation monitors (Thermo ESM Andersen 

FH62I-R monitors) and reference gravimetric samplers at a suburban site in Athens, 

Greece, during a period of four years. Given that the majority of previous similar 

studies used PM10 measurements, here we focus on PM2.5 measurements that have 

greater human health relevance. BAM and GM measurements showed in general 

similar temporal variation, for both PM10 and PM2.5 fractions, with the former being 

systematically higher. This difference was more pronounced for PM2.5 (on average 

30%) compared to the PM10 (on average 10%) measurements. The correlation 

between BAM and GM measurements was higher during the cold period for both size 

fractions, with Pearson coefficient being 0.84 for PM2.5 and 0.95 for PM10 in the cold 

period and 0.72 for PM2.5 and 0.90 for PM10 in the warm period.  

The seasonality in the differences between BAM and GM measurements could be 

largely explained by a strong effect of temperature and humidity. The BAM 

PM2.5/GM PM2.5 ratio increased with atmospheric water vapor pressure, indicating 

that the water content of the collected samples has a strong effect on the observed 

discrepancy between BAM and GM measurements. The filter material used in the GM 

measurements was identified as another important factor for this discrepancy. The 

strongest correlation between BAM PM2.5 and GM PM2.5 measurements and the one 

having a fitted line with a slope closest to unity were obtained when GM samples 

were collected on filters made of glass fiber, which is the same material used in the 

filter tapes in the BAM measurements. The highly hydrophobic Teflon filters were 

less affected by moisture in comparison to quartz and glass fiber filters, yielding 

larger discrepancies between BAM and GM measurements when the atmospheric 

water vapor pressure increased.  

Our results show that differences between BAM and GM measurements can vary 

significantly when determining PM10 and PM2.5 concentrations, and that relationship 

between the two observation methods ought to be determined for each site and season. 

The measurements also highlight the importance of reporting the meteorological 

conditions and operational characteristics (i.e., filter materials and sampling 

temperatures of the BAM monitor inlet and unit) along with the measurements, since 
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they can strongly affect the results. Considering that inter-comparisons are scarce for 

the PM2.5 fraction, additional measurements, in different climatic regions, are required 

to obtain a better overall picture for the effects of liquid water condensation and loss 

of semi volatile species.  
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Chapter 6 

 

Summary and Future research 

 

 

6.1 Summary and conclusions 

 

The main goal of this study has been to examine the quantitative (concentration and 

size) and qualitative (chemical composition) characteristics of the atmospheric 

aerosols in urban and suburban-background sites in the North Aegean Sea region and 

to compare them with those of other regions. Furthermore, the discrepancies between 

two different measurement techniques for two fractions of Particulate Matter (PM; 

PM10 and PM2.5) were investigated. 

 

Chapter 2 analyzed the temporal variation of PM10 mass concentrations at five urban 

and ten suburban areas in the two major cities in Greece, namely Athens and 

Thessaloniki, from 2001 to 2010. In both cities, all urban stations exceeded the EU 

annual and 24-h PM10 concentration limits (40 and 50 κg m
-3

, respectively) during the 

entire period that we investigated, having annual average values of 50.1 κg m
-3

 in 

Athens and 57.7 κg m
-3

 in Thessaloniki. The urban stations in Thessaloniki exhibited 

higher PM10 concentrations, compared to those in Athens, which can be attributed to 

the more intensive industrial activity in the city. 

 

With the exception of two stations in Athens, and another two in Thessaloniki, all 

suburban stations were lower than the EU PM10 limits. The rest of the stations that 

exhibited higher than EU PM10 limit concentrations are strongly affected by nearby 

PM sources such as high traffic and agricultural or industrial activity.  

 

An interesting observation was that the annual average PM10 concentrations exhibited 

an overall decreasing trend in both cities during the entire period investigated. 

Exceptions to this observation were observed for two stations in Athens and one in 

Thessaloniki that did not exhibit any statistically significant trend, most likely due to 
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their proximity to constant PM sources. The seasonal variation was shown to be 

different between urban and suburban stations in both Athens and Thessaloniki. The 

PM10 concentrations at the urban stations in Athens were higher during autumn and 

winter and lower during summer (having values of 46.2, 46 and 42.8 κg m
-3

, 

respectively), while the highest values at the suburban stations were observed during 

the spring and the lowest during the winter (having values of 37.7 and 29.8 κg m
-3

, 

respectively). A possible explanation for this difference is that the urban stations are 

influenced to a greater extent by domestic heating compared to other sources of PM10 

(e.g., traffic). In Thessaloniki, with the exception of one station that does not exhibit 

any seasonality, seasonal variations were found to be similar both at the urban and the 

suburban stations, exhibiting highest concentrations during autumn and lowest 

concentrations in summer. 

 

Chapter 3 provides measurements of the properties of atmospheric particles in the 

remote environment of the North Aegean Sea (NAS) during the summer period when 

the meteorological conditions were representative of the Etesian conditions, with the 

aim to improve understanding on how cross-border air pollution transport affects local 

air quality.  

 

During these air pollution transportation episodes in the NAS, the particle size 

distributions exhibited a peak shift towards smaller diameters (i.e., from 100 to ca. 20 

nm), while the number concentrations (with a mean value of 2.2×10
3
 particles cm

-3
) 

increased substantially. The nucleation-mode particles observed during all the 

pollution transport episodes had starting sizes from ca. 15 to 17 nm and grew with a 

rate of ca. 9.0 nm h
-1

, providing a first indication that they have been formed in highly 

polluted areas and their size was increased during transportation to the NAS. In 

addition, the estimated concentrations of sulfuric acid during the episodes were in the 

order of 10
5
 molecules cm

-3
, suggesting that it plays an important role in the formation 

and growth of the observed nanoparticles. The correlation between Nd<25nm and 

[H2SO4] was moderate but became strong (R
2
 = 0.71) when a time lag of 7 ± 1 h was 

used between the two data sets.  

 

The fraction of sulfates, nitrates, and ammonium on PM1.0 samples exhibited an 

increase of ca. 60%, whereas the OC/EC ratio was systematically higher during the 
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particle transport days compared to the rest of the days. In addition, a strong 

correlation (R
2 

= 0.67) was observed between OC and EC, suggesting that they have 

common combustion sources. These observations provide an additional indication that 

the particles observed in the region of NAS have an urban and/or industrial origin, as 

also confirmed by analysis of back-trajectories and omega fields. 

  

Analysis in chapter 4 relates the quantitative (concentration and size) and qualitative 

(chemical composition) characteristics of atmospheric aerosols at an urban site of a 

representative small insular coastal city in the NAS, namely the city of Mytilene, 

during summer and winter. Mean PM2.0 and PM1.0 concentrations at the city centre 

were respectively 26 and 21 κg m
-3

 during winter and 21 and 15 κg m
-3

 during 

summer, and were considerably lower compared to corresponding values recorded in 

large cities in the region. The measured average concentrations of TSP, PM2.0 and 

PM1.0 at SSM were higher by ca. 26-36% and by ca. 44% for number concentrations 

in winter compared to those in summer, due to the additional emissions from domestic 

heating and the weaker atmospheric dilution. Higher particulate concentrations were 

recorded at the site located at the port of the city only in summer due to enhanced port 

activities, and not at the site located at the city centre as the prevailing wind directions 

did not favour the transport of air masses to the direction of city centre. 

 

The elemental composition measurements also showed that natural sources contribute sea-salt 

and resuspended soil in the TSP samples at both sites and seasons. Re-suspension of 

polluted soil particles is more significant in summer, as shown by the higher 

concentrations of Ca, Mg, Fe, and Ti, due to the drier conditions. Non-exhaust traffic 

emission sources were also found to be an important contributor, as indicated by the 

good correlations (R
2
 = 0.40 - 0.91) between crustal and traffic-related elements (i.e., 

Zn, Cr, Cu, and Mn). Athropogenic sources such as wood and fuel combustion (i.e. 

residential heating and shipping emissions) contributed to the smaller PM fractions 

during both periods, as indicated by high concentrations of K and S. These heating 

sources are also reflected by a more pronounced increase of number concentrations in 

winter than in summer. In addition to local sources, the contribution of long-range 

transported polluted air masses to the air quality of Mytilene was observed mostly in 

summer by the higher concentrations and the strong relationship among some crustal 

and anthropogenic elements (i.e., K, Ca, Ti, Mg, Fe, As, S) during these events. 
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Finally, chapter 5 investigates the comparability and the effect of factors such as the 

meteorological conditions and the type of filter material of gravimetric (GM) and beta 

attenuation (BAM) measurements for PM2.5 and PM10 at a suburban site in Athens, 

Greece, during a period of four years. Given that the majority of previous similar 

studies used PM10 measurements, here we focus on PM2.5 measurements that have 

higher human health relevance. This supplementary study provides information about 

the discrepancies of PM sampling techniques in a suburban site in the Eastern 

Mediterranean area that helps in better understanding of continuous PM 

measurements. 

 

BAM and GM measurements showed in general similar temporal variation, for both 

PM10 and PM2.5 fractions, with the former being systematically higher. This difference 

was more pronounced for PM2.5 (on average 30%) compared to PM10 (on average 

10%) measurements. The correlation between BAM and GM measurements was 

higher during the cold period for both size fractions, with Pearson coefficients being 

0.84 for PM2.5 and 0.95 for PM10 in the cold period and 0.72 for PM2.5 and 0.90 for 

PM10 in the warm period. 

 

The seasonality in the differences between BAM and GM measurements could be 

largely explained by a strong effect of temperature and humidity. The BAM 

PM2.5/GM PM2.5 ratio increased with atmospheric water vapor pressure, indicating 

that the water content of the collected samples has a strong effect on the observed 

discrepancy between BAM and GM measurements. The filter material used in the GM 

measurements was identified as another important factor for this discrepancy. The 

strongest correlation between BAM PM2.5 and GM PM2.5 measurements, and the one 

having a fitted line with a slope closest to unity, were obtained when GM samples 

were collected on filters made of glass fiber, which is the same material used in the 

filter tapes in the BAM measurements. The highly hydrophobic Teflon filters were 

less affected by moisture in comparison to quartz and glass fiber filters, yielding 

larger discrepancies between BAM and GM measurements when the atmospheric 

water vapor pressure increased. 
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The results of this study show that differences between BAM and GM measurements 

can vary significantly when determining PM10 and PM2.5 concentrations, and that 

relationships between the two observation methods ought to be determined for each 

site and season. The measurements also highlight the importance of reporting the 

meteorological conditions and operational characteristics (i.e., filter materials and 

sampling temperatures of the BAM monitor inlet and unit) along with the 

measurements, since they can strongly affect the results. Considering that inter-

comparisons are scarce for the PM2.5 fraction, additional measurements, in different 

climatic regions, are required to obtain a better overall picture for the effects of liquid 

water condensation and loss of semi volatile species. 

 

6.2 Future research 

 

This study provides information on the air quality in urban and remote sites in the 

region of North Aegean Sea (NAS). Based on the results of this study, this section 

provides further research directions. 

 

The region of NAS is characterized by particular synoptic meteorological conditions 

that favor the transportation of air masses from distant sources. Apart from fixed 

distance sources, shipping emissions have an important impact on sulphur deposition 

in PM concentrations mainly in the warm period. This observation lead to further 

study and control of sulphur and nitrogen compounds in particulate matter as well as 

of sulphur dioxide (SO2) and nitrogen oxides (NOx) emissions from shipping 

activities as have been set by the current International Maritime Organization (IMO; 

MEPC57, 2008) and the EU (European Directive 2012/33/EU) regulatory 

requirements. 

 

This thesis is primarily reported measurements of aerosol particles. Simultaneously 

measuremens of particulate matter and gaseous pollutants can take place at a 

permanent monitoring station, in order to provide a comprehensive picture of ambient 

air quality in the main cities of NAS. The emissions of greenhouse gases are 

important but the combination of particles with gaseous pollutants may be more 

damaging in human health than the effects of gaseous pollutants. Further investigation 

of the contribution of particulate pollution during desert dust transport events is 
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needed to understand their impacts on human health and climate in the region of NAS, 

considering that these dust intrusions usually occur in spring (i.e., March, April, 

May). 

 

The spatial variability of concentrations from various point sources (e.g. activities of 

the electric power plant, the airport) can be also evaluated in order to provide 

additional information about the local sources in the main cities of NAS. Spatial 

variation by the use of air pollution dispersion models is needed because these models 

can potentially expand ground monitoring networks due to their broad spatial 

coverage and give information of various emission sources. 
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Appendix A 

 

Table A1: Information of the sampling stations at the two largest cities in Greece. The last 

column indicates the operator of each air quality network. 

 

City Station Characterization 
Elevation       

(m.a.s.l.) 
Longitude Latitude 

Opera

ted by 

A
th

en
s 

Piraeus           

(PIR) 
Urban traffic 20 

23° 38΄ 

51΄΄ 

37° 56΄ 

36΄΄ 

M
E

P
P

P
W

*
 

Aristotelous St. 

(ARI) 
Urban traffic 95 

23° 43΄ 

39΄΄ 

37° 59΄ 

16΄΄ 

Maroussi          

(MAR) 
Urban traffic 145 

23° 47΄ 

14΄΄ 

38° 01΄ 

51΄΄ 

Lykovrissi        

(LYK) 
Suburban traffic 210 

23° 46΄ 

35΄΄ 

38° 04΄ 

11΄΄ 

Thrakomacedones 

(THR) 

Suburban 

background 
550 

23° 45΄ 

29΄΄ 

38° 08΄ 

37΄΄ 

Agia Paraskevi 

(AGP) 

Suburban 

background 
290 

23° 49΄ 

10΄΄ 

37° 59΄ 

42΄΄ 

T
h

es
sa

lo
n

ik
i 

Kordelio      

(KOD) 

Urban - 

...Industrial 
52 22.9° 40.7° 

D
E

P
W

C
M

D
*
*

 Agia Sofia      

(AGS) 
Urban 20 22.9° 40.6° 

Kalamaria     

(KAL) 
Suburban 50 22.9° 40.6° 

Panorama      

(PAO) 
Suburban 330 23° 40.6° 

Sindos            

(SIN) 

Suburban - 

Industrial 
14 22.8° 40.7° 

 

*MEPPPW: Air Quality Department of the Ministry of Environment Physical Planning and Public 

Works 

**DEPWCMD: Department of Environment and Public Works of Central Macedonia District in 

Thessaloniki 

 

 

 

 

 

 

 

 



 

  128 
 

Statistical Analysis in Athens from 2001 to 2010 

 

Table A2: Descriptive statistics (Mean, Standard Deviation, N total values, Min and Max) for 

average PM10 concentrations (κg m-3) and the exceedances (Ex.D.; more than 35 days) of the 

EU 24-h limit value (50 κg m-3) at the monitoring stations in Athens. 

 

 Descriptive Statistics and exceedances of EU PM10 limits for PM10 

concentrations in Athens stations 2001 - 2010 

 

S
ta

ti
o

n
 

 Year 

 

2
0

0
1
 

2
0

0
2
 

2
0

0
3
 

2
0

0
4
 

2
0

0
5
 

2
0

0
6
 

2
0

0
7
 

2
0

0
8
 

2
0

0
9
 

2
0

1
0
 

2
0

0
1

-

2
0

1
0
 

P
IR

 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

57.7 

19.8 

(300) 

18 

135 

172 

62.5 

20.6 

(275) 

23  

157 

201 

54.3  

21.6 

(83)  

19  

159  

43 

56.3 

22.7 

(110)          

20  

166 

57 

54.9 

34.6 

(70) 

24  

236  

29 

- 

46.7 

16.3 

(279)         

16 

118       

103 

33.3 

16.7 

(322)                 

11  

107                   

46 

32.3 

19.5 

(302) 

12   

185   

30 

44.1 

20.3     

(222)    

13 

169 

62 

49.1 

M
A

R
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

55.5 

23.9 

(359)     

7   

167 

195 

- - - 

45.7 

22.4 

(335) 

12  

175 

104 

48.3 

27.2 

(335)         

9  

331 

108 

48.5 

20 

(348)            

18 

203 

134 

48.4 

21.9 

(349)                    

19 

175 

124 

43.5 

23.2 

(303)     

13 

208 

68 

40.6 

19.5 

(340) 

12 

260 

63 

47.2 

A
R

I 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

55.6 

24.6 

(358)      

11  

219 

181 

54.8 

21.5  

(220)          

18  

130 

110 

56.4 

21.6 

(225)         

18   

165 

115 

57.9 

24.4 

(152)        

19 

166 

85 

52.8 

20.3 

(357)         

13  

197 

169 

56.7  

29.7 

(355)        

14 

386 

178 

51.7 

19 

(328)       

21 

139 

145 

56.6 

25.1 

(328)                  

14 

176   

163 

49.3 

26.2 

(355)       

20   

257      

122 

48.7 

29.7 

(305)  

20   

421 

99 

54.1 

T
H

R
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

31.1 

15.5 

(357)         

6     

99         

35 

33.9 

20.1 

(263)         

3            

185            

31 

31.9 

17.6 

(296)           

6             

154           

33 

33.2 

23.3 

(297)           

4               

244           

31 

30.5 

21.1 

(233)          

9             

155                 

23 

27.0 

25.5 

(293)         

2                

329          

10 

21.5 

11.9 

(304)         

4            

101          

10 

27.2 

17.6  

(299)                  

3                         

134                    

21 

30.4 

18.3        

(297)         

8        

236       

22 

36.7 

19.0  

(283)  

5    

164   

43 

30.3 

L
Y

K
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

59.7 

24.1 

(352)    

10 

151 

221 

61.9 

27.1 

(303) 

12  

170 

184 

58.7 

25.6 

(280) 

12  

214 

163 

62.9 

28.1 

(337)          

9   

272         

216 

53.3 

25 

(275)          

9    

207 

124 

58.7 

33.9 

(306)         

5             

438             

158 

54.8 

22.9 

(362)         

15 

149 

178 

54.9 

25.1 

(306)                   

8   

176 

147 

42.9 

28.0 

(344)       

8   

289 

86 

38.6 

26.3 

(356)   

9   

388 

56 

54.6 
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A
G

P
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

46.5 

24.5 

(267)      

9   

142  

92 

37.7 

18.8 

(311) 

8    

133  

49 

37.1 

20.8 

(353)           

6    

203  

64 

39.4 

24.4 

(338)           

9   

193         

69 

40.7 

21.5 

(295) 

12  

192  

67 

34  

31 

(214)         

9  

396           

11 

28.4 

12.9 

(335)        

10 

103       

18 

28.3 

16.9 

(315)                   

6   

127 

20 

25.6 

21.8 

(330)  

8     

292   

17 

28.2 

16.5 

(319)   

6    

118  

22 

34.6 

 

Table A3: The results of Kolmogorov - Smirnov test for PM10 concentrations and log 

transformed averaged PM10 concentrations in Athens from 2001 to 2010. 

 

 
Kolmogorov-Smirnov test for PM10 concentrations in Athens from 2001 to 

2010  

Station  Year 

  2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

PIR 
PR 

LN 

.010 

.730 

.074 

.289 

.247 

.999 

.182 

.501 

.001 

.258 
 

.010 

.539 

.000 

.141 

.000 

.058 

.001 

.547 

ARI 
PR 

LN 

.000 

.836 

.022 

.989 

.006 

.227 

.042 

.949 

.001 

.791 

.000 

.816 

.001 

.620 

.000 

.112 

.000 

.056 

.000 

.137 

MAR 
PR 

LN 

002 

.267 
   

.000 

.805 

.000 

.327 

.002 

.505 

.000 

.262 

.000 

.056 

.000 

.421 

LYK 
PR 

LN 

.051 

.033 

.000 

.280 

.004 

.311 

.002 

.880 

.002 

.384 

.000 

.218 

.001 

.352 

.000 

.502 

.000 

.212 

.000 

.224 

THR 
PR 

LN 

.005 

.054 

.000 

.179 

.006 

.361 

.000 

.307 

.000 

.061 

.000 

.116 

.000 

.056 

.000 

.204 

.000 

.383 

.000 

.286 

AGP 
PR 

LN 

.000 

.300 

.000 

.220 

.000 

.349 

.000 

.052 

.000 

.849 

.000 

.057 

.000 

.216 

.000 

.047 

.000 

.025 

.000 

.300 

PR.: Previously data 

LN: Lognormal data 

 

Statistical analysis of annual variation in Athens 

 

Table A4: The results of Levene's test of log-transformed annual-averaged PM10 

concentrations in Athens from 2001 to 2010. 

 

Levene's test of log-transformed annual-averaged PM10 

concentrations in Athens from 2001 to 2010 

 
Levene 

Statistic 
df1 df2 Sig. 

LNPIR 5.340 8 1954 .000 

LNMAR 3.644 6 2362 .001 

LNARI 1.768 9 2973 .069 

LNTHR 1.478 9 2913 .150 

LNLYK 0.574 9 3211 .819 

LNAGP 4.902 9 3067 .000 
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Table A5: The results of One-way ANOVA procedure for log-transformed (LN) annual 

averaged PM10 concentrations in Athens from 2001 to 2010. 

 

One-way ANOVA procedure of log-transformed 

annual-averaged PM10 concentrations in Athens 

from 2001 to2010 

 F Sig. 

LN ARI 8.013 .000 

LN LYK 51.492 .000 

LN THR 27.947 .000 

 

Table A6: The Tukey HSD test log-transformed annual-averaged PM10 concentrations at ARI 

station from 2001 to 2010. The critical level of confidence was 0.05. 

 

Tukey HSD test of log-transformed annual-averaged PM10 concentrations 

at ARI station 

Year N 1 2 3 

2010 305 3.7927 (44.4)   

2009 355 3.8093 (45.1) 3.8093 (45.1)  

2007 328  3.8839 (48.6) 3.8839 (48.6) 

2005 357   3.9030 (49.5) 

2002 220   3.9302 (50.9) 

2001 358   3.9351 (51.2) 

2006 355   3.9479 (51.8) 

2008 328   3.9503 (51.9) 

2003 225   3.9656 (52.7) 

2004 152   3.9788 (53.4) 

Sig.  .142 .117 .106 

 

 

Table A7: The Tukey HSD test log-transformed annual-averaged PM10 concentrations at 

THR station from 2001 to 2010. The critical level of confidence was 0.05. 

 

Tukey HSD test of log-transformed annual-averaged PM10 concentrations at 

THR station 

Year N 1 2 3 4 

2007 304 2.9326 (18.8)    

2006 293  3.1327 (22.9)   

2008 299  3.1468 (23.3)   

2005 234   3.2898 (26.8)  
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2009 297   3.3056 (27.3)  

2001 357   3.3185 (27.6)  

2003 296   3.3289 (27.9)  

2004 297   3.3553 (28.6)  

2002 263   3.3843 (29.5) 3.3843 (29.5) 

2010 283    3.4886 (32.7) 

Sig.  1.000 1.000 .444 .056 

 

Table A8: The Tukey HSD test of log-transformed annual-averaged PM10 concentrations at 

LYK station from 2001 to 2010. The critical level of confidence was 0.05. 

 

Tukey HSD test of log-transformed annual-averaged PM10 concentrations at 

LYK station 

Year N 1 2 3 4 

2010 356 3.5365 (34.3)    

2009 344 3.6367 (37.9)    

2005 275  3.8821 (48.5)   

2008 306  3.9102 (49.9) 3.9102 (49.9)  

2007 362  3.9194 (50.4) 3.9194 (50.4)  

2006 306  3.9580 (52.4) 3.9580 (52.4) 3.9580 (52.4) 

2003 280  3.9796 (53.5) 3.9796 (53.5) 3.9796 (53.5) 

2001 352   3.9992 (54.5) 3.9992 (54.5) 

2002 303    4.0383 (56.7) 

2004 337    4.0545 (57.6) 

Sig.  .116 .142 .245 .152 

 

Table A9: The results of Welch ANOVA procedure of log-transformed (LN) annual-

averaged PM10 concentrations at PIR, MAR and AGP stations in Athens from 2001 to 2010.  

 

Welch – ANOVA procedure of log-transformed annual-

averaged PM10 concentrations in Athens from 2002 to 2008 

 F Sig. 

LNPIR 102.380 .000 

LNMAR 18.530 .000 

LNAGP 53.721 .000 
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Table A10: The Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at PIR station in Athens from 2001 to 2010. 

 

Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at PIR from 2001 to 2010 

Year 2001 2002 2003 2004 2005 2007 2008 2009 2010 

2001  .072 .787 .988 .551 .000 .000 .000 .000 

2002 .072  .019 .072 .026 .000 .000 .000 .000 

2003 .787 .019  .999 .999 .054 .000 .000 .000 

2004 .988 .072 .999  .960 .001 .000 .000 .000 

2005 .551 .026 .999 .960  .760 .000 .000 .074 

2007 .000 .000 .054 .001 .760  .000 .000 .240 

2008 .000 .000 .000 .000 .000 .000  .357 .000 

2009 .000 .000 .000 .000 .000 .000 .357  .000 

2010 .000 .000 .000 .000 .074 .240 .000 .000  

 

Table A11: The Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at MAR station in Athens from 2004 to 2010. 

 

Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at MAR from 2001 to 2010 

Year 2001 2005 2006 2007 2008 2009 2010 

2001  .000 .000 .009 .001 .000 .000 

2005 .000  .927 .115 .364 .662 .026 

2006 .000 .969  .732 .961 .097 .000 

2007 .007 .103 .732  .998 .001 .000 

2008 .002 .422 .961 .998  .005 .000 

2009 .000 .747 .097 .001 .005  .774 

2010 .000 .026 .000 .000 .000 .774  

 

Table A12: The Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at AGP station from 2001 to 2010. 

 

Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at AGP from 2001 to 2010 

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

2001  .000 .000 .002 .226 .000 .000 .000 .000 .000 

2002 .000  .988 1.000 .491 .041 .000 .000 .000 .000 

2003 .000 .988  .965 .049 .462 .000 .000 .000 .000 

2004 .002 1.000 .965  .705 .030 .000 .000 .000 .000 



 

  133 
 

2005 .226 .491 .049 .705  .000 .000 .000 .000 .000 

2006 .000 .041 .462 .030 .000  .004 .000 .000 .000 

2007 .000 .000 .000 .000 .000 .004  .980 .000 .922 

2008 .000 .000 .000 .000 .000 .000 .980  .017 1.000 

2009 .000 .000 .000 .000 .000 .000 .000 .017  .048 

2010 .000 .000 .000 .000 .000 .000 .922 1.000 .048  

 

 

Statistical Analysis in Thessaloniki from 2001 to 2010 
 

Table A13: Descriptive statistics (Mean, Standard Deviation, N total values, Min and Max) 

for average PM10 concentrations (κg m-3) and the exceedances (Exc.D.; more than 35 days) of 

the EU 24-h limit value (50 κg m-3) at all stations in Thessaloniki from 2001 to 2010. 

 

Descriptive Statistics and the exceedances of EU PM10 limits for PM10 concentrations 

in Thessaloniki stations from 2001 to 2010 

S
ta

ti
o

n
 Year 

 

2
0

0
1
 

2
0

0
2
 

2
0

0
3
 

2
0

0
4
 

2
0

0
5
 

2
0

0
6
 

2
0

0
7
 

2
0

0
8
 

2
0

0
9
 

2
0

1
0
 

2
0

0
1

-

2
0

1
0
 

K
O

D
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D. 

69.0 

1.6 

(303)        

15 

213 

111 

67.7 

1.7 

(357)     

12 

192 

227 

65.9 

1.8 

(259)       

10 

227 

183 

64.3 

2.9 

(120)          

24 

167 

70 

60.6 

2.3 

(196)         

9 

171 

103 

67.6 

2.1 

(267)        

19 

198 

167 

56.3 

1.5 

(353) 

16 

165 

162 

54.2 

1.3 

(332)             

10 

130 

172 

44.3 

21.1 

(256)      

9   

125 

80 

41.7 

23.9 

(269)     

11 

206 

59 

59.2 

A
G

S
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D 

63.5 

1.8 

(358)            

10 

299 

207 

70.8 

1.6 

(362)       

14 

244 

277 

63.9 

1.6 

(332)       

19 

253 

219 

59.5 

4.1 

(60)              

7  

134 

28 

- - 46.1 

1.0 

(341)     

19 

141 

105 

57.0 

1.4 

(335)             

22 

184 

192 

42.8 

14.4 

(254)    

19   

92   

67 

46.2 

26.2    

(325)     

12 

257 

96 

56.2 

S
IN

 

Mean

S.D 

(N) 

Min 

Max 

Ex.D 

51.5 

1.3 

(220)        

18 

130 

149 

47.9 

1.1 

(363)        

10 

130 

127 

51.3 

1.2 

(340)        

12 

206 

160 

43.3 

1.0 

(290)            

2  

163             

75 

44.9 

1.9 

(143)         

11 

175             

42 

49.9 

1.5 

(261)        

12 

172            

97 

49.6 

1.1 

(358)             

11 

177             

145 

46.4 

1.0 

(322)             

14 

112                 

123 

40.1 

14.3 

(122)    

10   

97     

21  

- 47.2 

P
A

O
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D 

36.9 

0.8 

(363)            

10               

99   

62 

33.9 

0.8 

(355)           

5    

85  

43 

33.2 

1.2 

(282)             

8   

200 

28 

31.7 

0.7 

(318)           

10               

88  

23 

- 30.4 

0.7 

(327)         

9              

78  

25 

26.0 

0.6 

(358)              

5                   

92                   

6 

26.8 

1.5 

(31)  

9                      

48    

0 

23.4 

8.5 

(166)  

4     

59     

3 

- 30.3 
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K
A

L
 

Mean

S.D 

(N) 

Min 

Max 

Ex.D 

- - - - - - 48.2 

1.2 

(275)               

12 

142               

104 

35.5 

1.0 

(286)              

11  

96                    

50 

30.7 

11.9 

(259)  

8     

81   

19 

28.2 

14.5      

(251)    

11 

206  

7 

35.7 

 

Table A14: The results of Kolmogorov-Smirnov test for PM10 concentrations and log 

transformed (LN) averaged PM10 concentrations in Thessaloniki from 2001 to 2010. 

 

Kolmogorov-Smirnov test for Thessaloniki concentrations from 2001 to 2010 

Station  Year 

  2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

KOD PR. 

LN 

.000 

.693 

.004 

.837 

.172 

.100 

.017 

.520 

.006 

.915 

.003 

.635 

.000 

.074 

.128 

.282 

.012 

.411 

.000 

.561 

AGS PR. 

LN 

.000 

.224 

.000 

.286 

.001 

.664 

.066 

.848 

  .000 

.420 

.011 

.924 

.023 

.825 

.000 

.089 

SIN PR. 

LN 

.000 

.358 

.000 

.353 

.034 

.066 

.008 

.389 

.006 

.502 

.000 

.244 

.000 

.357 

.481 

.243 

.339 

.037 

- 

PAO PR. 

LN 

.017 

.395 

.020 

.182 

.001 

.343 

.010 

.235 

 .004 

.661 

.150 

.026 

.848 

.660 

.482 

.145 

- 

KAL PR. 

LN 

      .011 

.588 

.000 

.401 

.000 

.245 

.000 

.444 

PR.: Previously data 

LN.: Lognormal data 

 

 

Statistical analysis of annual variation in Thessaloniki 

 

Table A15: The results of Levene's test of log-transformed (LN) annual-averaged PM10 

concentrations in Thessaloniki from 2001 to 2010. 

 

Levene's test of log-transformed annual-averaged PM10 

concentrations in Thessaloniki from 2001 to 2010 

 
Levene 

Statistic 
df1 df2 Sig. 

LNKOD 2.282 8 2581 .020 

LNPAO 2.086 6 2161 .052 

LNAGS 4.525 6 2300 .000 

LNSIN 0.837 7 2397 .556 

LNKAL 6.423 3 1067 .000 
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Table A16: The results of One-way ANOVA procedure for log-transformed (LN) annual-

averaged PM10 concentrations at SIN and PAO stations in Thessaloniki from 2001 to 2008. 

 

One-way ANOVA procedure of log-

transformed annual-averaged PM10 

concentrations from 2001 to 2010 

 F Sig. 

LNSIN 8.122 .000 

LNPAO 34.187 .000 

 

Table A17: The Tukey HSD test of log-transformed (LN) annual-averaged PM10 

concentrations at SIN station from 2001 to 2010. The critical level of confidence was 0.05. 

 

Tukey HSD test of log-transformed annual-averaged PM10 concentrations 

at SIN station 

Year N 1 2 3 

2009 122 3.6258 (37.5)   

2004 290 3.6846 (39.9) 3.6846 (39.9)  

2002 363  3.7848 (44.0) 3.7848 (44.0) 

2008 306  3.7906 (44.3) 3.7906 (44.3) 

2006 261   3.8076 (45.0) 

2007 358   3.8205 (45.6) 

2001 365   3.8490 (46.9) 

2003 340   3.8587 (47.4) 

Sig.  .726 .063 .443 

 

Table A18: The Tukey HSD test of log-transformed annual-averaged PM10 concentrations at 

PAO station from 2001 to 2010. The critical level of confidence was 0.05. 

 

Tukey HSD test of log-transformed annual-averaged PM10 

concentrations at PAO station 

Year N 1 2 3 

2009 166 3.0805 (21.8)   

2007 358 3.1626 (23.6)   

2006 326  3.3301 (27.9)  

2003 282  3.3811 (29.4)  

2004 318  3.3815 (29.4)  

2002 355  3.4307 (30.9) 3.4307 (30.9) 

2001 363   3.5223 (33.9) 

Sig.  .252 .076 .143 



 

  136 
 

 

Table A19: The results of Welch ANOVA procedure of log-transformed (LN) annual-

averaged PM10 concentrations at KOD, AGS and KAL stations in Thessaloniki from 2001 to 

2010.  

 
Welch – ANOVA procedure of log-transformed annual-

averaged PM10 concentrations in Thessaloniki from 2001 to 

2008 

 F Sig. 

LNKOD 46.482 .000 

LNAGS 76.303 .000 

LNKAL 87.773 .000 

 

 

Table A20: The Games-Howell post hoc test of log-transformed (LN) annual-averaged PM10 

concentrations at KOD station in Thessaloniki from 2001 to 2010. 

  

Games-Howell post hoc test of log-transformed annual-averaged PM10 

concentrations at KOD from 2001 to 2010 

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

2001  .994 .984 .767 .011 1.000 .000 .000 .000 .000 

2002 .994  1.000 .989 .119 1.000 .000 .000 .000 .000 

2003 .984 1.000  .997 .212 1.000 .000 .000 .000 .000 

2004 .767 .989 .997  .940 .972 .329 .078 .000 .000 

2005 .011 .119 .212 .940  .099 .996 .825 .000 .000 

2006 1.000 1.000 1.000 .972 .099  .000 .000 .000 .000 

2007 .000 .000 .000 .329 .996 .000  .994 .000 .000 

2008 .000 .000 .000 .078 .825 .000 .994  .000 .000 

2009 .000 .000 .000 .000 .000 .000 .000 .000  .830 

2010 .000 .000 .000 .000 .000 .000 .000 .000 .830  

 

Table A21: The Games-Howell post hoc test of log-transformed (LN) annual-averaged PM10 

concentrations at AGS station in Thessaloniki from 2001 to 2010. 

 

Games-Howell post hoc test of log-transformed annual-averaged 

PM10 concentrations at AGS from 2001 to 2010 

Year 2001 2002 2003 2007 2008 2009 2010 

2001  .001 .966 .000 .434 .000 .000 

2002 .001  .020 .000 .000 .000 .000 

2003 .966 .020  .000 .033 .000 .000 

2007 .000 .000 .000  .000 .432 .961 

2008 .434 .000 .033 .000  .000 .000 
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2009 .000 .000 .000 .432 .000  .979 

2010 .000 .000 .000 .961 .000 .979  

 

Table A22: The Games-Howell post hoc test of log-transformed (LN) annual-averaged PM10 

concentrations at KAL station in Thessaloniki from 2001 to 2010. 

 

Games-Howell post hoc test of log-transformed 

annual-averaged PM10 concentrations at KAL 

from 2001 to 2010 

Year 2007 2008 2009 2010 

2007  .000 .000 .000 

2008 .000  .110 .000 

2009 .000 .011  .027 

2010 .000 .000 .027  

 

 

Statistical analysis of seasonal variation in Athens 

 

Table A23: The results of Levene's test of log-transformed (LN) seasonal-averaged PM10 

concentrations in Athens from 2001 to 2010. 

 

Levene's test of log-transformed seasonal-averaged PM10 concentrations 

in Athens from 2001 to 2010 

 Levene 

statistic 

df1 df2 Sig. 

LNPIR 8.776 3 1959 .000 

LNMAR 55.447 3 2365 .000 

LNARI 59.073 3 2979 .000 

LNTHR 25.369 3 3217 .000 

LNLYK 55.738 3 3073 .000 

LNAGP 11.659 3 2919 .000 

 

Table A24: The results of Welch ANOVA procedure of log-transformed (LN) seasonal-

averaged PM10 concentrations in Athens stations from 2001 to 2010.  

 

Welch – ANOVA procedure of log-transformed seasonal-averaged PM10 

concentrations  in Athens from 2001 to 2010 

 Statistic - F df1 df2 Sig. 

LNPIR 3.013 3 1056.680 .029 

LNMAR 7.694 3 1273.968 .000 

LNARI 15.129 3 1606.068 .000 
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LNTHR 71.552 3 1435.000 .000 

LNLYK 3.863 3 1725.573 .009 

LNAGP 117.465 3 1703.995 .000 

 

Table A25: The Games-Howell post hoc test of log-transformed (LN) seasonal-averaged 

PM10 concentrations at PIR, MAR, ARI, THR, LYK and AGP stations in Athens from 2001 

to 2010. 

 

Games-Howell post hoc test of seasonal-averaged PM10 concentrations at 

PIR, MAR, ARI, THR, LYK and AGP from 2001 to 2010 

LNPIR  Spr Sum Aut Win 

 Spr.  .019 .232 .508 

 Sum. .019  .676 .501 

 Aut. .232 .676  .984 

 Win .508 .501 .984  

      

LNMAR  Spr Sum Aut Win 

 Spr.  .012 .992 .261 

 Sum. .012  .018 .000 

 Aut. .992 .018  .478 

 Win .261 .000 .478  

      

LNARI  Spr Sum Aut Win 

 Spr.  .005 .006 .961 

 Sum. .005  .000 .008 

 Aut. .006 .000  .100 

 Win .961 .008 .100  

      

LNTHR  Spr Sum Aut Win 

 Spr.  .947 .000 .000 

 Sum. .947  .000 .000 

 Aut. .000 .000  .000 

 Win. .000 .000 .000 .000 

      

LNLYK  Spr Sum Aut Win 

 Spr.  .168 .057 .011 

 Sum. .168  .861 .341 

 Aut. .057 .861  .782 
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 Win. .011 .341 .782  

      

LNAGP  Spr Sum Aut Win 

 Spr.  .039 .013 .000 

 Sum. .039  .000 .000 

 Aut. .013 .000  .000 

 Win. .000 .000 .000  

 

 

 

Statistical analysis of seasonal variation in Thessaloniki 

 

Table A26: The results of Levene's test of log-transformed (LN) seasonal-averaged PM10 

concentrations in Thessaloniki from 2001 to 2010. 

 

Levene's test of log-transformed seasonal-averaged PM10 

concentrations in Thessaloniki from 2001 to 2010 

 Levene 

Statistic 

df1 df2 Sig. 

LNKOD 46.335 3 2706 .000 

LNPAO 13.655 3 2164 .000 

LNAGS 29.998 3 2303 .000 

LNSIN 13.976 3 2401 .000 

LNKAL 12.965 3 1067 .000 

 

Table A27: The results of Welch ANOVA procedure of log-transformed (LN) seasonal-

averaged PM10 concentrations at all the stations in Thessaloniki from 2001 to 2010.  

 

Welch – ANOVA procedure of log-transformed seasonal-

averaged PM10 concentrations  in Thessaloniki from 2001 to 2010 

 Statistic - F df1 df2 Sig. 

LNKOD 17.744 3 1477.787 .000 

LNPAO 4.654 3 1151.392 .003 

LNAGS 20.291 3 1258.870 .000 

LNSIN 26.925 3 1296.969 .000 

LNKAL 12.054 3 450.756 .000 

 

Table A28: The Games-Howell post hoc test of log-transformed (LN) seasonal-averaged 

PM10 concentrations at all the stations in Thessaloniki from 2001 to 2010. 

 

Games-Howell post hoc test of seasonal-averaged PM10 concentrations at 

KOD, AGS, PAO, SIN and KAL from 2001 to 2010 

LNKOD  Spr Sum Aut Win 
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 Spr.  .220 .004 .000 

 Sum. .220  .000 .000 

 Aut. .004 .000  .815 

 Win .000 .000 .815  

      

LNPAO  Spr Sum Aut Win 

 Spr.  .865 .352 .055 

 Sum. .865  .080 .005 

 Aut. .352 .080  .873 

 Win .055 .005 .873  

      

LNAGS  Spr Sum Aut Win 

 Spr.  .637 .000 .003 

 Sum. .637  .000 .000 

 Aut. .000 .000  .429 

 Win .003 .000 .429  

      

LNSIN  Spr Sum Aut Win 

 Spr.  .002 .000 .010 

 Sum. .002  .000 .997 

 Aut. .000 .000  .000 

 Win .010 .997 .000  

      

LNKAL  Spr Sum Aut Win 

 Spr.  .984 .042 .000 

 Sum. .984  .017 .000 

 Aut. .042 .017  .518 

 Win .000 .000 .518  
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Appendix B 

PART A - Additional Data 

 

 
 

Figure B1: Time series of hourly-averaged ambient temperature (black line), relative 

humidity (blue line), and ultraviolet radiation (red line) (a), hourly-averaged sulfur dioxide 

concentration (b), condensation sink (c), sulfuric acid concentration (black line) and 

nucleation-mode particle number concentration (green line) (d) observed on Lemnos from 27 

August to 10 September 2011. The red dashed line shown in subplot c and d indicates the 

threshold values of condensation sink and sulfuric acid for PT episodes. Light shaded areas 

indicate transportation episodes that are characterized as moderate (239, 240, 241, 248, 249, 

and 250 DOY), while the dark shaded indicates the day with a strong PT episode (253 DOY). 

 

 

PART B - Calculation of [H2SO4] 

 

The [H2SO4] was estimated by the empirical model described by Mikkonen et al. 

(2011) as: 
 

 𝐻2 𝑆𝑂4 =  8.21 × 10−3 ∙ 𝑘 ∙  𝑈𝑉 ∙  𝑆𝑂2 
0.62 ∙  𝐶𝑆 ∙  𝑅𝐻 −0.13     (Β1) 
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where UV is the ultraviolet radiation (W.m
-2

), SO2are the sulfur dioxide 

concentrations, RH (%) is the relative humidity while CS (s
−1

) and k (cm
3
.molecules

-

1
.s

-1
) are the condensation sink and the reaction rate constant, respectively. The 

condensation sink is given by (Dal Maso et al., 2005; Salma et al., 2011): 
 

𝐶𝑆 =  2 ∙ 𝜋 ∙ 𝐷 ∙  𝑑 ∙ 𝛽𝑚(𝑑)  ∙ 𝑁(𝑑)𝑑𝑑 =
∞

0
 2 ∙ 𝜋 ∙ 𝐷  𝑑𝑖 ∙ 𝛽𝑖𝑖 ∙ 𝑁𝑖   

 (B2) 

 

where di and Ni are the diameter and the number concentration of an ith particle size 

range obtained from the SMPS measurements, D is the diffusion coefficient of the 

condensing vapor, while 𝛽𝑚 (d) is the correction factor of the condensation mass flux 

from Fuchs and Sutugin (1970). 

 

The value of k is given by (DeMore et al., 1997; Sander et al., 2002): 

 

𝑘 =
𝐴∙𝑘3

𝐴+𝑘3
 𝑒𝑥𝑝  𝑘5  1 + log10  

𝛢

𝑘3
 

2

 
−1

         (Β3) 

 

where 𝐴 =  𝑘1 ∙  𝑀 ∙  300 𝑇  𝑘2 , T (K) is the temperature,  𝑀 = 0.101 ×
 1.381 × 10−23𝑇 −1 is the air density (molecules

-1
.cm

3
), 𝑘1  =  4 × 10−31 , 𝑘2  =

 3.3, 𝑘31  =  2 × 10−12 , 𝑘5  =  −0.8.  
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Appendix C 

Additional Data 

 

 
 

Figure C1: The time series of concentrations of TSP on an 8h basis (a), PM2.0 and PM1.0 on a 

48h basis (b), as well as average 1h values of wind direction and wind speed (c) in Mytilene 

during summer period. The dashed lines in 3a and 3b show the average TSP concentrations at 

SSM and PAM (black and red lines, respectively) and the average PM2.0 and PM1.0 

concentrations at SSM (black and green lines, respectively). The light and dark grey shaded 

areas refer to the days when pollution was transported to Mytilene from distant and desert 

dust sources, respectively. 
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Figure C2: The time series of concentrations of TSP on an 8h basis (a), PM2.0 and PM1.0 on a 

48h basis (b), as well as average 1h values of wind direction and wind speed (c) in Mytilene 

during winter period. The dashed lines in 1a and 1b show the average TSP concentrations at 

SSM and PAM (black and red lines, respectively) and the average PM2.0 and PM1.0 

concentrations at SSM (black and green lines, respectively). The light and dark grey shaded 

areas refer to the days when pollution was transported to Mytilene from distant and desert 

dust sources, respectively. Light blue shaded areas show the days with precipitation. 

 

 
 

 

Figure C3: Map and the figure show the horizontal (top) and vertical (bottom) motion of the 

5-day back-trajectory calculations arriving at SSM in Mytilene during the winter (a) and 

summer (b). All the trajectories on 29 (29 DOY) January, and on 4 (35 DOY), 8 (39 DOY), 

15 (46 DOY), 19 (50 DOY), 20 (51 DOY) and 21 (52 DOY) February (orange, blue, 

magenta, green, red, turquoise and yellow lines, respectively), as well as on 28 (179 DOY) 

June and on 4 (185 DOY), 8 (189 DOY), 9 (190 DOY) and 13 (194 DOY) July (magenta, 

pink, green, red and turquoise lines, respectively) start at 12 UTC. The dots on each trajectory 

indicate the position of air parcels at the end of each 6-h interval before reaching the 

monitoring station. The main origin sectors of air masses during the sampling periods were: 

OS1-western air masses transported from the region of Crete, OS2-northeastern and 

southeastern air masses coming from the Turkey and OS3-northwestern and southwestern 

from the region of Thessaloniki and Athens, respectively. 
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Figure C4: Map and the figure show the horizontal (top) and vertical (bottom) motion of the 

5-day back-trajectory calculations arriving at the monitoring site in Mytilene when air masses 

transported from North Africa (OS4) during winter and summer period. All the trajectories on 

11 (42 DOY), 22 (53 DOY) and 23 (54 DOY) February, and on 26 (177 DOY) and 27 (178 

DOY) June (red, orange, yellow, green and blue lines, respectively) start at 12 UTC. The dots 

on each trajectory indicate the position of air parcels at the end of each 6-h interval before 

reaching the monitoring station. 
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Figure C5: Maps of dust aerosol concentrations (κg m-3) by SKIRON model and the motion 

of wind speed (m s-1) at 12 UTC when air masses transported from North Africa on 23 (53 

DOY) February (a and b, respectively) and on 26 (177 DOY) June (c and d, respectively). 

 

 
 

Figure C6: Average number concentrations having sizes in the range 10-500 nm during the 

days without transported air pollution, with transport of anthropogenic air pollution and with 

desert dust sources measured at SSM of Mytilene during winter and summer. 

 

 

 

 


