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ΠΕΡΙΛΗΨΗ 

Στην παρούσα διατριβή ερευνάται η χημική σύσταση των λεπτών αιωρούμενων 

σωματιδίων στον αστικό ιστό της Αθήνας. H συλλογή των δειγμάτων έγινε μέσω της 

τεχνικής PILS (Particle Into Liquid Sampler) και ο προσδιορισμός της χημικής σύστασης 

των σωματιδίων με τη βοήθεια της τεχνικής της Ιοντικής Χρωματογραφίας (Ion 

Chromatography-IC). Η περίοδος συλλογής των δειγμάτων είναι από 16/1/2017 μέχρι 

1/11/2017 και πραγματοποιήθηκε συνεχόμενα κάθε 15 λεπτά. Τα κατιόντα που 

μετρήθηκαν είναι Na+, K+, NH4
+, Mg+2 και Ca+2, τα οποία χαρακτηρίζουν πηγές 

ανθρωπογενούς και φυσικής ρύπανσης. Παρουσιάζεται η διακύμανση της συγκέντρωσής 

τους καθόλη την περίοδο δειγματοληψίας. Επίσης, παρουσιάζεται η ωριαία, η μηναία και 

η εποχιακή διακύμανση. Ταυτόχρονα, συσχετίζονται οι συγκεντρώσεις κατιόντων μεταξύ 

τους, αλλά και του K+ με συγκεντρώσεις Βlack Carbon (BC) με σκοπό να προσδιοριστούν 

οι πηγές προέλευσής τους (στερεός φλοιός, θάλασσα, καύση βιομάζας, δευτερογενής 

παραγωγή αιωρούμενων σωματιδίων,χρήση ορυκτών καυσίμων κ.ά.).  

 

 

 

 

 

 

 

 

 

 

 

 

Θεματική Περιοχή: Λεπτά Αιωρούμενα Σωματίδια 

Λέξεις Κλειδιά: Tεχνική Συλλογής Aιωρούμενων Σωματιδίων PILS (Particles into Liquid 

Sampler), Ιοντική Χρωματογραφία, Κατιόντα Αιωρούμενων Σωματιδίων, Μαύρος 

Άνθρακας (Black Carbon-BC), Πηγές Προέλευσης Αιωρούμενων Σωματιδίων.  



 
 

ABSTRACT 

The research is focused on the chemical characterization of fine particulate matter in the 

urban area of Athens. The air samples were collected with a PILS (Particles Into Liquid 

Sampler) and the chemical composition of the particles were determined with the Ion 

Chromatography (IC) technique. The sampling period was from 16/1/2017 until 1/11/2017 

and air samples were collected every 15 minutes almost uninterruptedly. The cations 

which were measured were Na+, K+, NH4
+, Mg+2 and Ca+2. The fluctuation of the 

concentration of the cations in every sample during the whole sampling period is 

displayed. Also, the hourly, diurnal, monthly and seasonal variation of the cations is 

displayed. At the same time, the concentrations of the cations are correlated and the 

concentration of K+ with Black Carbon (BC), in order to determine the sources of the 

particles (crust, sea salt, biomass combustion, secondary aerosol production, fossil fuel 

combustion etc).  
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1 
 

PROLOGUE 
 

In order to establish measures for environmental protection new analytical 

techniques have to be developed. These techniques have to be reliable, fast, they 

have to indicate high resolution, provide results in real time and be affordable. 

Fine particulate matter is associated with cardiopulmonary and respiratory 

disease. Epidemiological studies, also, have related fine particles to mortality. 

Moreover, the impacts to ecosystems, visibility and climate are severe. This leads 

to the increase of scientific interest for the investigation of the chemical 

composition and the sources of these particles. 

This research of the chemical characterization of the fine particulate matter was 

conducted at the centre of Athens. More specifically, at the area of Thissio is 

located the measurement station of the Institute of Environmental Research and 

Sustainable Development of the National Observatory of Athens. 
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 INTRODUCTION 
 

 Atmospheric Pollution 

 

 General 

 

The degradation of the atmospheric environment affects health and ecosystems. It is 

caused by the physical or chemical transformations of air which have hazardous impacts. 

More specifically, according to Environmental Protection Agency of the United States of 

America (EPA) air pollution can be defined as:  

One or more chemicals or substances in high enough concentrations in the air to harm 

humans, other animals, vegetation, or materials. Such chemicals or physical conditions 

(such as excess heat or noise) are called air pollutants 1. 

Throughout history the impacts of atmospheric pollution have been well documented 2. 

Carbon and dust remains were found in lung tissue of the Late Neolithic Tyrolean Iceman 

(5,300 years old) 3. Furthermore, it has been recorded that in the Mishnah Laws in Israel 

during the first and second centuries A.D. tanneries had to be located at least 30m away 

from the towns and only to the east side. This was due to the fact that the prevailing 

westerly winds transferred the emitted odors 4. 

 

 Sources of Air Pollution 

  
The sources of air pollution depending on the origin are the following: 

• Naturally occurring pollutants, over which man has either very little or no control, 

originate from forest fires, volcanic eruptions, organic materials emanating from plants, 

decaying vegetation, dust storms and salt from sea spray 5. 

• Sources of air pollution from human activities. The major sources are the products 

of combustion released in ever-increasing quantities through the use of fossil fuels for 

domestic and industrial heating, power generation, transportation and other purposes 6. 

 

 Impacts of Air Pollution 
 
Atmospheric pollution affects: 

▪ Human health. More specifically, heart disease and stroke are the most common  
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reasons for premature death attributable to air pollution and are responsible for 80% of 

cases of premature death. Lung diseases and lung cancer follow 7. Additionally, to 

causing premature death, air pollution increases the incidence of a wide range of 

diseases (e.g. respiratory, cardiovascular diseases and cancer), with both long and short-

term health effects. Also, air pollution as a whole has recently been classified as 

carcinogenic 8. Some of the most significant incidents of air pollution and the health 

effects on humans are presented in the following Table 1. 

 
 Table 1: The most significant incidents of air pollution and their health effects on humans 

Location and Date Cause Health Effects 

Meuse Valley, 
Belgium (1930) 

Fog. Industrial plants, 
including coke ovens, 
blast furnaces, steel 
mills, power plants, 
glass factories, lime 
furnaces, zinc reduction 
plants, a sulfuric acid 
plant, and an artificial 
fertilizer plant 9. 

Thousands of people were ill. 60 of 
them died and the number of deaths 
was considered as having been about 
10.5 times the expected amount for an 
equivalent period of time and season 
under ordinary circumstances 5. 

Donora, United 
States of America 
(1948) 

Fog. It accumulated 
atmospheric pollution to 
abnormal levels of 
concentration, 
particularly in highly 
industrialized areas 5. 

5.910 persons (42.7 % of the 
population) were affected by symptoms 
of illness. During that same period 17 
deaths in the community, occurred 
which normally experienced an average 
of two deaths in an equivalent period of 
time 10-18. 

London, United 
Kingdom (1952) 

Sulfur oxides and the 
solid matter in coal 
smoke 5. 

4,000 excess deaths in the Greater 
London Area, compared with a similar 
period in previous years 19. 

Los Angeles, 
United States of 
America (late 
1940’s) 

SOx, NOx,  
aldehydes, ketones, 
acids,  
chlorinated 
hydrocarbons,acrolein, 
chlorinated aldehydes, 
formyl compounds, 
ozonides and peroxides 
of hydrocarbons, O3, 
nitro-olefins, 
peracylnitrites,  organic 
free radicals, and  
carbon suboxide 
(C3O2)5. 

Eye irritation, and some irritation of the 
nose and throat, but the rates of 
occurrence of these subjective 
complaints have not been adequately 
recorded 5. 

Poza Rica, Mexico 
(1950) 

Hydrogen sulfide 
gas20,21. 
Caused by accidental 
mishandling of natural 

Illness of 320 persons and 22 
deaths20,21. 
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gas processing 
machinery 5. 

East coast of 
Prussia facing the 
Baltic Sea (1924-
1927) 

Arsine (AsH3) gas 9, 23, 24. 
A possible source of the 
gas was arsenic-
containing iron pyrites 
present in processed 
material that was 
discarded from a nearby 
factory 5. 

‘‘Haff disease’’. It was named by the 
name of the areas. 811 local fisherman, 
in all these years, who worked on the 
low-lying land along the lagoons had 
muscle cramps, haematuria and 
anaemia 9, 23, 24. 

 

▪ Ecosystems. First of all, it may directly affect vegetation, as well as the quality of  

water and soil and the ecosystem services that they support. For example, ground-level 

O3 damages agricultural crops, forests and plants by reducing their growth rates 25. Other 

pollutants, such as nitrogen oxides (NOx), SO2 and NH3 contribute to the acidification of 

soil, lakes and rivers, causing the loss of animal and plant life. In addition to causing 

acidification, NH3 and NOx emissions also disrupt land and water ecosystems by 

introducing excessive amounts of nutrient nitrogen. This leads to eutrophication that 

subsequently leads to changes in species diversity and to invasions of new species 26. 

 

Furthermore, during major air pollution incidents illnesses and deaths of animals have 

been reported. For example, at the city if Donora of Pennsylvania (USA) in 1948 (Table 

1) 229 dogs (15.5 %) were reported as having become ill and 10 canine deaths were 

attributed to the smog. At the same period 40% of the affected birds had died 27. Other 

examples include the London (UK) smog incident in 1952 (Table 1) during which a 

number of prize cattle were reported as having been severely affected 28,29. Additionally, 

an undetermined number of canaries, chickens, cattle, pigs, geese, ducks and dogs were 

exposed to the polluted atmosphere at Poza Rica (Mexico) in 1950 (Table 1). The reports 

of animal injury during this disaster disclosed that 100% of the canaries in the area had 

died. It was also estimated that 50% of the other exposed animals had died during the 

same period, too 27. 

 

Plants are also severely affected by air pollution. Most of the air pollutants cause 

damages to plant tissues and affect their physiology. For example, SO2 as a gas is 

absorbed into the mesophyll of the leaves through the stomata. Toxicity is largely due to 

the reducing properties of the gas. The limiting concentration that can be tolerated in the 

cells is about the same for many diverse species, including water plants. When this 

concentration is exceeded, the cells are first inactivated with or without plasmolysis, then 
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killed 30, 31. Also, fluorides absorbed in the leaves are translocated towards the margins of 

broad leaves or the tips of leaf blades. By this means, marginal necrosis is caused 27. 

Additionally, ozone causes lesions to the plants which are generally confined to the upper 

surface 32-34. 

 

Figure 1.1: Effect of acid aerosol on leaves 35.        

 
 
At the same time, acid aerosol as droplets that settles on the leaves contains enough 

acid and perhaps other toxicants to injure the leaf 37, 38 (Figures 1.1 and 1.2). 

 
▪ Climate. Several air pollutants are also climate forcers and have a potential  

impact on the planet's climate and global warming in the short term (i.e. decades). 

Tropospheric O3, CO2, CH4 and Black Carbon (BC), a constituent of PM, are examples 

of air pollutants that are short lived climate forcers and that contribute directly to global 

warming 26. 

 

On the other hand, analyses of meteorological data in heavily urbanized regions of China 

demonstrate significant downward trends in both sunshine duration (1% to 3% per 

decade) and max daily temperatures (0.2–0.6 °C per decade) 39-41. The observed cooling 

trends are consistent with the predicted effects of elevated soot levels in fine PM 41 and 

are achieved despite a general warming observed for most of the globe over the same 

time period. 

 

Additionally, high PM loadings that increase the number of effective cloud condensation 

nuclei can also influence precipitation levels. Satellite observations show significant 

rainfall suppression downwind of major cities 42.  

 

     Figure 1.2: Spruce trees affected by acid rain in  
     Norway 36. 
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Yet, another consequence of long-range transport involves impacts on urban areas due 

to sand, dust or smoke that originate beyond the cities. For example, dust and sand 

storms that originate in the dry regions of northern China (Figure 1.3) and Mongolia and 

blow across parts of China, the Korean peninsula, and Japan are now taking place nearly 

five times as often as in the 1950’s 43,44. The whole effect is expected to get intensified, 

since nearly 30% of China’s land area is affected by desertification caused by over-

farming, over-grazing, and deforestation 43. 

 

                                                  Figure 1.1: Sandstorm in Beijing, China 45. 

  

▪ Economy and Society. Air pollution can also damage materials and buildings.  

The impact of air pollution on cultural heritage buildings is a serious concern because it 

can lead to the loss of parts of our history and culture. Damage includes corrosion, 

biodegradation and soiling 26.  

The economic impacts due to air pollution are as follows: 

(1) Losses due to direct or indirect effects of pollution: 

(a) on human health 

(b) on livestock 

(c) on plants. 

(2) Losses due to corrosion of various materials and of their protective covering. 

(3) Losses due to maintenance costs, inside and outside houses and other buildings; to 

depreciation of objects or merchandise exposed to pollution. 

(4) Losses due to unburnt residue in chimneys, motors, and various engines which 

contribute to the general pollution. 

(5) Expenditure directly incurred by the adoption of technical measures for the 

suppression or reduction of smoke or emissions from factories. 

(6) Increase in cost of electric power due to dust removal and other treatment of smoke 
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from power or nuclear stations. 

(7) Various losses due indirectly to pollution: increased transport costs in periods of 

smog; wasted electricity due to premature twilight caused by smoke, etc. 

(8) Expenditure in connection with the administrative organization of pollution control. 

(9) Costs of medical, agricultural, chemical, and physicochemical research aimed at 

working out techniques for the measurement of pollution investigating the ways in which 

pollution affects persons, animals, plants, and materials; and studying appliances or 

installations for the reduction or suppression of various dusts and sources 46. 

 

Additionally, air pollution is a factor which undermines the well-being of affected 

populations. It is inherent in all congested areas, and in all industrial undertakings unless 

these are provided with every possible facility for effectively combating the emissions 

Also, industry is certainly expanding rapidly and areas which were formerly free from 

pollution are now becoming exposed. As a result, there is an observed deterioration of 

the quality of life 46. 

 

 Air Pollution and Cities 
 

About half of the world’s population now lives in urban areas because of the opportunity 

for a better quality of life 43. Approximately, 48% of the world’s population in 2000 lived in 

urban areas, and the number of urban dwellers is expected to grow by 2% per year during 

the coming three decades 47. These concentrations of people and activity are exerting 

increasing stress on the natural environment, with impacts at urban, regional and global 

levels 43.  

 

Urbanization and industrialization have important consequences for the Earth’s 

atmosphere 48. The degradation of urban air quality is enhanced through complex 

topographic areas and unfavourable meteorological conditions 49. 

 

Two heavy smog episodes in metropolitan areas led to the enhancement of scientific 

interest in atmospheric pollution. These two incidents of severe air pollution in urban 

space are the London smog in 1952 and the Los Angeles smog in the late 1940’s. These 

episodes are significant because they represent the types of air pollution which appear in 

many cities all around the world.     
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 London smog 
 

In London in December of 1952 there were 4,000 excess deaths due to smog (Figure 

1.5). The air pollutants have not been fully identified but there were high concentrations 

of SO2 and particles (Figure 1.4). The dense fog that was created stayed in low altitude 

due to strong meteorological inversions. That fog and the smoke combined led to the term 

‘‘smog’’ 50.  

 

Figure 1.2: Concentrations of SO2 and ‘‘smoke’’, as well as the death rate during the 1952 smog 
episode50.  

 

  Los Angeles smog 
 
In the late 1940’s strongly oxidizing, eye-watering and plant killing pollutants occurred 

during hot days with bright sunshine in the area of Los Angeles (Figure 1.6). This new 

type of smog was reported from the scientific community as the ‘‘Los Angeles smog’’ and 

its main pollutant is O3. This pollutant is produced from Volatile Organic Compounds 

(VOC’S) and NOx with the help of high voltage (hv) solar radiation. It is, therefore, called 

as secondary pollutant and has appeared in metropolitan areas with high temperatures 

such as Athens (Greece), Syndey (Australia), Rome (Italy), Mexico City (Mexico) etc. 
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VOC’S and NOx concentrations mainly produced by traffic and industry are ‘‘trapped’’ in 

the troposphere by thermal inversions and irradiated by hv sunlight during transport to 

downwind regions 51-57. 

 
 
 
 
 
 
 

These two phenomena of atmospheric pollution are linked through their chemistry and 

‘‘construct’’ the airborne toxic chemicals. Nowadays, in many urban areas air pollution is 

mainly formed by ozone and other oxidants rather than by SO2, air particles and H2SO4
60. 

 

 Air Pollutants 

 

An air pollutant is defined as: Any substance in air that could, in high enough 

concentrations harm animals, humans, vegetation and/or materials. Such pollutants may 

be present as solid particles, liquid droplets or gases 61,62. 

 

They fall into two main groups: (1) those emitted from identifiable sources (primary 

pollutants) and (2) those formed in the atmosphere by interactions between two or more 

primary pollutants or by reaction with normal atmospheric constituents with or without 

photoactivation (secondary pollutants). Identified pollutants are categorized in to following 

groups according to chemical and physical characteristics: solids, sulfur compounds, 

volatile organic chemicals, nitrogen compounds, oxygen compounds, halogen 

compounds, radioactive compounds and odors 61,63. 

 Figure 1.5: Piccadilly Circus, London in the smog:  
 On the weekend that began on Friday December 5  
 1952 58. 
 

Figure 1.6: Los Angeles in smog 59. 
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Air pollutants can also be divided into the following three groups: 

• ‘‘Criteria pollutants’’. 

• Air toxics. 

• Biological pollutants 64.  

 

‘‘Criteria air pollutants’’ is a term used to describe those pollutants that have been 

regulated and are basic indicators of air quality. The regulations and standards are based 

on criteria related to animal and human health and/or environmental quality. An important 

feature of these pollutants is the fact that they have a wide distribution across a country. 

In most countries ‘‘criteria air pollutants’’ can be: 

• Carbon monoxide (CO2) 

• Lead (Pb) 

• Nitrogen dioxide (NO2) 

• Ozone (O3) 

• Particles 

• Sulfur dioxide (SO2) 64,65. 

 
Air toxics are also referred to as ‘‘hazardous air pollutants’’. The Living Cities-Air Toxics 

Program of Australia defines air toxics as: Gaseous, aerosol or particulate pollutants that 

are present in the air in low concentrations with characteristics such as toxicity or 

persistence so as to be a to human, plant or animal life 66. Additionally, EPA states that 

‘‘hazardous air pollutants, also known as toxic air pollutants or air toxics, are those 

pollutants that are known or suspected to cause cancer or other serious health effects, 

such as reproductive effects or birth defects, or adverse environmental effects’’. EPA 

categorizes 187 chemical substances as air toxics 65. Some of them are benzene (C6H6), 

toluene (C7H8), xylene (C8H10), perchloroethylene (C2Cl4) formaldehyde (CH2O), 

methylene chloride (CH2Cl2) and polyaromatic hydrocarbons 26,64,65. 

 

Biological air pollutants are another class of air pollutants. They are defined as: 

Aerosols or particulate matter of microbial, plant or animal origin that is often used 

synonymously with organic dust 67. They arise from: 

• microbial populations (e.g. mold, microorganisms in the tissues of animals, 

humans, soil and plant debris), 

http://www.environment.gov.au/atmosphere/airquality/pollutants.html#criteria
http://www.environment.gov.au/atmosphere/airquality/pollutants.html#toxics
http://www.environment.gov.au/atmosphere/airquality/pollutants.html#bio
http://www.environment.gov.au/atmosphere/airquality/pollutants.html#criteria
http://www.environment.gov.au/atmosphere/airquality/pollutants.html#criteria
http://www.environment.gov.au/atmosphere/airquality/publications/carbonmonoxide.html
http://www.environment.gov.au/atmosphere/airquality/publications/leadfs.html
http://www.environment.gov.au/atmosphere/airquality/publications/nitrogendioxide.html
http://www.environment.gov.au/atmosphere/airquality/publications/ozone.html
http://www.environment.gov.au/resource/particles
http://www.environment.gov.au/protection/publications/factsheet-sulfur-dioxide-so2
http://www.environment.gov.au/atmosphere/airquality/pollutants.html#toxics
http://www.environment.gov.au/atmosphere/airquality/pollutants.html#bio
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• droppings from rodents, insects and other pests, 

• pollens, 

• protein in urine from animals. When it dries, it can become airborne 64,68. 

Many of these pollutants are small enough to be inhaled (some of them are smaller than 

0.7μm) 69. 

 

 Atmospheric Particles 

 

 Definitions 
 
Particle or particulate matter (PM) may be solid or liquid, with diameters between 0.002 

and 100 μm 60. 

 

Aerosols are defined as a combination of liquid or solid particles suspended in a gaseous 

or liquid medium 70. The term ‘‘aerosol’’ refers to both the particles and the medium in 

which they reside 71. Atmospheric aerosols consist of solid or liquid particles suspended 

in the atmosphere 72. 

 

 Physical Characteristics of Particulate Matter (PM) 
 

The physical characteristics of atmospheric particles are: 

1. Size: It is the fundamental characteristic that determines the transport of the particles. 

For spherical particles, the size is given by particle’s diameter (Dp). In the case of 

irregularly shaped particles, an equivalent diameter is used, defined by the diameter 

of a sphere of equal volume (Figure 1.7) 73. 

 
 

 
                                Figure 1.3: Determining diameter of irregularly shaped particles 74. 
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2. Shape: Liquid aerosol particles are nearly always spherical 72. Surface tension   

helps to form them 73. However, many particles in the atmosphere have quite irregular 

shapes for which geometrical radii and diameters are not meaningful 60. In the 

development of the theory of aerosol properties it is usually necessary to assume that the 

particles have a shape of a sphere. Using equivalent diameters and correction factors 

helps applying these theories to non spherical particles 75. The shape of a particle affects 

its aerodynamic and diffusive behavior, thus, it is one of the important factors determining 

particle transport and deposition (Figure 1.8) 73. 

 
Figure 1.4: Variety of aerosol shapes. From left to right: volcanic ash, pollen, sea salt, and soot 76. 

 

3. Density: Particle density (ρ) is defined as the mass per unit volume of the particle 

itself not of the aerosol (the ‘‘density’’ of which is called concentration). It is usually 

expressed in kg/m3 [g/cm3] 75. The density of a particle plays an important role in its 

transport and deposition. Due to the fact that density is an intensive property, the density 

of a particle remains the same as that of the original material unless the particle 

undergoes surface oxidation or hydration 73. When particles agglomerate to form larger 

particles, the bulk density is defined as the mass of the component particles making the 

agglomerate divided by the total volume occupied, which includes particle volume and 

inter-particle void volume. As a result, the bulk density of an agglomerate of particles is 

not an intensive property because it depends on how the constituent particles are 

arranged in the agglomerate 77. 

 Transformational Processes of Particulate Matter (PM) 
 

The above-mentioned characteristics are important in the following transformational 

physical processes of particulate matter: 

• Condensation which is the process of converting a material from a gaseous or 

vapour phase to a liquid or solid phase 78. 

• Evaporation which is the process by which a liquid substance is converted to a  

gas or vapour 79. 

• Nucleation is the localized emergence of a distinct thermodynamic phase at the 
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nanoscale that macroscopically grows in size with the attachment of growth units 80. 

• Hygroscopicity is described as the ability of growth in particle diameter which 

occurs as the result of association with water vapor 81. 

• Coagulation is a process in which particles collide with one another and adhere  

to form a larger particle. In the case of solid particles, this process is called agglomeration. 

It is an inter-particle phenomenon. The other processes involve mass transfer between a 

particle and the surrounding gas molecules 73. 

 

 Size Distribution of Particulate Matter (PM) 
 
According to size, air particles are categorized into four categories (Figures 1.9 and 1.10): 

1. Coarse particles (PM10) with a diameter from 2.5 μm to 10μm 82-84. 

2. Fine particles (PM2.5 or PM1) with a diameter smaller than 2.5 μm 85-87. 

3. Ultrafine particles with a diameter smaller than 0.1 μm 88-90. 

4. Nanoparticles with a diameter smaller than 50nm 91-93. 

 

Figure 1.9: Fine and ultrafine particles’ size 
compared to the width of a human hair 94.  

 

 

Atmospheric particles may be either directly emitted into the atmosphere or formed there 

by chemical reactions; we refer to these as primary and secondary particles, 

respectively60.The sources of primary particles are both anthropogenic and natural (dust, 

sea salt, soot, biological processes, etc.) 95,96. 

 

 Chemical Composition of Particulate Matter (PM) 
 

The chemical composition of each particle range is being strongly dependent on their 

sources and their formation mechanism 97-99. Particulate matter can consist both of 

organic and inorganic parts. More specifically:  
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• A large part (~50%) of this submicrometer aerosol mass in the troposphere  

consists οf organic material 100,101. Additionally, organic material significantly contributes 

(20–50%) to the total fine aerosol mass at continental mid-latitudes 102,103. A major 

pathway for secondary organic aerosol is the atmospheric oxidation of precursor organic 

species 104,105. Water-soluble organic carbon (WSOC) is considered a major component 

of carbonaceous aerosol as it serves as a proxy for secondary organic aerosols due to 

its highly oxidized and soluble nature 106. 

• A predominant fraction of atmospheric aerosols consists in water soluble  

inorganic matter (WSIM). WSIM is emitted directly in the particulate form, principally as 

sea salt from the action of wind on the ocean surface (primary sources) 107. Some of the 

characteristic ions that indicate fresh sea salt source are Na+ and Cl- 108,109. Additionally, 

there is a secondary production of WSIM from gas to particle conversion (sulphate, nitrate 

and ammonia are considered the major secondary inorganic compounds in aerosols) 110. 

 

 Impacts of Particulate Matter (PM) 
 

The impacts of PM in the natural and anthropogenic environment are associated with 

many effects on human health, visibility, as well as on the climate. 

 

First of all, there is a range of effects on human health. For mortality, research has 

indicated many decades ago, that long term and repeated exposure to PM has been 

associated with increased population-based mortality rates 111-116. More recent research 

indicates that there is association between fine particulate air pollution and 

cardiopulmonary and lung cancer mortality 117. Additionally, exposure to PM2.5 was 

estimated to cause 4.2 million premature deaths worldwide per year in 2016. This 

exposure causes cardiovascular, respiratory disease, and cancer 118. Also, 

epidemiological evidence indicates that the development and progression of chronic 

obstructive pulmonary disease is associated with particulate matter 119-122.  

 

Furthermore, atmospheric particulate matter results in reduced visibility 123. In urban 

areas PM10 has received wide attention due to its association with visibility reduction 124-

129. Also, frequent regional haze pollution occurrence with high PM2.5 concentrations and 

low visibility has become one of major environmental land public health issues in China 

130. Many studies have been recently conducted to investigate the precursors and 

characteristics of haze 131. As a result, sources, formation pathways and nature of haze 
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are found to be significantly variable from region to region upon local specificities, 

meteorological conditions, and pollution characteristics 132. In contrast, despite recently 

observed strong pollution over Northeast China corresponding to proximately 2-3 times 

of the historical severe haze episodes 133, little studies were conducted over the captioned 

region 132. 

 

In terms of climate change atmospheric aerosols scatter and absorb solar radiation and 

thus, modify the radiation balance of the Earth 134. Scattering of radiation has direct effects 

on climate, altering the amount of solar radiation reaching the earth's surface 60. On the 

other hand, PM and specifically black carbon, sulfate, nitrate, ammonium, formate, 

acetate, and oxalate, absorb the infrared radiation emitted by the Earth’s surface. This 

absorption of solar radiation generally results in positive radiative forcing 135,136 and leads 

to an increase of the energy which is converted to heat. Therefore, there is a contribution 

to the warming of the troposphere. Subsequently, as this energy does not reach the 

surface and heats the atmosphere directly, changes in the lapse rate may occur and this 

can contribute to global change by altering atmospheric circulation patterns 137,138. An 

indirect impact of PM to climate change is that aerosols can also act as cloud 

condensation nuclei leading to change of the microphysical and radiative properties and 

hence the lifetime of clouds 72. 

 

 Fine Particulate Matter 

 

 General characteristics 
 

Water soluble ions are one of the major components of atmospheric aerosols and there 

have been many studies that focus on their size distribution 139. When it comes to 

particulate matter’s toxicity, size is an important factor. More specifically, fine particulate 

matter PM1 (Dp<1μm) and especially the one which is enriched with toxicants can 

penetrate deeper in the lungs and it is among the pollutants highlighted for adverse health 

effects 140,141. 

 

In order to research PM’s toxicity, campaigns have been carried out all around the world 

recording the particle concentration levels and investigating their composition 139,141. But 

still there is uncertainty whether the toxicity of particles is better defined by chemical 

composition or size 142. 
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Particles below 1 μm arise mostly from anthropogenic sources, e.g. fuel combustion, 

industrial processes, and non-industrial fugitive sources99. Most primary particles 

maintain in their core non-volatile elements characteristic of their source (EC, metal 

oxides, etc.) but for fine aerosols these components usually represent a small fraction of 

the particle mass143. 

 

Fine PM in urban spaces arise predominantly from the gas-to-particle conversion 

processes within the atmosphere or they consist of secondary anthropogenic combustion 

products. Also, recent studies in European cities 144-147, even next to major roadways, 

indicate that most of the fine PM is secondary, mainly originating from vehicular traffic 

and energy production 148-150. 

 

PM1 measurements are important because they provide a better estimation of 

anthropogenic particles than PM2.5 151. However, there is no regulation concerning  

PM1 152. 

 

 Impacts 
 

Fine particles can remain in the atmosphere for several weeks and can be transported 

further by atmospheric circulation. Therefore, fine particles greatly impact the 

environment 153. 

 

These particles are able to absorb more toxic substances than coarse particles and can 

enter the human body by deposition in the lungs through respiration, resulting in various 

respiratory and cardiovascular diseases 154. Also, fine particles, which are respirable, are 

more deleterious than coarse ones, because they are not removed in the respiratory tract. 

Thus, they can penetrate the lungs and reach the alveoli 155. In recent years, the problem 

of fine particles in urban areas has attracted increased concern, since the evidence from 

epidemiology and toxicology studies156-158 has suggested statistically significant 

association between morbidity and ambient fine-particle concentrations 85. Also, some 

epidemiological studies have confirmed a significant correlation between fine particles 

and mortality 159. 
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Fine PM as well as sulfur oxide related air pollution are associated with all cause lung 

cancer and cardiopulmonary mortality. More specifically, each 10μg/m3 elevation of fine 

PM air pollution has been associated with a 4%, 6% and 8% increased risk of all cause, 

cardiopulmonary and lung cancer mortality, respectively. Additionally, long term exposure 

to combustion related fine particulate air pollution is an important environmental risk factor 

for these two diseases 160. Thus, it is very important to research the concentration and 

sources of PM1 but much less is known and even less has been done 161. 

 

 ‘‘ Tracer ’’ elements 

 

 General 
 

For global aerosol emission, sea salt and mineral dust account for 36% and 42% 

respectively 99. In order to define the origin of the particles the elemental part of PM can 

be used as a ‘‘tracer’’ 162. In this thesis, we focused on the measurement of cations in the 

atmosphere and more specifically Ca+2, Na+1, Mg+2,NH4
+1 and K+1 as well as Black 

Carbon (BC) in order to determine the particles’ sources. 

 

 Earth and ‘‘Tracer’’ Elements 
 
Some of the above-mentioned cations are part of the terrestrial dust (Figure 1.11). The 

particles originated from this source are in the size range ~ > 10 /μm in diameter and is 

primarily composed of crustal elements, including silicon, aluminum, iron, sodium, 

potassium, calcium, and magnesium 60 .Inorganically driven processes such as 

weathering, cation exchanges, and soil leaching are often considerably more important 

in base cation cycles (Ca, K, Mg, Na), while organic processes such as heterotrophic 

immobilization and oxidation are typically less important 163.  
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Figure 1.5: Terrestrial dust is a main source of ‘‘tracer’’ elements in the atmosphere 164. 

 

A part of the base cations available to the environment come from rock weathering. Base 

cations are emitted to the atmosphere as particles via natural processes such as soil 

erosion as well as from a number of anthropogenic activities. These activities include 

combustion of fuels such as coal and wood, different industrial processes, materials 

handling and storage, agricultural practices etc.  

 

Emissions occur as particles of different size distributions and composition. For several 

types of emissions, the magnitude and character is not very well known 165. There are 

generally little emission data available for base cations. The introduction of H+, whether 

by atmospheric deposition or by internal processes, will directly impact the fluxes of Ca, 

K, and Mg via cation exchange or weathering processes. Thus, soil leaching is often of 

major importance in cation cycles, and many forest ecosystems show a net loss of base 

cations166. 

 

 Sea and ‘‘Tracer’’ Elements 
 
Particles are, also, generated at the surface of the ocean by the bursting of bubbles 

followed by wave breaking which is strongly wind speed dependent and some of these 

are carried inland (Figure 1.12) 60,167. 
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Figure 1.6: Creation of sea generated air particles with the help of the wind 168. 

 

While the main production mechanism of sea salt (ss) particles is bubble bursting, the ss 

aerosol loadings in the marine boundary layer are governed by a number of factors, 

including production, entrainment, transport, mixing height, as well as removal by 

precipitation and dry deposition 167.  

 

The chemical composition of sea-generated particles includes the elements found in 

seawater (primarily chlorine, sodium, sulfur, magnesium, potassium, and calcium) and 

organic materials, perhaps including microorganisms. 

As for size distribution, more than 50% tend to be >3μm in diameter but recent studies 

suggest that there are also a number of particles produced in the submicron size range 

as well 60. More specifically for different particle sizes: 

1. Under the clean air and high wind conditions, sea salt accounts for approximately  

75% of the total number concentration of particle sizes larger than 0.1 μm (fine and coarse 

particles) 169. 

2. The size distribution of sea salt shows a peak at 2.5-4.1 μm (coarse particles) in  

diameter in the North Pacific 170.  

3. Submicron sea salt plays an important role in determining the aerosol optical  

properties in remote ocean regions because of its high concentration relative to other 

chemical components 171.  
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4. Mean sea-salt mass fractions in the fine particle range (D <1μm) comprises 7-53% 

of all fine particle mass concentration over the Pacific Ocean covered from 60oN to 

70oS 172. 

 
 

 Cations in the Atmosphere 

 
 Potassium in the Atmosphere 

 
 

Potassium (K) is transferred in the atmospheric environment from natural and 

anthropogenic sources. First of all in plants, it is the abundant cation in the cells. 

Specifically, in leaves it is the second most abundant nutrient after nitrogen (N) 173. 

Leaching from leaves (also mentioned as foliar) is of major importance in K cycling, often 

exceeding litterfall in importance. This is because K stays primarily in ionic form within 

plant tissue, playing a major role in osmoregulation of stomatal opening and closing 192. 

Leaf wetness has an unusual composition because so much can be exuded as guttation 

through the stomata of plants such as high concentrations of dissolved CO2 and plant 

delivered cations such as potassium 174. 

 

Also, in the earth’s crust K is estimated at 2.59% out of all the elements that are used as 

‘‘tracers’’ of the chemical composition of PM 162 and in sea water the concentration is 

3.8x102 mgL-1  175 . 
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Through wind potassium is transferred to the atmosphere from soil and oceans. 

Approximately 57.7 x 109 t of K (1-2% of total soil K) is in the appropriate composition to 

be transferred to atmosphere. There is no estimation of the amount which is in particulate 

form but approximately 0,006 x 109 t return to soil through atmospheric deposition (Figure 

1.13) 176-187. 

 

Finally, atmospheric K is transferred in the atmosphere through soot. The ratio of excess 

potassium to soot carbon in the fine fraction of aerosols is proposed as an indicator of the 
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Figure 1.7: The K circle among soils, atmosphere and oceans 173,187. 
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relative contributions of biomass and fossil-fuel burning to soot carbon aerosols (Figure 

1.14-1.15). 

Figure 1.8: Biomass burning releases                  Figure 1.9: Fossil fuel burning is a source of 
Potassium and Black Carbon                                     Potasium and Black Carbon in the atmosphere189. 
in the atmosphere 188.                            
 

 

The ratio of soot carbon to fine carbon suggests that most of the particulate organic 

carbon over the Atlantic is of continental origin 190. Additionally, during biomass 

combustion KCl is the main potassium compound released into the gas phase. KCl may 

however be sulfated during combustion 191. KCl has, also, been found to inhibit the 

formation of NO 192.    

 

 Sodium in the Atmosphere 
 
 
A substantial amount of particulate sodium exists in the atmosphere because emission 

sources of sodium are widely spread on the Earth's surface. Most of the atmospheric 

sodium is derived from seawater and terrestrial substances 99. In earth’s crust Na is 

estimated as 2.83% out of all the elements that are used as ‘‘tracers’’ of the chemical 

composition of PM 162 and in sea water the concentration is 1.05x104mgL-1 (chlorine’s 

concentration is estimated at 1.9x104 mgL-1) 175.   

 

It is often believed that all of fine sodium is derived from sea salt (mainly NaCl salts) 193. 

Genuine sea-salts are in the form of a mixture of NaCl and MgCl2 entrained during their 

passage over sea 194. In calculating the amount of chlorine loss, sodium is used as a 

tracer of sea salt 195. Chlorine loss is due to heterogeneous reaction of sea salt with acid 

gases such as SO2, NO2, N2O5, HNO3, H2SO4, and ClONO2. This reaction is an important 

formation process of particulate sulfate and nitrate in the marine air 195-198. 
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Simultaneously, concentrations of non-sea-salt (nss) substances such as nss-sulfate or 

nss-calcium are calculated on the basis of average seawater composition 193. If we ignore 

the contribution of nss-sodium, it is possible that the amount of chlorine loss will be 

overestimated 199. The accurate calculation of non-sea-salt, or excess, concentrations of 

chemical constituents is essential for quantifying the influence of natural terrestrial, non-

sea-salt marine, and anthropogenic sources on marine aerosol and precipitation 

chemistry 200. 

 

 Magnesium in the Atmosphere 
 

References species such as Na+ or Mg+2 are commonly used to estimate the sea-salt 

fraction 200-203. 

 

In sea water, magnesium’s concentration is estimated at 1.35 x103 mgL-1 (sodium’ s  

concentration is 1.05x104mgL-1) 175. In the earth’s crust Mg is estimated as 2.83% out  

of all the elements that are used as ‘‘tracers’’ of the chemical composition of PM 162. 

 

Additionally, the use of lubricating oil 204 and fossil fuel increases the concentration of Al, 

Mn, Mg and Fe nanoparticles and other potential toxic elements 205. 

 

In plants Mg is intermediate between K and Ca in terms of its tendency to return from 

plant foliage compared to litterfall and compared to foliar leaching. Like Ca it becomes 

part of permanent plant tissue and it plays a critical role in photosynthesis within 

chloroplasts 163. 

 
 

 Calcium in the Atmosphere 
 

It is clear from observations of the composition of precipitation and the PM that Ca is 

the most important in terms of mass 206.The content of Ca in the Earth’ s crust is 3.63% 

207 whereas in sea water calcium’s concentration is estimated at 4x102 mgL-1. 

 

Natural sources include: 

1) Soils from arid regions 208 and the transfer in the atmosphere is 

mainly committed with wind erosion. 

2) Biomass combustion  
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3) Volcanic eruptions 209 and  

4) Sea salt 210.  

 

Various anthropogenic sources have also been identified and they include: 

1) Unpaved roads (they are important in North America) 211 as are some open  

sources such as quarrying 211,212. 

2) Construction and general urban activities have been found to be a strong local 

influence on the Ca content of urban precipitation composition 213,214. 

3) Agricultural tilling and wind-blown soil dust are likely to be an important  

source 209.  

4) Industrial sources of Ca have also been considered an important source in  

Europe as a result of declining Ca in precipitation and air 215, 216. In 1995 it was estimated 

that industry emitted 1.4 Mt y-1 of Ca 217 whereas, a study two years later showed a decline 

in this number at 0.75-0.8 Mt y-1 216. 

 

Calcium’s most soluble minerals are CaCO3 and CaSO4 and they consist the main body 

of PM that is released in primary form. Calcium does not have any significant atmospheric 

chemistry that will change its transport and deposition properties (wet or dry) 209. 

 

Finally, in plants Ca is unique among the macronutrients in that it continues to accumulate 

in foliage up to the time of senescence, and thus litterfall return of Ca usually exceeds 

foliar Ca content at maximum leaf biomass 218. This is because Ca is a major component 

of permanent plant tissues, such as pectates in cell walls, and has a tendency to 

precipitate as oxalates 163. 

 

 Ammonium in the atmosphere 
 
Ammonium (NH4

+) is part of secondary produced PM. Secondary aerosols are formed 

through heterogeneous condensation. Low-vapor-pressure products are scavenged onto 

preexisting particles. If the concentration of particles is sufficiently high, this dominates 

over the formation of new nuclei via homogeneous nucleation 219,220. 

 

Both natural and anthropogenic sources contribute to the emissions and precursors of 

secondary aerosols (SO2, NOx, NH3, VOCs and intermediate volatile organic compounds-

IVOCs). The major source of SO2 and NOx is the combustion of fossil fuel that contain 
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sulphur. HNO3 is formed in the atmosphere from NOx. Its ability to form secondary 

particles is depended on the availability of NH3 in a gaseous phase. The final product is 

NH4NO3 and the chemical reaction is bidirectional. NH3 is emitted mainly from agriculture 

221,222. 

 

 Black Carbon in the Atmosphere 

 
Black carbon (BC) or elemental carbon (EC) is a distinct type of carbonaceous particulate 

matter mainly emitted from the incomplete combustion of fossil fuels, biofuels, biomass 

burning and from the weathering of graphite carbon from fossils (Figure 1.14-1.15) 223.  

 

The two main forms of BC are char and soot. Char is produced at lower temperatures 

than soot and has assize range of 1-100 μm which is larger than that of soot 224.In the 

range of nanoparticles soot is of great importance due to its high magnitude toxicity and 

very small size 225. Very small size particles can penetrate deep into the respiratory track 

and cause health problems 226. 

 

Αs for the physical properties of BC nanoparticles they present high sorption and are 

strongly related to other potential toxic elements from this process. This happens because 

the BC nanoparticles have large surface to volume ratio and large number of 

nanopores227. Due to its large surface area it is involved in a variety of heterogeneous 

activates 228. A decrease in particle size increases potential toxic concentration (Niu et 

al., 2010), and BC’s concentration 230. 

 
Black carbon is the dominant insoluble light-absorbing particulate species, both in the 

atmosphere and after deposition on snow and ice 223. Because of its long range transport, 

it affects: 

1. The snow’s albedo through its decrease 231 and also the atmospheric circulation 

patterns. This leads to acceleration of the snowmelt and glacier retreat in the Arctic and 

across the mid-latitudes of the Northern hemisphere 232 (Figure 1.16). Many studies 

indicate that the efficacy of BC in snow is much greater than the efficacy of carbon dioxide 

or other anthropogenic forcers owing to a sequence of positive feedback mechanisms 

231,233-242. 
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Figure 1.10: Black carbon decreases snow’s and ice’s albedo 243. 
 

2. Solar radiation balance as it behaves like absorbent particulate matter 244. BC is  

originally emitted together with organic compounds in chain-like fractal aggregates. 

Through condensation with vapour and other gas-phase species, these particles collapse 

into denser particle clusters (Bond et al., 2013). This coating that is created changes the 

morphology and also the hydroscopic and optical properties of the corresponding 

particles. The BC particles become more spherical and through deposition they can be 

removed from the atmosphere. But, they can also absorb solar radiation. The non-

absorbing material in the particle can refract light towards the absorbing BC core, 

increasing the absorbed solar radiation (Ackerman and Toon, 1981). The coating of BC 

has been estimated to enhance its absorption by 50–200%, depending on the relative 

sizes of the BC core and the coating 232. 

3. Clouds, as it contributes to the number of cloud condensation nuclei and  

therefore affects cloud cover and lifetime. Also, it acts as ice nuclei changing ice or mixed-

phase clouds. Finally, absorbing aerosols perturb the temperature gradient in the 

atmosphere affecting atmospheric motions and cloud distributions 246. 

 
 Atmospheric Pollution and Athens 

 
The Greater Athens Area (G.A.A.) is considered to be a typical Mediterranean area. Its 

climate is characterized by hot and dry summers as well as by wet and mild winters and 

most of the rainfall occurs during the cold days. Atmospheric stability is mainly neutral 

however, in the late autumn, winter and early spring the frequency of stable conditions 

increases and in the summer unstable conditions prevail 247, 248. Atmospheric circulation 

is important for the air quality of the basin 249. Especially the local scale circulation, being 
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generated by the landscape variability and complicated land water distribution greatly 

influences the air pollutants dispersion 250. 

 

In Athens, several measures have been implemented since the 1980’s in an effort to 

improve the existing air quality conditions. To name a few: old vehicles retirement plan, 

regular pollution controls of private vehicles, improvement of public transportation (metro, 

subway, bus routes),integration of catalytic anti-pollution technologies, the odd-even 

traffic regulation system, reduction of sulphur in heavy fuels and of benzene in gasoline, 

introduction of natural gas. As a result of the abatement practices, the level of most 

pollutants has exhibited a gradual decrease in the last decades 251. In particular, sulphur 

dioxide, carbon monoxide, nitrogen oxides have been steadily declining since the 1990’s, 

and a similar decline is present in PM10 concentrations but only during the last decade. 

From 2008 onwards, the reduction of pollutants was significantly accelerated because of 

the economic recession in Greece 252. 

 

On the other hand, the economic crisis has also had a negative impact on Athens’ air 

quality. The first strong evidence of negative impacts was observed during the winter of 

2012-2013 during which a shift to wood burning (as the major fuel source for domestic 

heating) resulted in intense “smog” events 253. The use of old and low efficiency domestic 

heaters, non-optimal handling of the equipment, as well as elaborated wooden or plastic 

material as heating fuel also rises significant concerns regarding public health. Wood 

burning holds a significant role in the emission of gases (e.g. CO) and particulate matter 

rich in soot and fine carbonaceous particles. The majority of these emissions such as 

polycyclic aromatic hydrocarbons (PAHs) etc., are considered to be toxic 254-258. At the 

same time, due to the economic crisis, since 2011 elemental carbon (EC) has presented 

a net decrease which comes as a result of reduction in traffic and industrial activity during 

summertime whereas an increase has been observed in the wintertime as a result of 

wood burning 259. Finally, smog events over Athens can also be amplified by local factors 

such as topography and meteorological patterns that favor the accumulation of local 

emissions 260. 
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 STUDY AREA 
 

 Sampling Site 

 

For the purpose of this study air samples were taken from the National Observatory of 

Athens (NOA) station in Thissio (38° 0.00′ N, 23° 43.48′ E, 110 m a.s.l.). This station is 

located on the top of a hill in the center of Athens and is mostly surrounded by a 

pedestrian zone and populated neighborhoods. To the S–SE sector it adjoins with the 

Filopappou and Acropolis Hills (Figure 2.1) 261. The district of Thissio is located within the 

historical center of Athens and is part of the urban area of Athens, therefore, it is reflecting 

the average population of the city.  

 

 

 

 
 
 
 

Figure 2.1: Map of Athens 
and Thissio station within 
the urban area 261, 262. 
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Figure 2.2: Map of the National Observatory and the Hills surrounding it 263. 
 

 
Figure 2.3: National Observatory of Athens 264. 
 

 
 Characteristics of the Athens’s Basin 

 
The greater area of Athens gathers about 40% of Greece’s total population in a basin on 

the west coast of the Attica peninsula 251. It is surrounded by the mountains Parnes, 

Penteli and Hymettus and all three of them are over 1000m high. They mainly surround 

the North and East boundaries of the area 265.  

 

 Attica Winds 
 

In terms of the wind profile, the prevailing axis is northeast/southwest and the ventilation 

takes place in northeasterly directions 266. During the warmer part of the year, the mean 

National Observatory of 
Athens 

 

Filopappou Hill 

 

Acropolis Hill 
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wind pattern in the atmospheric boundary layer is a persistent northeasterly flow of 

relatively high constancy. The area is also exposed to the summer monsoon circulation 

of the Eastern Mediterranean (Figure 2.4). Finally, a system of semi persistent summer 

northerly winds called ‘‘Etesians’’ favor good ventilation of the basin prohibiting pollution 

episodes (Figure 2.5) 251.  

 

  Figure 2.4: Monsoon circulation of the Eastern                   Figure 2.5: Etesian winds 268.  
  Mediterranean 267.                         
  

 

 Attica Breezes 

 
In terms of the breezes’ profiles, the area is subject to sea and land breeze local 

circulation phenomena, favored during the weakening of the synoptic wind 269. This profile 

appears along the axis of the basin (NE to SW) and anabatic/katabatic winds flow from 

the surrounding mountains. Under these circumstances the ventilation of the basin is poor 

the boundary layer is shallow and the air pollution potential increases 266. The sea breeze 

system from the Saronic Gulf, located to the south of Greater Athens Area sweeps 

primary pollution from the city center, combined with O3 titration and favors pollutant 

accumulation to the northern suburbs where significant episodes are encountered. Air 

pollution episodes may occur in Athens during all seasons of the year but most of these 

episodes are associated with the development of sea-breeze 270. 
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 METHODS AND MATERIALS 
 

 Sampling 

 
For this research 21,478 atmospheric samples were measured during a period of 10 

months almost uninterruptedly. From 16/1/2017 until 1/11/2017 the cationic composition 

of fine aerosol particulate matter (PM1) was recorded at a time resolution of 15 min. The 

technique that has been used to analyze the samples and calculate the concentration of 

the particles, included a Particle-into-Liquid Sampler (PILS) coupled with Ion 

Chromatography (IC).  

 

 Particle into Liquid Sampler Technique (PILS) 

 

The specific technique is based on the collection of ambient particulate matter into a small 

stream of high purity water. Thereby, a solution is produced containing the particulate 

matter which is sampled at a certain moment of time. This is accomplished by mixing an 

ambient aerosol sample flow (5-17 l min-1) with a smaller turbulent flow of 100oC steam 

(~1.5 l min-1) (Figure 3.1-3.2). 

   

 

Figure 3.1: Intermediate 5 lmin-1 PILS design 271 . 
 

Subsequently, rapid adiabatic cooling of the warmer turbulent steam by the cooler 

ambient sample provides a high supersaturation of water vapor. In this environment, the 

aerosol particles grow into droplets (Dp >1 μm) large enough to be collected by an 

impactor (Figure 3.2).  
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Figure 3.2: Schematic of a 15 lmin-1 PILS design 271 . 
 

 

The droplets are collected to produce a continuous liquid flow for online analysis of the 

particles in solution. Any technique capable of continuous online analysis of the liquid 

sample can record the changing aerosol composition. Since ambient gases that are, also, 

present in the aerosol sample might contribute to the particle phase measurement, it is 

necessary to place denuders inline, upstream of the PILS to remove gas phase species.  

 
 

 
Figure 3.3: PILS and IC of our research  
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 Ion Chromatography (IC) 

 

Real-time measurements of cations in the submicron mode (PM1) were conducted by 

means of a Particle-Into-Liquid-Sampler (PILS - Metrohm ADI 2081) coupled with an Ion 

Chromatograph (Ion Chromatography System, Dionex). The principle of PILS operation 

is described in details by Orsini et al. (2003) 271. Cations were determined using a Dionex 

ICS-1500 ion chromatography system equipped with an Ion Pac CS12A 4mm (10-32) 

column and an Ion Pac AG12A 4mm (10-32) guard column, under isocratic elution of 20 

mM MSA (methanesulfonic acid), at a flow rate of 1.0 mLmin−1.The PILS sample ambient 

air flow rate was 16.7±0.4 Lmin-1 and a cyclone was used to provide PM cut size of PM1. 

The ion chromatograph was set for quantitative determination of sodium (Na+), 

ammonium (NH4
+), potassium (K+), calcium (Ca+2) and magnesium (Mg+2) at a time 

resolution of 15 minutes. The detection limit was calculated at 1 ppb for Na+, NH4
+ and 2 

ppb for K+, Mg+2 and Ca+2. Also, nss-K+ concentrations were calculated using the Na+ 

concentrations and the Na+/K+ ratio in seawater 272. All reported concentrations were 

blank corrected. 

 

 Data Analysis with Chromeleon 

 

The data from the ion analysis were collected through the system of Chromeleon ver. 

6.80 (Figure). Identification and quantification of the studied cations took place, according 

to the retention time and the integration of each peak area, respectively  

 
Figure 3.4: Chromeleon Control Panel of the IC   
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The cations have retention time in a characteristic interval, which is presented in the 

following Table 3.1. 

 
  Table 2: Retention time intervals of the cations 

Cations Retention Time Interval (min) 

Sodium 2.97 - 3.17 

Ammonium 3.48 - 3.68 

Potassium 3.893 - 4.893 

Magnesium 7.543 - 8.343 

Calcium 9.43 - 10.55 

  

In the following Figure 3.5, the chromatograph representative of an atmospheric sample 

is presented. In Figure 3.5, the peaks of every cation are distinguished. Axis (x) 

represents the retention time (in min) and axis (y) represents the detector’s signal (in μS).  

 

 
Figure 3.5: Chromatograph from the analysis 

 

Integrating the peaks through Chromeleon’s tools, the areas (in μS*min) were measured 

(Figure 3.6). 
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Figure 3.6: Creation of the areas of every cation through integration  
 
 

 Calibration and Concentration’s Measurement 

 

All data are quantified by comparing the sample peaks in the chromatograms to those 

produced from standard solutions that include known concentrations of every studied 

cation. The range of the applied standard solutions concentration was about 25-250 ppb. 

The applied reagents were NaCl, ΚCl, NH4Cl, MgSO4 and CaCl2 dissolved in nanopure 

water, in order to detect Na+, K+, NH4
+, Mg+2, Ca+2, respectively. Conversion of the 

samples’ peak area (μS*min) into concentration, was achieved through the line 

regression equation acquired by the applied calibration curves. In the following Figures 

3.7-3.11 are presented the calibration curves of the 5 measured cations.   
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Figure 3.7: Calibration curve of NH4

+ 
 

 
Figure 3.8: Calibration curve of Mg+2 
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Figure 3.9: Calibration curve of Ca+2 
 

 

 
Figure 3.10: Calibration curve of K+ 
 
 

y = 0,00256x - 0,01174
R² = 0,99881

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 50 100 150 200 250 300

C
o

n
c

e
n

tr
a

ti
o

n
 (

p
p

b
)

Area (μS*min)

A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 

 A
re

a
 (

μ
S

*m
in

) 



38 
 

 
Figure 3.11: Calibration curve of Na+ 
 

 

     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 

 A
re

 a
 (

μ
S

*m
in

) 



39 
 

 RESULTS AND DISCUSSION 
 

 Data Series of the Studied Chemical Substances for the Sampling Period 

 

 Data Series of Sodium 
 

In the Figure 4.1 below is indicated the distribution of Sodium’s concentration for the 

whole sampling period.  

 

 
Figure 4.5: The data series of Sodium for the whole sampling period.  
 

The concentration varies from 0 to 2.26 μg/m3 with an average of 0.06 ± 0.12 μg / m3.  

 

The current results are comparable to those presented in the reported bibliography. In a 

two year research at Finolakia station, a remote area in Crete, the average concentration 

was 0.050±0.102 μg/m3 (Koulouri et al., 2008) 275. Also, in the research of Theodosi et al. 

(2011) the annual average concentration was approximately: 

-0.8 μg/m3 at the station of Goudi (in the GAA). 

-0.7 μg/m3 at Lykovrissi (a suburb of Athens). 

-0.1 μg/m3 at Finokalia station 276 (Table 4.1).  

The values were derived from a chart at the paper of Theodosi et. al., 2017 that is 

why they are not precise.  
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Results from our research Other researches in the greater area 

Cation Average 
(μg/m3) 

Standard 
Deviation 
(μg/m3) 

Minimum 
(μg/m3) 

Maximum 
(μg/m3) 

Average 
(μg/m3)  

(1) 

Average 
(μg/m3)  

(2) 

Average 
(μg/m3)  

(3) 
 

Na+2 0.06 0.12 0 2.26 0.050± 
0.102 

0.8  
(urban 
area) 
0.7 

(suburban 
area) 
0.1 

(remote 
station) 

- 

NH4
+ 1.88 1.12 0 7.74 1.45±0.73 0.9 

(urban 
area) 
0.9 

(suburban 
area) 
1.4 

(remote 
station) 

1.29 (urban 
area-GAA) 

1.15 
(Aegina) 
For the 
same 

months of 
2017 (our 
research): 
2.13±1.26 

K+ 0.19 0.20 0 2.44 0.12±0.09 0.8 
(urban 
area) 
0.6 

(suburban 
area) 
0.2 

(remote 
station) 

0.34 (GAA) 
0.47 

(Aegina) 
For the 
same 

months of 
2017 (our 
research):  
1.19± 0.21 

Mg+2 0.01 0.02 0 0.20 0.005±0.017 0.5 
(urban 
area) 
0.5 

(suburban 
area) 
0.3 

(remote 
station) 

0.05 (GAA) 
0.06 

(Aegina) 
For the 
same 

months of 
2017 (our 
research): 

0.004±0.012  

Table 4.1: Comparison of our results with other studies in the greater area. 
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(1) Koulouri et al., 2008 275. 
(2) Theodosi et al., 2011 276. 
(3) Pateraki et al., 2012 248. (Time period of the research: 29th February until 2nd May and from 4th June until 5th 
August 2008. 

 
 

 

4.1.2 Data Series of Ammonium 
 

For the whole sampling period the NH4
+ concentration varies from 0 to 7.74 μg/m3 with 

an average of 1.88 ± 1.12 μg / m3 (Figure 4.2). These results are comparable to others 

of the current bibliography. From Koulouri et al., (2008) the average concentration of NH4
+ 

was 1.45 ± 0.73 μg / m3 275. Additionally, the average concentration in GAA from 29th 

February until 2nd May and from 4th June until 5th August 2008 was 1.29 μg/m3 in GAA 

and 1.15 μg / m3 in Aegina station (an island very close to GAA) (Pateraki et al., 2012)248. 

For the same months of 2017, our research indicated an average of 2.13 ± 1.26 μg / m3. 

Also, in the research of Theodosi et al. (2011) the annual average concentration was 

approximately: 

 
-0.9 μg/m3 at Goudi. 
 
-0.9 μg/m3 at Lykovrissi. 
 
-1.4 μg/m3 at Finokalia station 276 (Table 4.1). 

Ca+2 0.16 0.25 0 2.79 0.074±0.220 0.4 
(urban 
area) 
0.3 

(suburban 
area) 
0.3 

(remote 
station) 

0.70 (GAA) 
0.74 

(Aegina) 
For the 
same 

months of 
2017 (our 
research): 

0.107±0.177 
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Figure 4.6: The data series of Ammonium for the whole sampling period. 

 

It is shown that the lowest concentrations are presented during winter and they do not 

exceed the value of 5 μg / m3.  

 

4.1.3 Data Series of Potassium 
 

In Figure 4.3 that presents the concentrations of potassium for the whole sampling period, 

it is observed that the potassium has a different variability compared to sodium and 

ammonium. 

 

Figure 4.7: The data series of Potassium for the whole sampling period. 
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For the whole sampling period the K+ concentration varies from 0 to 2.44 μg/m3 with an 

average of 0.19± 0.20 μg/m3. Again, from Koulouri et al., (2008) the average rate was 

0.12 ± 0.09 μg/m3  275.  

 

For the time period mentioned at Pateraki et. al., (2012), the average concentrations were 

0.34 in GAA and 0.47 μg/m3 at Aegina. For the same months of 2017, our research 

indicated an average of 1.19 ± 0.21 μg /m3  248 (Table 4.1). 

 
Moreover, in the research of Theodosi et al., (2017) the annual average concentration 
was approximately: 
 

-0.8 μg/m3 at Goudi. 
 
-0.6 μg/m3 at Lykovrissi. 
 
-0.2 μg/m3 at Finokalia station 276 (Table 4.1). 

 

From the Figure 4.3 the concentration variability of winter is the same, as the one 

presented by Fourtziou et al., (2017) 253. 

 

4.1.4 Data Series of Magnesium 
 

For magnesium the concentrations vary from 0 to 0.20 μg/m3 and the average 

concentration is 0.01±0.02 μg / m3 (Figure 4.4).  

 
Figure 4.8: The data series of Magnesium for the whole sampling period. 
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Comparing these results to other researches, Koulouri et. al. ,(2008), indicated an 

average of 0.005±0.017 μg/m3  275.  

 

For the time period mentioned at Pateraki et. al. (2012), the average concentrations were 

0.05 in GAA and 0.06 μg/m3 at Aegina 248. For the same months of 2017, our research 

indicates an average of 0.004 ± 0.012 μg /m3 (Table 4.1). 

 

Additionally, in the research of Theodosi et al., (2011), the annual average concentration 

was approximately: 

 

-0.5 μg/m3 at Goudi. 
 
-0.5 μg/m3 at Lykovrissi. 
 
-0.3 μg/m3 at Finokalia station 276 (Table 4.1). 

 

From Figure 4.4 it appears that magnesium indicates the lowest concentrations of all 

measured cations in this research. The profile from 15/1 until 19/2 is the same as the one 

presented by Fourtziou et al., (2017), with the same peaks around 25/1 and 4/2  253.  

 

4.1.5 Data Series of Calcium 
 

In the following Figure 4.5 the trend of calcium concentrations is presented for the whole 

sampling period. The values range from 0 to 2.79 μg / m3 and the average concentration 

is 0.16 ± 0.25 μg / m3.  

 
Figure 4.9: The data series of Calcium for the whole sampling period. 
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The result from the investigation of Koulouri et. al., (2008), indicates an average of 0.074 

± 0.220 μg / m3  275.  

 

For the time period mentioned at Pateraki et. al., (2012), the average concentrations were 

0.70 μg/m3 in GAA and 0.74 μg/m3 at Aegina 248. For the same months of 2017, our 

research indicates an average of 0.107±0.177 μg/m3 (Table 4.1). 

 

Moreover, in the research of Theodosi et al., (2011), the annual average concentration 

was approximately: 

 

-0.4 μg/m3 at Goudi. 
 
-0.3 μg/m3 at Lykovrissi. 
 
-0.3 μg/m3 at Finokalia station 276  (Table 4.1). 

 

The variation of the specific cation is the same as the one described for magnesium in 

the previous part of the current research. For the period 15/1 until 19/2 the variation of 

the trend is the same as the one described by Fourtziou et. al., (2017), with the peaks 

appearing at the same dates 253.  

 

4.1.6 Data Series of Black Carbon 
 

For Black Carbon the measurements are held on an hourly basis and for the whole 

sampling period are presented in the next Figure 4.6. The concentration varies from 0,09 

to 16.26 μg / m3 and the average value is 1.69±1.71 μg / m3. The data appear to have 

wide dispersion, because the standard deviation is higher than the average value.  
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Figure 4.10: The hourly measurements of Black Carbon for the whole sampling period. 

 

From the Figure 4.6 and the Figure 4.5 of the variation of potassium (chapter 4.1.3) is 

indicated that approximately, the two variations are the same. During the winter months 

there is an increase compared to the spring. Also, during the summer months there is a 

small increase compared to spring months and then from the end of the summer until the 

end of the sampling period the concentration gradually increases. 

 

 Correlations Between the Studied Chemical Substances during the Whole 

Sampling Period 

 

In the following Table 4.2 the statistical analysis of the correlation of the measured 

chemical substances is presented for the whole sampling period.  

 

 

Statistical 
analysis 

Correlations during the whole sampling period 

Correlations that indicate crustal 
sources 

Correlations that 
indicate marine 

sources 

Correlation 
that indicates 
combustion 

sources 

Mg+2 - Ca+2 Mg+2 - K+ Ca+2 - K+ Mg+2 - Na+ Ca+2 - Na+ K+ - BC 
  R2 0,88 0,01 0,01 0,51 0,40 0,35 

        R 0,08 0,02 0,20 0,08 0,09 1,35 
        P 0 6,83E-27 3,6E-30 0 2,68E-56 1,10E-136 

n 21.349 21.352 21.447 21.353 21.446 4.995 
 

 Table 4.2: Statistical analysis of the correlations which can provide information for the sources of PM1. 
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In the Table 4.2 (R2 ) stands for the correlation coefficient, (R) for the standard deviation, 

(P) for the probability value and (n) for the number of samples. It is indicated that all the 

correlations are statistically significant as P<0,001. 

 

The correlation of K+ with BC has the lower number of samples (n) compared to the other 

correlations because the measurements of BC are held on an hourly basis.  

 

Τhe correlation with the highest coefficient is the one of Mg+2 with Ca+2 (R2=0,88). Τhis 

correlation nominates the influence of crustal sources at the fine particles’ chemical 

composition (Figure 4.7). 

 

  
Figure 4.11: The correlation of calcium with magnesium with the highest R2 for the whole sampling 
period. 

 

Also, the effect of marine sources is displayed through the correlations of Mg+2 with Na+ 

and of Ca+2 with Na+ which are the main components of sea salt. From the Table 4.2 is 

indicated that the correlation of Mg+2 with Na+ has the second highest R2=0,51 among all 

the correlations and that of Ca+2 with Na+ has a correlation coefficient of R2=0,40. 

 

The impact of the combustion sources is displayed through the correlation of K+ with BC 

with R2=0,35 but the standard deviation is the highest of all the researched correlations 

(R=1,35). 
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 Diurnal Variation of the Studied Chemical Substances during the Whole 

Sampling Period 

 

 Diurnal variation of Sodium 
 

In the following Figure 4.8 the diurnal variation of Sodium for the whole sampling period 

is presented. It has to be indicated that for all the diurnal variations the median values are 

used.  

 
Figure 4.12: Diurnal variation of Sodium for the whole sampling period 

 

During the early morning hours (0:00-07:00) the concentration is relatively stable. Then 

there is a significant increase from 07:00 until 11:00 and the concentration gradually 

decreases from 11:00 until 20:00. Finally, from 20:00 until 23:00 the concentration is 

stable. The increase from 07:00 until 11:00 is probably attributed to sea breezes and/or 

crustal sources. In order to deduce more accurate results, it has to be further investigated 

with meteorological conditions. 

 

 Diurnal variation of Ammonium 
 
In the next Figure 4.9 the diurnal variation of Ammonium is displayed. 
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Figure 4.13: Diurnal variation of Ammonium for the whole sampling period 

 

The concentration indicates higher values during day hours due to ammonium’s 

secondary photochemical behavior. The high ammonium concentration during these 

hours which indicate higher temperature, is likely to exist because ammonium nitrate is 

semi-volatile and so it is difficult to condensate 219-222,273,274,277  (reaction 2).   

 

NH
3 (g)

+  HNO
3 (g)                            

NH
4
NO

3 (s)         (1) 

NH
4
NO

3 (s)                          
NH

4

+ 

(aq)    +    
NO

3

-

(aq)            (2)              
 

NH3 + H2SO4           NH4HSO4 + NH3             (NH4)2SO4                  2 NH
4

+ 
+ SO4 

-2 (3) 
221,222

 

 

The concentration increases from 20:00 until 00:00. In order to explain this increase it 

has to be considered that the reactions (1) and (2) take place at low temperatures and at 

Relative Humidity (RH) above the deliquescence. As the temperature falls and the 

humidity rises the dissociation constant (K) of the reaction (2) increases. As K = [ NH
4

+

] 

[NO
3

- ] / [NH
4
NO

3 
], then if it decreases then probably the [NH

4

+

] increases 221,222. Also, 

probably due to thermal and/or meteorological inversions NH4NO3 stays at low altitudes.  

So with higher concentrations of NH4NO3 near the ground it is possible to dissociate at 

NH
4

+ and NO
3

-

. Also, NH
4

+

 is probably produced from the dissociation of (NH4)2SO4 
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(reaction 3). For better understanding and explanation of the diurnal variation of 

ammonium, meteorological conditions and the concentrations of NO
3

-

 and SO4 
-2 have to 

be considered.  

 

 Diurnal variation of Potassium 
 

As for Potassium’s diurnal variation (Figure 4.10) the concentration indicates stability at 

the following time intervals: 

• From 01:00 until 03:00. 

• From 09:00 until 16:00. 

• From 21:00 until 23:00. 

 

From 01:00 until 03:00 and from 21:00 until 00:00 the high concentrations of potassium 

can be probably attributed to fossil fuel combustion for heating. Also, from 09:00 until 

15:00 the high concentrations can be probably attributed to fossil fuel combustion for 

transportation and other human activities.  

Figure 4.14: Diurnal variation of Potassium for the whole sampling period 

 

A better understanding of potassium’s variation during the hours of the day and night and 

the possible sources, can be derived from the seasonal diurnal variation. 

In the following Figure 4.11 the diurnal variation of potassium during the four seasons is 

presented.  



51 
 

  

  
Figure 4.15: Diurnal variation of Potassium for every season 

 

From Figure 4.10 is indicated that during winter there is an increase of potassium’s 

concentration from 15:00 until 00:00. This increase is probably due to combustion of fossil 

fuel for heating. Also, during autumn there is an increase from 05:00 until 13:00 probably 

due to heating and traffic. During the same period the increase from 19:00 until 00:00 is 

attributed probably due to heating. Moreover, during spring there is an increase from 

20:00 until 06:00 probably due to a combination of heating and traffic. Finally. during 

summer an increase is presented from 07:00 until 15:00 probably due to transportation.   
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 Diurnal variation of Magnesium 
 

In the Figure 4.12 the diurnal variation of Magnesium for the whole sampling period is 

presented. 

  
Figure 4.16: Diurnal variation of Magnesium for the whole sampling period 

 

Magnesium indicates the same concentration from 18:00 until 10:00. The increased 

concentration from 11:00 until 17:00 occurs probably due crustal sources and other 

human activities that produce dust in the urban area.   

 

 Diurnal variation of Calcium 
 

From the next Figure 4.13 is indicated an increase of Calcium’s concentration from 07:00 

until 12:00. Then the concentration is stable from 12:00 until 14:00 and it increases again 

from 14:00 until 15:00. At 15:00 calcium displays the highest concentration. The increase 

of calcium’s concentration is probably due to urban produced dust from 

constructions213,214. 
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Figure 4.17: Diurnal variation of Calcium for the whole sampling period 

 

 Diurnal variation of Black Carbon 
 

In the following Figure 4.14 the diurnal variation of Black Carbon for the whole sampling 

period is displayed.  

 
Figure 4.18: Diurnal variation of Black Carbon for the whole sampling period 
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An increase of Black Carbon’s concentration from 17:00 until 01:00 is indicated. Also, 

potassium indicates an increase from 19:00 until 00:00 (Figure 4.10). This increase during 

these hours for these two ‘‘tracers’’ can be attributed to fossil fuel combustion for heating.  

 

  

  
Figure 4.19: Diurnal variation of Black Carbon for every season 

 

Also, from the Figure 4.15 during autumn is indicated an increase of Black Carbon’s 

concentration from 05:00 until 09:00 probably due to heating and traffic. During the same 

season an increase is presented from 19:00 until 00:00 probably due to heating and 

during the same hours an increase is presented for potassium too (Figure 4.11). During 

winter there is an increase from 15:00 until 00:00 probably due to heating and a 

simultaneous increase of potassium is indicated too (Figure 4.10). Furthermore, during 
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spring an increase is displayed from 19:00 until 08:00 probably due to traffic and heating 

and an increase is presented approximately during the same hours for potassium too 

(Figure 4.10). Finally, during summer there is an increase from 18:00 until 00:00 and from 

05:00 until 08:00 probably due to traffic. 

   

 Monthly Variation  

 

 Monthly variation of Sodium  
 

The Figure 4.16 shows the monthly variation of sodium’s concentration. The highest 

average value appears during May. Also, a high value is indicated during 

September.These high values are probably due to the sea breezes that prevail during 

these months 266, 270. 

 

Figure 4.20: Monthly average values of sodium 

 

 Monthly variation of Ammonium 
 

The next Figure 4.17 presents the average monthly values of ammonium. It appears that 

the higher concentrations are observed during summer and spring and can be attributed 

to intense photochemistry 219, 220, 273, 274, 277. The low values during July need to be further 

investigated with meteorological conditions, as well.  
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Figure 4.21: Monthly average values of ammonium 

 

The monthly variation of ammonium is in agreement with the variations presented by 

Sciare et al., (2008) 273 and Koulouri et al., (2008) 275.   

 

 Monthly Variation of Potassium 
 

Potassium’s average monthly concentrations are displayed in the next Figure 4.18.  
 

 
Figure 4.22: Monthly average values of potassium 



57 
 

The variability is the opposite compared to that od sodium and ammonium. Higher values 

are observed during winter and August, probably due to biomass and fossil fuel 

combustion 248, 276. The current monthly variation is similar to that presented by Theodosi 

et al., (2011) 276. 

 

 Monthly Variation of Magnesium 
 

The monthly average values for Mg+2 are presented in the following Figure 4.19. The 

highest value is displayed during August but with the highest standard deviation. The 

lowest value appears in January and April. The high concentrations during August and 

September can be attributed to Sahara dust transportation. Moving to the end of the 

summer the high Mg+2 in the atmosphere is probably due to recirculation of the dust and 

low precipitation 278-282. 

 

 
Figure 4.23: Monthly average values of magnesium 

 

 Monthly Variation of Calcium 
 

The monthly average values of calcium are presented in the following Figure 4.20. 
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Figure 4.24: Monthly average values of calcium 

 

The monthly variaion of calcium is approximately the same as magnesium’s. From 

January until April the concentrations are stable and the lowest of the whole sampling 

period. This variability is the same as magnesium’s. The stability during the winter period 

is in relevance with the results of Fourtziou et al., (2017) 253. The only difference is that in 

the results of Fourtziou et. al. there were dust events in 21st January and 12th February 

that increased the concentration of Ca+2. Next, there is a big increase in May (increase of 

0,53 μg / m3), which is the highest for the whole sampling period. Then during June and 

July the concentration decreases but it doesn’t decline to the very low winter values. In 

August the concentration reaches 0,41 μg/m3, which is the highest value of the whole 

sampling period. Finally, the concentration decreases during September and October and 

it is, approximately, the same as the concentration of June. The high concentrations of 

calcium during August and May can be attributed to Sahara dust transportation. Moving 

to the end of summer the concentration of calcium is still high due to recirculation of the 

dust and low precipitation 278-282. 
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 Monthly Variation of Black Carbon 
 

In the following Figure 4.21 the monthly variation of Black Carbon is displayed. 

 

 
Figure 4.25: Monthly average values of BC 

 

Black carbon indicates approximately the same monthly variability as potassium (Figure 

4.18). During the winter and autumn months the average values are higher. This can be 

attributed to the combustion of fossil fuel for heating. From winter to spring months the 

concentration decreases as the heating of the buildings gradually decreases. Also, the 

high values during June and July are indicated probably due to combustion of biomass 

from fires 223.    

 

 Seasonal Variation 

 

 Seasonal Variation of the Cations and Black Carbon 
 
 

 Seasonal Variation of Sodium  
 

In the following Figure 4.22 are presented the average concentrations of sodium for every 

season. 
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Figure 4.26: Average seasonal concentrations of sodium  
 

The higher concentration is indicated during autumn and the lowest during winter. The 

concentration is gradually increasing from winter to autumn. This increase can probably 

be attributed to winds mainly originated from sea 266, 270. Also, it has to be indicated that 

the standard deviation is high in all seasons compared to the average value. This means 

that the data appear to have wide dispersion.      

 

 Seasonal Variation of Ammonium 
 

In the following Figure 4.23 of the average concentrations of ammonium, is indicated that 

the highest concentrations are indicated during spring and summer.  
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Figure 4.27: Average seasonal concentrations of ammonium 
 

This observation can be attributed to the secondary photochemistry of ammonium as the 

solar radiation is more intense during spring and summer 219, 220, 273, 274, 277. 

The high ammonium concentration during high temperature period is likely to exist 

because ammonium nitrate is semi-volatile and so it is difficult to condensate 273, 274. 

Consequently, high ammonium concentration may indicate that the possibility of forming 

ammonium nitrate during this period should be very low 261.  

 

Additionally, this can be explained from the formation of NH4
+ in the particulate matter if 

it is formed from NH3. The bidirectional reaction is the following: 

(1) 
 
This reaction has a ΔΗ0(Τ0)/(R*T0)= -1.50 mol/kg and Δc0

p/R = 26.92 mol/kg (2) 283-285 : 

-ΔΗ0(Τ0) is the entalphy at T0 = 25oC or 298.150K (normal conditions), 

-R=0.008314 J/mol* 0K and  

-Δc0
p is the change of molar capacity of products minus reactants.  

 

At 298.150K the reaction is endothermic. If we increase the temperature the equilibrum of 

the reaction will shift to the left and the concentration of NH4
+ will increase.  
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At the same time from the equation: ΔΗ0 (Τ) = ΔΗ0 (Τ0) + Δc0
p  (Τ-Τ0) (3) (The equation 

(3) applies for a small temperature rate) 286 if there is an increase for example at 400C or 

313.150K then:  

-from (1) solving to ΔΗ0(Τ0) = -3.72 J/kg and  

-from (2) solving to Δc0
p=0.2238 J/kg*0K, then the equation (3) provides ΔΗ0 (Τ)= -3.72 

J/kg + 0.2238 J/kg*0K (313.150K-298.150K) = -0.363 J/kg.  

In conclusion, with an increase of 150C the reaction is still endothermic (ΔΗ0 (Τ)= -0.363 

J/kg) and the reaction’s equilibrum will shift to the left which leads to an increase of the 

concentration of NH4
+.  

 

Also, during the warm period there is formation of the following salts: 

• NH4NO3 from the reaction of NH3 with HNO3 (which is formed from reactions of 

NOX in troposphere).   

   (2) 

ΔΗ0(Τ0)= -185.34 J/kg (normal conditions) 

• (NH4)2HSO4 from the reaction of NH4
+ with HSO4 

– (which is formed from reactions 

of SO2 in troposphere) 

 (3) 

ΔΗ0(Τ0)= -7.12 J/kg (normal conditions) 

• (NH4)3H(SO4)2 from the reaction of NH4
+ with HSO4 

– and SO4 -2 (which are 

formed from reactions of SO2 in troposphere). 

(4) 

ΔΗ0(Τ0)= -12.87 J/kg (normal conditions) 

• (NH4)2SO4 from the reaction of NH4
+ with SO4 -2 (which is formed from reactions 

of SO2 in troposphere) 

(5) 

ΔΗ0(Τ0)= -6.57 J/kg (normal conditions) 238-285, 287 

With an increase of temperature the Deliquescence Relative Humidity (DRH) decreases 

for all the above salts (Figure 4.24).  
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Figure 4.28: DRH as a function of temperature for salts 287. 

 
Above this humidity rate determined by DRH the transition phase from solid to saturated 

aqueous solution occurs. This leads to the fact that with a decrease of DRH resulted from 

the increase of temperature then the salts can dissolve in the atmosphere. As a result, 

from the above reactions (2), (3), (4) and (5) the salts are unstable and the equilibrium 

will shift to the left which leads to the increase of the concentration of NH3 from reaction 

(2) and NH4
+ from reactions (3), (4) and (5).  

In the same way, because the ΔΗ0(Τ0) of all the above reactions is negative, which means 

that they are endothermic reactions, when there is an increase in temperature in specific 

range (according to equation 3) the equlibrium will again shift to the left (the same concept 

that we desrcibed for reaction 1). This leads to the production of NH3 or/and NH4
+ . 

 

 Seasonal Variation of Potassium 
 

In the following Figure 4.25 the seasonal variation of potassium is presented. The 

concentration is high during winter and spring. The high winter concentration can be 

attributed to combustion sources since potassium is a major cation emitted through this 

procedure 248, 276.  
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Figure 4.29: Average seasonal concentrations of potassium 

 

Also, the concentration during spring, which is the highest, can be originated from a 

combination of sea and combustion sources. Moreover, it has to be indicated that the 

standard deviation is high in all seasons compared to the average value. This means that 

the data appear to have wide dispersion.       

 

 Seasonal variation of Magnesium 
 

From the Figure 4.26 of the average concentrations of magnesium for every season is 

indicated that the highest concentration is during summer.   
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Figure 4.30: Average seasonal concentrations of magnesium 

 

High magnesium average concentration during summer and autumn can be attributed to 

Sahara dust transportation 278-282. Additionally, it has to be indicated that the standard 

deviation is high in all seasons compared to the average value. This means that the data 

appear to have wide dispersion        

 

 Seasonal variation of Calcium 
 

In the following Figure 4.27 the average seasonal concentrations of calcium are 

presented.  
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Figure 4.31: Average seasonal concentrations of calcium 

 

The distribution is the same as magnesium’s (Figure 4.26). Calcium’s high summer and 

autumn concentrations can be attributed to Sahara dust transportation as 

magnesium’s278-282. Moreover, it has to be indicated that the standard deviation is high in 

all seasons compared to the average value. This means that the data appear to have 

wide dispersion.       

 

 Seasonal Variation of Black Carbon 
 

In the following Figure 4.28 the average seasonal concentrations of Black Carbon are 

displayed.  
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Figure 4.32: Average seasonal concentrations of BC 

 

From the Figure 4.28 is derived the conclusion that during winter and autumn the 

concentration is higher due to combustion of fossil fuel for heating in the studied area 223. 

The seasonal variaton of BC is approximately the same as potassium’s (Figure 4.25) 

Also, during these seasons the standard deviation is high compared to the average value. 

This means that the data appear to have wide dispersion.      
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 Seasonal Correlations and Diurnal Variation of the Chemical  

Substances 
 

 Correlations during Winter 
 

In the following Table 4.3 the statistical analysis of the correlations of the chemical 

substances during winter is presented. 

 

 

Statistical 
analysis 

Correlations during winter 

Correlations that indicate crustal 
sources 

Correlations that 
indicate marine 

sources 

Correlation that 
indicates 

combustion 
sources 

Mg+2 - Ca+2 Mg+2 - K+ Ca+2 - K+ Mg+2 - Na+ Ca+2 - Na+ K+ - BC 

 R2 0,89 0,00 0,01 0,00 0,00 0,50 

        R 0,11 0,02 0,32 0,03 0,03 1,59 

        P 0 0,03 8,3E-12 0,0497 5,04E-05 1,33E-115 

        n 3.117 3.106 3.116 3.115 3.117 762 

 

From the Table 4.3 is indicated that all the correlations are statistically significant as 

P<0,05. The correlation of K+ with BC has the lowest number of samples (n) compared 

to the other correlations because the measurements of BC are held on an hourly basis.  

 

The highest correlation coefficient is indicated at the correlation of Mg+2 with Ca+2 

(R2=0,89). Furthermore, during the winter period, it is derived that they have the same 

sources which are mainly crustal and these sources provide a high portion of PM1. In the 

following Figure 4.29 this correlation is presented. 

 

 
 

Table 4.3: Statistical analysis of the correlations which can provide information for the sources of PM1 during 
winter. 
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Figure 4.33: Correlation of magnesium with calcium during winter 

 

Also, K+ with BC indicate a correlation coefficient of R2=0,50 with a standard deviation 

R=1,59 (Table 4.3). This standard deviation is the highest of all the correlations that were 

studied during winter. The correlation coefficient indicates moderate influence of these 

two substances in the chemical background of PM1 and are mainly emitted from fossil 

fuel combustion for heating and it is displayed in the following Figure 4.30. 

 

 
Figure 4.34: Correlation of Potassium with Black Carbon during winter 
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In the following Figure 4.31 the correlation of sodium with calcium during the winter 

months is presented. From this Figure 4.31 is derived the conclusion that the sodium of 

this correlation is probably originated from marine sources, despite the fact that the 

correlation coefficient is very low (R2=0,0049). 

 

 
Figure 4.35: Correlation of Sodium with Calcium during winter 

 

 

 Diurnal Variations during Winter 
 

4.5.2.2.1 Diurnal Variation of Potassium with Black Carbon during Winter 

 

In the following Figure 4.32 the diurnal variation of potassium with Black Carbon during 

winter is displayed. It has to be outlined that for all the diurnal seasonal variations the 

median values are used. Black carbon which is a component of combustion indicates an 

increase from 15:00 until 00:00. This increase if probably due to the use of heating. During 

the same hours potassium also displays an increase which can be attributed to heating 

too.  
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Figure 4.36: Diurnal variation of potassium with black carbon during winter 

 

4.5.2.2.2 Diurnal Variation of Ammonium during Winter 

 

In the following Figure 4.33 the diurnal variation of ammonium during winter is displayed.  

 
Figure 4.37: Diurnal variation of ammonium during winter 
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Ammonium, as mentioned in chapter 4.4.1.2, indicates secondary photochemistry. This 

means that intense solar radiation increases its productivity. During the winter months the 

intensity of the solar radiation is not so high, and there are not observed significantly 

higher concentrations during the day hours compared to the night. The increase of the 

concentration from 19:00 until 00:00 (night hours) can be explained from the reasoning 

of the chapter 4.5.3 Diurnal variation of Ammonium.  

 

 Correlations during Spring 
 

In the following Table 4.4 the statistical analysis of the correlations of the chemical 

substances during spring is presented. 

 

 
 

Statistical 
analysis 

Correlations during spring 

Correlations that indicate crustal 
sources 

Correlations that indicate 
marine sources 

Correlation 
that indicates 
combustion 

sources 

Mg+2 - Ca+2 Mg+2 - K+ Ca+2 - K+ Mg+2 - Na+ Ca+2 - Na+ K+ - BC 

R2 0,86 0,00 0,00 0,31 0,52 0,41 

       R 0,06 0,01 0,14 0,01 0,11 1,05 

       P 0 1,06E-09 0 0 0 5,3E-210 

       n 6.732 6.763 6.733 6.743 7.055 1.787 

 

From the Table 4.4 it is indicated that all the correlations are statistically significant as 

P<0,001.  

 

The highest correlation coefficient is presented in the correlation of Mg+2 with Ca+2 

(R2=0,86). This indicates that the crustal sources contribute at a high portion in the 

chemical composition of PM1. In the following Figure 4.34 this correlation is displayed. 

Table 4.4: Statistical analysis of the correlations which can provide information for the sources of PM1 during 
spring. 
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Figure 4.38: Correlation of Magnesium with Calcium during spring 

  

Moreover, the contribution of the marine sources is also significant as the correlations of 

Mg+2 with Na+ and Ca+2 with Na+ indicate correlation coefficients of R2=0,31 and R2=0,52 

respectively.  

 

Furthermore, the contribution of combustion sources is significant during this season as 

the correlation coefficient of BC with K+ is R2=0,41. 

 

In the following Figure 4.35 the correlation between potassium and calcium during spring 

is presented.  
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Figure 4.39: Correlation of Potassium with Calcium during spring 

 

From the Figure 4.35 the high concentrations of calcium can be attributed to dust sources 

and events during the spring period although they are not actually correlated (R2≈0) 

(Table 4.4).  

 

 Diurnal Variations during Spring 
 

4.5.2.4.1 Diurnal Variation of Sodium with Calcium during Spring  

 

In the following Figure 4.36 the diurnal variation of sodium with calcium during spring is 

displayed. 
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Figure 4.40: Diurnal variation of calcium with sodium during spring 

 

From the Figure 4.36 it is indicated that the two cations present approximately the same 

hourly variability.   

4.5.2.4.2 Diurnal Variation of Ammonium during Spring  

 

In the next Figure 4.37 the diurnal variation of ammonium during the spring months is 

presented.  

 
Figure 4.41: Diurnal variation of ammonium during spring 
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From the Figure 4.37 above it is indicated an increase of ammonium’s concentration 

during the day hours. This increase is not so high but it still displays the secondary 

photochemical behaviour of ammonium. Moreover, the increase of the concentration from 

21:00 until 02:00 (night hours) can be explained from the reasoning of the chapter 4.5.3 

Diurnal variation of Ammonium.  

 

 Correlations during Summer 
 

In the following Table 4.5 the statistical analysis of the correlations of the chemical 

substances during summer is presented.  

 

 

Statistical 
analysis 

Correlations during summer 

Correlations that indicate crustal 
sources 

Correlations that indicate 
marine sources 

Correlation 
that indicates 
combustion 

sources 

Mg+2 - Ca+2 Mg+2 - K+ Ca+2 - K+ Mg+2 - Na+ Ca+2 - Na+ K+ - BC 
R2 0,88 0,18 0,17 0,62 0,44 0,10 

       R 0,12 0,02 0,31 0,05 0,26 0,63 

       P 0 2,2E-282 5,1E-276 0 0 1,6E-28 

       n 6.639 6.460 6.594 6.499 6.639 1.219 

 

From the Table 4.5 it is indicated that all the correlations are statistically significant as 

P<0,001. 

 

The highest correlation coefficient is again indicated for the correlation of magnesium with 

calcium (R2=0,88). These two cations are mainly originated from crustal sources and their 

correlation is displayed in the following Figure 4.38. 

 

Table 4.5: Statistical analysis of the correlations which can provide information for the sources of PM1 during 
summer 
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Figure 4.42: Correlation of Magnesium with Calcium during summer 
 

Additionally, the correlation of sodium with magnesium indicates a correlation coefficient 

of R2=0,62 and is displayed in the following Figure. 

 

 
Figure 4.43: Correlation of Magnesium with Sodium during summer 

 

These two cations are mainly originated from sea salt and during summer they contribute 

significantly in the chemical composition of the fine particulate matter. The same outcome 
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is derived from the correlation of calcium with sodium which indicate a correlation 

coefficient of R2=0,44 and their correlation is presented in the following Figure 4.40.   

 

 

 
Figure 4.44: Correlation of Calcium with Sodium during summer 

 

 

 

 Diurnal Variations during Summer 
 

4.5.2.6.1 Diurnal Variation of Magnesium with Calcium during Summer 

 

Magnesium and calcium’s diurnal variability during summer is presented in the next 

Figure 4.41.  
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Figure 4.45: Diurnal variation of magnesium with calcium during summer 

 

These two cations indicate approximately the same hourly variability during this season 

(Figure 4.41). The highest probability is that these two cations are emitted from crustal 

sources as they are main components of earth’s crust. Also, during summer in the Greater 

Area of Athens the winds that have direction from the Sahara desert mainly prevail278-282. 

4.5.2.6.2 Diurnal Variation of Magnesium with Sodium during Summer 

 

In the following Figure 4.42 the hourly variation of magnesium with sodium during summer 

is presented.  
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Figure 4.46: Diurnal variation of magnesium with sodium during summer 

 

From Figure 4.41 above it is indicated that the two cations display approximately the 

same hourly variability and are emitted probably from marine sources 276.  

 

4.5.2.6.3 Diurnal Variation of Calcium with Sodium during Summer 

 

The diurnal variation of sodium with calcium for the summer period is displayed in the 

following Figure 4.43. Τhe two cations indicate approximately the same hourly variability 

during this period and are probably emitted from marine sources 276.   
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Figure 4.47: Diurnal variation of calcium with sodium during summer 

 

4.5.2.6.4 Diurnal Variation of Ammonium during Summer 

 

In the next Figure 4.44 the hourly variability of ammonium during summer is presented.  

 

 
Figure 4.48: Diurnal variation of ammonium during summer 

 

It is displayed from the Figure 4.44 that the concentration of ammonium is increased 

during the day hours. Again, this chemical performance of ammonium is observed due to 
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its secondary photochemical behaviour. This performance is approximately the same 

compared to the diurnal variation of the spring period and is interpreted by the same 

reasoning as the one presented in the chapter 4.4.2.4.2 Diurnal Variation of Ammonium 

during Spring. Furthermore, the increase of the concentration from 20:00 until 00:00 

(night hours) can be explained from the reasoning of the chapter 4.5.3 Diurnal variation 

of Ammonium.  

  

 Correlations during Autumn  
 

In the following Table 4.6 the statistical analysis of the correlations of the chemical 

substances during autumn is presented.  

 

 

Statistical 
analysis 

Correlations during autumn 

Correlations that indicate crustal 
sources 

Correlations that indicate 
marine sources 

Correlation 
that indicates 
combustion 

sources 

Mg+2 - Ca+2 Mg+2 - K+ Ca+2 - K+ Mg+2 - Na+ Ca+2 - Na+ K+ - BC 

R2 0,84 0,01 0,00 0,66 0,48 0,40 

       R 0,08 0,25 0,19 0,04 0,05 1,26 

       P 0 3,85E-10 0 0 0 8,5E-124 

       n 2.912 2.912 2.912 2.912 2.901 1.088 

 

From the Table 4.6 it is indicated that all the correlations are statistically significant as 

P<0,001. 

 

The highest correlation coefficient is again indicated for the correlation of magnesium with 

calcium (R2=0,8387). These two cations are mainly originated from crustal sources and 

their correlation is displayed in the following Figure 4.45. 

 

Table 4.6 : Statistical analysis of the correlations which can provide information for the sources of PM1 during 
autumn 
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Figure 4.49: Correlation of Calcium with Magnesium during autumn 

 

Also, the correlation of magnesium with sodium indicate a correlation coefficient of 

R2=0,66. These two substances are main components of sea salt and during autumn they 

contribute significantly to the chemical composition of PM1. The correlation is displayed 

in the next Figure 4.46. 

 

 
Figure 4.50: Correlation of Magnesium with Sodium during autumn 
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The same outcome is derived from the correlation of calcium with sodium. They indicate 

a correlation coefficient of R2=0,48 during autumn (Table 4.6) and they contribute to the 

chemical composition of fine particulate matter as components of sea sources. Their 

correlation is presented in the following Figure 4.47. 

   

 
Figure 4.51: Correlation of Sodium with Calcium during autumn 

 

In the following Figure 4.48 the correlation of BC with potassium during autumn is 

presented. This correlation indicates the presence of PM1 from combustion of fossil fuel. 

During autumn they indicate a correlation coefficient of R2=0,40 and contribute 

significantly to the chemical composition of fine particulate matter as components of 

combustion.   
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Figure 4.52: Correlation of Potassium with BC during autumn 

 

In the next Figure 4.49 the correlation of calcium with potassium during autumn is 

presented. These two cations although they are not actually correlated, as R2≈0, from the 

Figure 4.48 it can be derived the conclusion that the high concentrations of calcium are 

probably due to dust events.     

 
Figure 4.53: Correlation of Potassium with Calcium during autumn 
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 Diurnal Variations during Autumn 
 

4.5.2.8.1 Diurnal Variation of Magnesium with Calcium during Autumn 

 

The hourly variability of magnesium with calcium is displayed in the following Figure 4.50. 

The two cations indicate approximately the same hourly variability during autumn. 

 

 
Figure 4.54: Diurnal variation of magnesium with calcium during autumn 

 

4.5.2.8.2 Diurnal Variation of Magnesium with Sodium during Autumn 

 

In the following Figure 4.51 the diurnal variation of magnesium with sodium during autumn 

is presented. The two cations indicate approximately the same variability during this 

season. 
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Figure 4.55: Diurnal variation of magnesium with sodium during autumn 

 

4.5.2.8.3 Diurnal Variation of Calcium with Sodium during Autumn 

 

In the following Figure 4.52 the diurnal variation of calcium with sodium during autumn is 

presented. The two cations indicate approximately the same hourly variation.  

 

 
Figure 4.56: Diurnal variation of calcium with sodium during autumn 
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4.5.2.8.4 Diurnal Variation of Ammonium during Autumn 

 

The diurnal variation of ammonium during the months of autumn is displayed in the next 

Figure 4.53. 

 

 
Figure 4.57: Diurnal variation of ammonium during autumn 

 

From the Figure 4.53 it is indicated that the concentration of ammonium is increasing 

during the daytime hours. Similar performance is presented during summer and spring. 

This performance is a result of ammonium’s secondary photochemical behavior as 

explained in the chapter 4.4.2.2.7 Diurnal Variation of Ammonium during Spring. 

Moreover, the increase of the concentration from 20:00 until 00:00 can be explained from 

the reasoning of the chapter 4.5.3 Diurnal variation of Ammonium.  
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 CONCLUSIONS 
 
 

A new analytical technique has been developed for the measurement of fine particulate 

matter in the urban area of Athens. PILS sampler coupled with IC provided information 

for the concentration of the cations in the atmosphere approximately for 10 months. This 

technique is reliable, indicates high resolution, provides results in real time, is fast and 

affordable. The chemical characterization of PM1 which consequently highlights the 

possible pollution sources can lead to protection measures.  

 

The average concentrations for the whole sampling period, except of Mg+2, are 

comparable with previous studies in the greater area, which used filters as a sampling 

method. The correlations of the cations and with Black Carbon are all statistically 

significant for the whole sampling period and for the four seasons separately. During the 

whole sampling period there was a high influence of crustal sources in the chemical 

composition of PM1. 

 

More specifically, for Na+ the high concentrations during May and September are sea salt 

transportation.  

 

For Ca+2 the high concentrations during May and August are attributed to a combination 

of marine and crustal sources. Also, the high concentrations in the end of the summer 

are due to dust recirculation and low precipitation.  

 

Moreover, Mg+2 indicates similar variability with Ca+2 and the high concentrations during 

May, August and September, are also attributed to a combination of marine and crustal 

sources. Like Ca+, the high concentrations in the end of the summer are due to dust 

recirculation and low precipitation. 

 

Furthermore, K+ displays high concentrations from February until April and during August. 

This increase is a result of fossil fuel and biomass combustion. 

 

Additionally, BC indicates similar monthly variability with K+. The high concentration 

during the cold months is attributed to combustion of fossil fuel for heating. Also, the high 

concentrations during June and July are a result of biomass combustion from fires.  
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As for NH4
+ which is a secondary produced particulate matter through photochemical 

reactions, indicates higher concentrations during the warm months. Also, the increase 

during the night hours in all the seasons can be explained from the dissociation of 

NH4NO4 and/or (NH4)2SO4 which happens at low temperatures and at Relative Humidity  

(RH) above the deliquescence. Ηοwever, this reasoning has to be confirmed with 

meteorological conditions and with the concentrations of NO4
- and SO4 

-2.   

 

The correlation of the studied cations and BC during every season provides more specific 

results for the origin of PM1. During the winter months BC and K+ indicate the highest R2 

of all seasons. Moreover, they display similar hourly variability. As they are both 

components of combustion this leads to the fact that during winter their production is 

mainly through fossil fuel combustion for heating and secondarily for transportation.  

 

Furthermore, during spring is indicated also high R2 for BC with K+ and this can be 

explained from the use of heating approximately until the first days of April. Also, the 

correlations that indicate possible marine sources (Mg+2 - Na+ and Ca+2 - Na+) during this 

season are relatively high. This can be explained from the sea breezes that prevail during 

these months. Additionally, great influence of crustal sources is displayed through the 

high R2 of Ca+2 with Mg+2. 

 

During summer, the correlations that indicate marine sources (Mg+2 - Na+ and Ca+2 - 

Na+) display high R2. The same outcome is derived for the correlations that indicate 

crustal sources (Mg+2 - Ca+2, Mg+2 - K+ and Ca+2 - K+). Also, Mg+2 with Na+ and Ca+2 with 

Na+ indicate similar hourly variability. Simultaneously, similar hourly variability is 

displayed for Mg+2 with Ca+2 which are mainly emitted from crustal sources. Moreover, 

NH4
+ indicates high concentrations due to intense solar radiation. 

 

Additionally, during autumn BC with K+ indicate high R2 probably due to the use of 

heating. Also, the correlations that indicate sea salt transportation (Mg+2 - Na+ and Ca+2 - 

Na+) display the highest R2 of all seasons and similar diurnal variability. Furthermore, 

Mg+2 with Ca+2 indicate similar hourly variability. The correlation of Ca+2 with K+ 

(correlation that indicated crustal sources) although it displays very low R2, it reveals the 

influence of dust events as the concentration of Ca+2 is relatively high.      
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The results of this research need to be further investigated with meteorological conditions. 

Also, measurements with the specific technique at a suburban or remote area could 

contribute to the understanding of anthropogenic influence in the fraction of fine 

particulate matter.  
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