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Abstract 
The economic crisis in Greece resulted in a change in residential heating fuels utilized, which in 

turn resulted in a change of air quality over Greater Athens Area. The aim of this study was to 

investigate the effects of economic crisis in air quality over Attica by examining the change in air 

pollutants’ concentrations before, during, and after the onset of the economic crisis in Greece and 

to associate this change with the change in fuels used for residential heating. 

For this purpose, I analyzed six MODIS L1B datasets with 500m spatial resolution, one for each 

year studied, MODIS AOT and NDVI products, at 10 km and 500 m spatial resolution 

respectively. Additionally, I used AQMS measurements and CORINE 2000 Land Cover dataset.  

To densify the ground monitoring network, virtual stations were identified according to Narashid 

et al (2006) criteria. Through OLS regressions, air pollutants’ concentration were estimated for the 

virtual stations and, subsequently, for the whole map of Great Athens Area (GAA) for the chosen 

time periods.  

Subsequently, the association between the change in fuel consumption and the change in pollutant 

concentrations between the examined periods was performed, based on Kakaras et al (2013) 

emissions ratios for each fuel utilized in residential heating that indirectly indicate fuel types 

utilized in the residential heating systems.  

Primary results show that during the whole period examined (2007-2012) SO2 concentrations were 

increased in most parts of GAA, while NO2 and PM10 were decreased. CO concentrations were 

stable in most zones of GAA. Where the fuels used for residential heating are concerned, the use 

of wood and pellet has increased in most urban areas of GAA, while the use of heating oil and 

natural gas appear to be decreased.  

Keywords: Economic Crisis, Air Quality, Satellite Data, Virtual Stations, Regression Analysis, 

Air pollutants mapping, anthropogenic factors. 
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 Introduction 

 General Introduction 

Airborne pollutants are one of the most crucial problems in urban environments and play a 

significant role in climate change and human life, causing phenomena such as urban heat islands, 

heat discomfort, agricultural crop loss, problems in respiratory systems (Penttinen, et al., 2001; 

Saffari A., et al., 2013), cardiovascular diseases (Delfino, Sioutas, & Malik, 2005), 

neurodevelopmental effects (Morgan, et al., 2011), chronic illnesses and even premature deaths 

(Al-Saadi, et al., 2005).  

The driving factors are human activities and natural pollutant sources (e.g., sea salt, volcanic 

dust, forest, and grassland fires, etc.). The rapid urbanization growth, which results in 

industrialization, and the low-quality fuel for household energy consumption, contribute to the 

degradation of air quality. Moreover, seasonal changes (Chang & Lam, 1997), which include the 

change in weather conditions such as temperature, wind circulation, humidity, the local 

topography (through anthropogenic structures and landscaping), and the land use/land cover 

(LULC) types of the area, (Mozumder, Zhu, & Perinpanayagam, 2012), contribute to the 

concentration of air pollutants. 

During the last decade, the economic crisis has affected the standard of living of the Greek 

population. The average household income has been reduced year by year. The combination of 

income reduction, taxation, and the increase in products’ prices, forced Greek citizens to adapt 

their consumption patterns and other aspects of everyday life (Santamouris, et al., 2013). 

The global increase of petroleum and natural gas prices has forced the residents to use cheaper 

heating systems, with their primary choice being firewood, (Saffari A., et al., 2013). This fact leads 

to air quality change through the increase of air pollutants due to inadequate combustion 

techniques of firewood (e.g., open chambers, stoves), especially during winter, (Saffari A., et al., 

2013), when the heating needs are at their peak. Research conducted between 2000 and 2013, from 

the Hellenic Statistical Authority (ELSTAT), revealed a significant reduction of heating petroleum 

consumption.  

Multitemporal observation of the air quality conditions over a region is initially implemented 

through ground-station networks and spatial models, however, the use of such techniques is 

sometimes ineffective, especially when measurements of in-situ data are few and sparsely 

distributed, (Basly & Wald, 2000). Measurements of air pollutant concentrations through these 
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stations cannot cover large areas by utilizing theoretical models (Chitade & Katiyar, 2004), thus 

change detection is greatly limited to point observations only. The association between air 

pollutant emissions and the effects of the economic crisis, such as the differentiation in heating 

system use is unknown. For this reason, the usage of satellite data becomes essential. With the 

contribution of both ground station and satellite measurements, researchers can monitor and map 

the air pollution at a global scale and on a daily basis (Wijeratne, 2003).  

The aim of this study is to investigate the air pollutant concentrations over the Greater Athens 

Area (GAA), their intertemporal change in three distinct time periods, and identify change drivers 

associated with household heating systems. The first period is the years 2007-2008, which is the 

period before the onset of the economic crisis. The second is the years 2009-2010 that depicts the 

onset of the economic crisis and, finally, the third period is the years 2011-2012, when the 

economic crisis has already begun and is intensifying. More specifically, to monitor the change 

associated with heating systems, winter months need to be examined, as these months represent 

the time of the year when heating systems are used by most of the population. ELSTAT, in its 

study on energy consumption in Greek households (2012), defines the months from October to 

April as winter months. 

The remote sensing satellite data that are used for this study were acquired from the MODIS 

sensor found on Terra and Aqua satellites. The monitoring of air pollution in the study area is 

implemented by the combination of Aerosol Optical Depth (AOD) values from satellite data, 

ground measurements, and spatial models, (Engel-Cox, DeFelice, & Falke, 2001), using the 

methodology developed by Narashid et al. (2006). The association of air pollutant concentrations 

to the changes triggered by the economic crisis is examined using the “Emission indices by type 

of fuel and heating technology”. I assumed that (i) the change in the type of fuel used for residential 

heating systems results in a change in air pollutant emissions and, thus, alters atmospheric 

pollution concentrations, (ii) the wind does not affect the presentations of the daily conditions 

captured through the satellite image, as atmospheric movement within a day is relatively negligible 

(Sifakis, Soulakellis, & Paronis, 1998).  

In chapter 1 the general introduction, the motivation, and background information to 

understand the topic of this thesis and follow the subsequent chapters are presented. This includes 

(i) the phenomenon of the economic crisis, (ii) the contribution of remote sensing in the mapping 

of air pollutants concentrations, (iii) details about the air pollutants and their effects to human 

health and concludes with (iv) a brief introduction to radiative transfer and the retrieval of AOD 

from space explained. Chapter 2 presents the study area, while Chapter 3 introduces the data and 
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methodology implemented in this thesis. Chapters 4 and 5 present the results and 

discussion/conclusion, respectively.  

 

 Economic crisis and Energy Consumption  
The most crucial socioeconomic problem that Greece faced during the last decade was the 

financial crisis. The average household income was reduced from 26,221 euros (2009) to 24,900 

euros (2010) and later 22,498 euros (2011), (Table 1.1:1, Fig. 1.1:1). “One of the main effects of 

economic austerity is fuel poverty” (Santamouris, et al., 2013). It affects the economically poor 

population, and its roots are found in the quality and type of energy consumption that is used and 

the cost of it. Three main population categories come under the fuel poverty: (i) the population 

that has difficulty in repaying energy bills, (ii) the generally poor households and (iii) the 

household that contains vulnerable population groups, such as young children, disabled people, 

elderly people, etc., (Boardman, 2010). 

Table 1.1:1 The household income changes in 9 different income categories, (adapted from Santamouris et al, 2013). 

2009 income (1000 of euros) Income change until 2012 

(euros) 

% Change relative to 

average 2009 income in class 

0-10 +1682 +26.1 

10-20 -1778 -12.7 

20-30 -3539 -15.1 

30-40 -5056 -15.4 

40-50 -5545 -13.2 

50-60 -9496 -18.5 

60-70 -8615 -14.2 

70-80 -21.667 -31.0 

80-90 19.400 -23.4 
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Figure 1.1:1 Changes in the annual household income. Q9SALAR09 is the annual household for 2009, Q10SALAR10 is 

the household annual income for 2010 and Q11SALAR11 is the annual household income for 2011, (adapted from 

Santamouris et al, 2013). 

Research in annual household energy consumption shows that an average household in Greece 

consumes 13,994 kWh, of which 81% is used for heating and cooking. Furthermore, the research 

proved that the three main energy sources that people use are fuel oil (63.7%), electricity (26.8%), 

and firewood (17.4%), while the primary fuels used for heating are heating petrol (fuel oil) 

(63.7%), electricity (12.4%) biomass (12.0%) and natural gas (8.7%), (Hellenic Statistical 

Authority, Energy Consumptiom Survey in Households, 2012).  

Santamouris et al (2013) and Boardman (1991, 2001) claimed that an adequate temperature 

of warmth in a house is usually 21oC for the living area and 18oC for the less occupied rooms. 

Also, the maintenance of "a good heat quality" depends on the construction quality of the houses. 

In surveys on energy consumption in Greek households, it was discovered that people with higher 

incomes live in newer buildings, while the opposite occurs for families with lower incomes. 

According to the ELSTAT survey (2011), only 50% of the households have thermal insulation and 

1 in 10 residents do not know if their building is insulated. Only 28% of the poor portion of the 

population is living in insulated buildings, while thermal insulation is provided for 70% of people 

with higher incomes, (Santamouris, et al., 2013). As a result, people with lower incomes need to 

spend more money on heating.  

The instability of the global economy and national taxes have increased the petroleum price 

and have forced the poor households to alter their house heating energy source to cheaper sources.  
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Table 1.1:2 The fuel taxes in Greece between 2010 and 2015 (Valavanidis, Vlachogianni, Loridas, & Fiotakis, 2015) 

Year Tax per liter of fuel in euro 
2010 1.20 to 1.3 
2011 1 
2012 1.35 
2013 1.3 
2014 1 
2015 0.8 to 0.85 

Table 1.1.2 shows the taxation of fuel in Greece between 2010 and 2015, while table 1.1:3 

shows the decrease in fuel consumption from 2010 up to 2014. 

Table 1.1:3 The amount of fuel consumption in tons during 2010-2014 in Greece, (Hellenic Petroleum Marketing 
Companies Association - SEEPE). 

 Fuel Consumptions in tons (2010-2014) 

 2010 2011 2012 2013 2014 

Gasoline 

unleaded 

3,600,750 3,258,255 2,838,592 2,639,477 2,518,478 

Gasoline 

LRP 

113,611 66,170 38,968 16,365 4,289 

Subtotal 3,714,361 3,324,425 2,877,560 2,655,842 2,522,767 

Heating oil 2,932,033 2,882,583 1,931,716 929,541 971,796 

Diesel  2,517,995 2,203,036 2,063,411 2,247,539 2,370,645 

Subtotal 5,450,028 5,085,619 3,995,127 3,177,080 3,342,441 

Fuel oil 1500 212,920 176,183 138,922 136,372 146,921 

Fuel oil 3500 88,170 79,326 68,257 58,223 64,505 

Subtotal 301,090 255,509 207,179 194,595 211,426 

Liquid Gas  294,253 344,682 405,374 425,136 438,890 

Kerosene 5,327 6,287 7,353 4,472 3,145 

Asphalt 269,012 114,733 99,299 126,194 167,391 

Total  10,034,07 9,131,255 7,591,892 6,583,319 6,686,060 

During 2012-2013 the main heating costs increased, while many Greek families have 

preferred the traditional heating methods, such as fireplaces, wood, and pellet stoves, briquettes, 

wood chips, and sawdust, (Saffari A., et al., 2013). This solution leads to amplification of the 

airborne fine particulate matter (smoke haze, PM10 and smaller) concentrations, (Florou, M, & 

Pandis, 2013), which contain several toxic organic compounds, such as methoxyphenyl, 

(Kjallstrand & Petersson, 2001) and PAHs, (Barregard, et al., 2006), (Tables 1.1:4, 1.1:5). 
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Table 1.1:4 Comparison between the air pollutant emissions produced by different heating systems. 

 Air Pollutants 

Heating Type CO (ng/J) NOx (ng/J) 

[NO2] 

Particulate matter 

(ng/J) 

Unburned 

hydrocarbons 

(ng/J) 

Natural Gas 8.6 34.4 2.15-6.45 4.3 

Petroleum  17.2 68.8 6.02 4.3 

Fireplaces  10.750 138.1 357 1.238 

Table 1.1:5 CO Emissions by heating source. 

Heating source CO Emissions [Kg/GJ] 

Petroleum 74 

Natural Gas 56 

Electricity 243 

Wood 110 

Biomass 4 

Another fact that contributes to air quality degradation is the heat efficiency of each heating 

type. Petroleum and Natural gas have higher energy efficiency than wood and biomass, which 

require using higher quantities, (Table 1.1:6), (DEFRA & SMED, 2006).  

Table 1.1:6 EER / COP per heating technology, (DEFRA & SMED, 2006). 

 Energy Efficiency Ratio (EER) / Coefficient of 

Performance (COP) 

Typical petroleum boiler 0.87 

Typical natural gas boiler 0.87 

Natural gas Condensation boiler 0.98 

Heat pump A 3.00 

Heat pump B 2.75 

Electrical boiler 1.00 

Opened chamber fireplace 0.25 

Closed chamber fireplace  0.5 

Biomass boiler (Pellet) 0.75 

 

2011 and 2012 were considered cold years in Greece, compared to the normal winter 

temperature during winter. However, it was found that the energy consumption during these harsh 
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winters (2011-2012) was 37% less than was foreseen. Low-income households spend almost 67% 

of their income on electricity, more than higher incomes, whereas the latter have 160% higher 

energy expenses compared to the first ones. Only 2% of the high-income population was 

characterized by fuel poverty, while 14% of the low-income population faced this situation, 

(Santamouris, et al., 2013).  

Sardianou (2008) demonstrates that there is a close relationship between the household 

income, the number of people in the house, the type of the building, the ownership status, and the 

annual fuel consumption. Table 1.1:7 shows that people living in detached houses consume more 

energy than people who live in apartments, which indicates higher emissions of air pollutants.  

Table 1.1:7 Comparison of the annual environmental effects caused by several types of individual heating, (tons CO/year) 
*. 

 Apartment 100 m2 Detached house 100 m2 

Petroleum 5.43 6.49 

Natural Gas 4.14 4.95 

Wood 8.2 9.8 

Pellets 0.33 0.39 

Air condition 17.96 21.46 

Electric radiators 17.96 21.46 

Heat pumps 2.9 3.5 

Heating stoves 7.69 9.29 

*Average apartment’s consumption 100 m2 200-210 kWh/ m2/ year and detached house 100m2 240-250 kWh/ m2/ 

year. 

Panas (2012) noted that the average energy consumption in Athens’ buildings was found to 

be 29 kWh/m3, which is higher than what is consumed in other, colder European countries, such 

as Denmark, Germany, and Netherlands. Two potential reasons are the construction conditions of 

houses and the fear of seasonal mortality rate. It is argued that the seasonal mortality rate in Greece 

from 1988 to 1997 was 18%, which was higher compared to other European countries. This 

correlation becomes stronger in combination with fuel poverty. According to a survey that took 

place in November 2012, in northern Greece, the largest percentage of interviewees have payment 

difficulties, their households are energy inefficient, and an intense fear exists about the current 

economic crisis, (Santamouris, et al., 2013).  

One of the main sources of air pollution in Athens is the residential heating systems 

combustion activities. According to Table 1.1:8, residential combustion has a relatively low impact 
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to the totals, with the exception of SO2 (~15%) and PM10 (~18%), however during winter months, 

it makes a significant contribution, (Markakis, Unal, Melas, Yenigun, & Incecik, 2009; 

Kanakidou, et al., 2011). According to the same table, residential combustion is responsible for 

14.9% and 18% of SO2 and PM10 emissions respectively, while being the third major factor for 

CO emissions.  

Table 1.1:8 Anthropogenic emissions in Athens, (adapted from Kanakidou et al, 2011). 

 Residential 

Combustion 

% 

Industry  

% 

Fuel extr. / 

distribution 

% 

Solvent 

Use % 

Road  

Transport 

% 

Off-

road  

% 

Maritime 

% 

Waste 

% 

Energy 

% 

Totals  

ktons 

/year 

CO 8.0 3.2 - - 75.6 13.0 0.2 - - 473 

NOx 3.1 22.4 - - 51.0 17.8 3.1 - 2.6 78 

SO2 14.9 29.1 8.4 - 3.2 7.2 11.3 - 25.9 31 

NMVOC 3.2 2.1 2.0 13.8 70.6 5.7 0.5 - 2.1 93.2 

PM10 18.0 62.7 - - 13.0 0.8 1.9 3.6 - 21 
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 The contribution of remote sensing in air quality mapping  
The ability of mapping air pollutant concentrations, especially in real-time, offers (i) a 

complete and continuous overview of air quality over the monitored area, (ii) identification of the 

sources that contribute to the pollution phenomenon and their distribution, (iii) exposes locations 

that require intervention and measures to decrease pollution levels, (iv) investigates the potential 

relationships between the land use types in the area and air pollution distribution, and (v) supports 

the distribution and installation of ground air quality monitoring stations in efficient locations, 

(Wald & Baleynaud, 1999).  

The first efforts of detecting and mapping the air quality in urban areas were realized through 

networks of ground stations and spatial models in order to investigate the overall conditions. 

Therefore, the long-term observation of the citizens’ exposure to air pollutants, over large 

geographic regions met some difficulties, such us, the requirement for long-term in situ data, the 

high cost of equipment, the difficult access in some regions for the installation of the stations, and 

the need of experienced people with a specific scientific background in order to restore any 

damages, (Liu, Sarnat, Kilaru, Jacob, & Koutrakis, 2005).  

The solution to the aforementioned problems is given by satellite data. Satellite remote sensing 

applications in combination with in situ data and spatial models can provide (i) possible 

applications in monitoring air quality in rural and remote locations, such as polar, ocean, and 

mountainous areas, where no ground stations exist, (Engel-Cox, DeFelice, & Falke, 2001), (ii) 

knowledge of the repaired measurements or monitoring locations, (iii) estimates of the 

concentrations even in the troposphere and stratosphere, (iv) assessment of the emission 

distributions, such as carbon dioxide (CO), nitrogen oxides (NOx), land use types, ozone (O3), 

biogenic volatile organic compounds (VOC), (Hidy, et al., 2009) and especially particulate matter 

(PM), (Engel-Cox, DeFelice, & Falke, 2001), urban haze and analysis of the impact in the urban 

atmosphere after local fires, dust storms or transport of air pollutants from distant sources and (v) 

localized pollution forecasting, (Hidy, et al., 2009).  

It should be noted that the air quality measurements provided by satellite sensors are in terms 

of aerosol optical depth (AOD), which is a dimensionless measure of light extinction embodied 

over the path (the entire vertical depth of the atmosphere or the vertical atmospheric column). The 

AOD values are ranging from 0 to ~5, with values under 1 categorized as heavy haze. The 

estimation of air pollutants’ concentrations is implemented by the combination of AOD values 

with ground measurements (e.g., regression analysis), (Engel-Cox, DeFelice, & Falke, 2001).  
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Many sensors have been launched and many applications have been designed in order to 

achieve monitoring of air quality using global-scale and regional models (Vijayaraghavan, Snell, 

& Seigneur, 2008). The need for satellite data is becoming more crucial, as air quality assessment 

becomes more demanding because of the need to examining more pollutant types and at multiple 

spatial scales. Mixing satellite products and in situ data can provide maps of model outputs, 

presenting the quality of the atmospheric column, (Vijayaraghavan, Snell, & Seigneur, 2008).  

The main goal of the first applications was to eliminate the atmospheric effect from the 

satellite data, which was characterized as an error or noise. For that reason, they produced various 

approaches (e.g. the radiative transfer models), which finally seemed useful for investigating 

clouds, humidity, ozone, and aerosols, (Kaufman & Sendra, Algorithm for Automatic Atmospheric 

Corrections to Visible and Near-IR Satellite Imagery, 1998; Kaufman, Fraser, & Ferrare, Satellite 

Measurements of Large-Scale Air Pollution: Methods, 1990). Their implementation was achieved 

through existing sensors and by developing others for global monitoring of the climate phenomena. 

Below, I present a literature review of the combinations of applications and satellite data, for 

estimating the air quality.  

• Urban air quality 

Researchers used optical sensors (e.g. Landsat and SPOT) to estimate the air quality of an 

urban area, (Sifakis & Deschamps, 1992; Sifakis, Soulakellis, & Paronis, Quantitative Mapping of 

Air Pollution Density Using Earth Observations: A New Processing Method and Application to 

an Urban Area, 1998; Retalis, Cartalis, & Athanassiou, 1999; Sifakis & Soulakellis, Satellite 

Image Processing for Haze and Aerosol Mapping (SIPHA): Code Description and Presentation of 

Results, 2000). In particular, they calculated the AOD by the radiometric comparison of a “clear 

satellite image” with a “polluted image”. This provides the relative air pollution (good correlations 

with the PM (0.1-3μm) and SO2), while their combination with ground measurements was used to 

create particulate matter pollution maps, (Wald & Baleynaud, 1999; Finzi & Lechi, 1991).  

• Regional air quality monitoring  

The assessment of the tropospheric ozone in regional scale is based on the assumption that 

90% of the Ο3 column is located in the stratosphere and is implemented using the residual analysis, 

which separates the tropospheric from the stratospheric levels of Ο3, (Fishman, Vukovich, Cahoon, 

& Shipham, 1987; Fishman, Observing Tropospheric Ozone from Space, 2000; Sunwoo, 

Kotamarthi, & Carmichael, 1992). The primary satellite data that were used for this research 

originated from TOMS sensor, which measures the total Ο3 column; however, this approach was 
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accurate only under favorable atmospheric conditions. Other studies showed that the Ο3 variances 

from TOMS data were potentially caused by long-scale biomass burning, (Combrink, Diab, 

Sokolic, & Brunke, 1994). The SCIAMACHY and OMI instruments attempt to solve the errors 

produced by TOMS data. However, there was one exception in which TOMS data seemed useful; 

the Asian Brown Cloud case study, because it was a remote location with a lack of in situ data, 

and thus the satellite remote sensing provided the most reliable information about this 

phenomenon, (Ramanathan, Crutzen, Kiehl, & Rosenfeld, 2001).  

• Fires, dust storms, and other transboundary events 

Investigating the effects of large fires, dust storms, and volcanic cone emissions with satellite 

data is less common but easier than the effects of an urban environment in air degradation, 

however, such kinds of events can contribute to the damage of urban air quality. Various studies 

have researched the impact of the aforementioned events in people’s health by utilizing spatial 

models that include both satellite data and ground-based measurements, (Cairns, Hao, Alvardo, & 

Haggerty, 1999; Spichtinger, et al., 2001; Prospero, 1999; Husar, Prospero, & Stowe, 1997). The 

data used for such kind of studies are MODIS aerosol optical depth, used to evaluate PM levels 

for transboundary phenomena, (Engel-Cox, DeFelice, & Falke, 2001; Chu, et al., 2003; Wang & 

Christopher, 2003; Hutchinson, 2003).  

1.2. Research objectives 

• To determine if air pollutant concentration spatial patterns have changed in the GAA 

region, during the economic crisis, by utilizing air pollutant concentration maps. 

• To determine if the change in air quality over the area of GAA is associated with the 

change in fuel types utilized for residential heating in the urban zones. 

  Theory and Background 

 Aerosols and Particulate Matter 
The suspended gases in the atmosphere are described as aerosols, while the suspended 

particles are described using the term Particulate Matters and they can be either solid or liquid. 

These terms, however, are not used for cloud droplets. They are found in both the tropospheric 

layer (0-12km above the surface of the Earth) as well as in the stratospheric layer (12-40km above 

the surface of the Earth) of the atmosphere, but their sources and characteristics differ significantly. 

They have a major impact on our climate and our health (Engel-Cox, Holloman, Coutant, & Hoff, 

2004). 
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According to (Wallace & Hobbs, 2006) particles are considered to be aerosols when they have 

a diameter from a few nanometers (nm) to hundreds of micrometers (μm). They can be divided 

into three categories according to their diameter: 

• Ultra-Fine Mode: Diameter less than 0.1μm 

• Accumulation Mode: Diameter larger than 0.1μm but smaller than 2.5μm 

• Coarse Mode: Diameter larger than 2.5μm 

Particles with sizes less than 10μm are known as PM10, while particles with sizes less than 

2.5μm are referred to as PM2.5 and when sizes are less than 1.0μm they are called PM1.0. At this 

point, it should be noted that the visible solar radiation is mostly affected by Aerosols with 

diameters from 0.1μm to 1μm (Saathesh, 2002).  

In figure 1.3:1 the size of Particulate Matters is compared with the size of a human hair and a 

sand grain.  

 

Figure 1.3:1 Size comparisons between PM2.5, PM10, human hair, and a sand grain. (Environmental Protection Agency - 
EEA). 

The Lifetime of the aerosols in the troposphere depends on their size since the bigger their 

diameter is the more possible it is for the particles to be removed by rainfall (wet removal). 

Moreover, it is also possible for the particles to fall because of gravity, which is known as Dry 

Deposition or Sedimentation.  

Climatologists also divide aerosols into categories based on their chemical composition. The 

main categories are sulfates, organic carbon, black carbon, nitrates, mineral dust, and sea salt. 
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Figure 1.3:2 Sea salt, dust, volcanic ash (Photograph by Katherine Mann, Source: NASA, 2010) 

The source of aerosols can be either natural or anthropogenic (EEA, 2016). Approximately 

90% of the total aerosol mass in the atmosphere originates from natural sources. More specifically, 

volcanic eruptions produce sulfates and nitrates, surface wind and sandstorms can transfer dust 

and wind-driven sea spray causes the transfer of sea salt. 

Anthropogenic sources are responsible for 10% of the total aerosol mass in the atmosphere, 

which originates mainly from the combustion of fossil fuels, metal production, and waste 

incineration (EEA, 2016). Fossil fuel combustion produces sulfates, biomass burning produces 

organic and black carbon, while automobiles, incinerators, smelters, and power plants produce 

mainly sulfates, nitrates, and black carbon. Furthermore, altering land surface by processes such 

as deforestation, overgrazing, drought, and excessive irrigation can result in the production of dust 

aerosols. Aerosols can also be produced by cigarettes, cooking stoves, fireplaces, and candles, 

(NASA, 2010). 

Depending on their formation, aerosols are also divided into two categories, primary or 

secondary. Primary aerosols are those which are directly emitted in the atmosphere as aerosols 

without additional processes, such as dust and sea salt particles. Secondary aerosols are those 

which are eventually formed in the atmosphere by oxidation or chemical reactions of precursor 

gases, such as nitrogen oxides (NOx) and sulfur dioxide (SO2), (Hodan & Barnard, 2004; EEA, 

2016). 

Nitrogen Oxides (NO2) are produced by the combustion of fossil fuels, power plants, 

industrial activity, and traffic. Nitrogen Oxides contribute to the formation of Tropospheric Ozone 

(O3) and Nitrogen Dioxide (NO2), which is produced by the oxidation of Nitrogen Monoxide (NO) 

has serious negative effects on human health. (EEA, 2016) 
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Sulfur dioxide (SO2) is emitted during the combustion of sulfur-containing fuels. It can be 

produced by anthropogenic sources such as industrial activity and household fuel combustion, as 

well as by natural sources such as volcanic eruptions. It contributes to acid deposition, the effects 

of which can be severe, including the negative impacts on aquatic ecosystems in rivers and lakes, 

as well as damage to forests. 

Carbon monoxide (CO) and benzene (C6H6) are both produced by the incomplete combustion 

of fossil fuels. Most CO emissions originate from traffic. C6H6 emissions are produced by traffic, 

which is the major source, domestic heating, and oil refining. Emissions from domestic heating 

are really small except for regions where wood burning accounts for the majority of domestic 

energy needs.  

Particulate Matter (PMs) has many sources and is a complex heterogeneous mixture whose 

size and chemical composition change spatially and temporally, depending on emission sources 

and atmospheric and weather conditions. They can be formed as either primary or secondary. 

Primary Particulate Matters can originate from either natural sources such as volcanic ash, sea salt, 

and dust, or anthropogenic sources such as domestic heating, waste incineration, fuel combustion 

for vehicles, and vehicle (tires, brakes) or road wear. Secondary Particulate Matters are produced 

by the oxidation of SO2, NOX, NH3, and several volatile organic compounds (VOCs), which then 

form ammonium (NH4+), sulfate (SO4–2), and nitrate (NO3–) compounds. Where human health is 

concerned, Particulate Matter is one of the most important pollutants that penetrate the respiratory 

system. Smaller particles, such as PM2.5, with a diameter of up to 2.5μm, are considered 

exceptionally harmful due to their greater ability to penetrate deep into the lungs. (EEA, 2016) 

 Radiative Transfer Model and Aerosol Optical Thickness  
The phrase atmospheric radiative transfer is used to describe the propagation of solar radiation 

in the atmosphere. Solar radiation propagates through the atmosphere, where it is attenuated by 

the interaction with suspended particles, gases, and clouds by scattering and absorption.  

Scattering refers to the change of the propagation path of the radiation beam in the atmosphere 

to one or more direction and the angle depends on the wavelength of the incident radiation, the 

size of the particles, and its refractive index. There are two categories of scattering: Rayleigh 

scattering where scattering occurs by the interaction with small particles and Mie scattering where 

scattering occurs by larger particles with a size range close to the wavelength of radiation. 

Absorption is the process where photons are absorbed by the particles.  

The term Aerosol Optical Thickness (AOT), or Aerosol Optical Depth (AOD), is a measure 

of the atmospheric transparency, refers to the measure of the attenuation of solar radiation due to 
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scattering and absorption from suspended particles, and it is considered to be one of their most 

important optical properties, (Saathesh, 2002). In other words, aerosols in the atmosphere can 

block a part of the sunlight from reaching the ground by absorbing it or scattering it and AOD 

represents how much sunlight is blocked. It is a dimensionless number that represents the amount 

of aerosols in the vertical column of the atmosphere over a specific area observed, (National 

Oceanic and Atmospheric Administration - NOAA).  

When a monochromatic light beam, Iλ0, propagates through the atmosphere, its intensity will 

be reduced to Iλ by the time it reaches the ground. The Beer-Lambert equation gives the intensity 

of the radiation, from which AOD can be calculated: 
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Where:  

• mr: air mass 

• δλ: Aerosol Optical Depth 

 

For “Deep blue” methodology a value of 0.01 corresponds to an extremely clean atmosphere, 

and a value of 0.4 would correspond to a very hazy condition. Generally, higher AOD values 

correspond to higher attenuation of solar radiation and hence it means more aerosols are present 

in the atmosphere. Table 1.3:1 represents the corresponding atmospheric conditions for specific 

values of AOD using the “Dark target” methodology (Levy, et al., 2014). 

 

Table 1.3:1 AOD values and atmospheric conditions utilizing the “Dark target” methodology  (Levy, et al., 2014). 

AOD Corresponding Condition 

0 Clear Sky, Free from Aerosols 

0.02 
Very clean, usually over isolated 

areas 

0.2 Fairly clean air 

0.6 Polluted air 

1.5 
Heavy smoke/dust event (e.g., 

volcanic eruption) 

>3 The solar disk is obscured 

 

Figure 1.3:4 shows the distribution of aerosols globally, according to their sizes based on 

MODIS data. The more intense the colors, the thicker the layers of aerosols. Red color indicates 

the existence of fine (Ultra-fine and Accumulation Mode) particles while yellow indicates the 

existence of coarse particles. Gray areas correspond to a lack of data. 
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Figure 1.3:3 Global Distribution of aerosols according to their size, based on MODIS data (NASA, 2010) 

 Moderate Resolution Imaging Spectroradiometer (MODIS) 
MODIS (Moderate Resolution Imaging Spectroradiometer) is an important instrument aboard 

NASA’s Terra (EOS AM-1) and Aqua (EOS PM-1) satellites. Terra and Aqua, scan a total area of 

approximately 2330 km, providing almost complete global coverage in one day. Data in 36 high-

resolution spectral channels between 0.415 and 14.235μm are acquired, with a spatial resolution 

of 250m in bands 1 and 2, 500m in bands 3 to 7, and 1000m in bands 8 to 36. According to Barnes, 

the radiation measured by MODIS, in high spectral analysis, provides improved and valuable 

information on the physical structure of the atmosphere and surface of the earth (Barnes, Pagano, 

& Salomonson, 1998).) 

 Virtual stations 
Although many previous studies have shown that there is a positive relationship between 

satellite data and air pollution ( (Weber, et al., 2001), (Basly & Wald, 2000), (Sifakis & 

Deschamps, 1992), (Ung, et al., 2001), (Muller, Doll, & Elvidge, 2000), (Wijeratne, 2003), 

(Narashid & Mord, 2006), a correlation between only a small number of monitoring stations 

(AQMS) and satellite image measurements is not mathematically convincing (Weber, et al., 2001). 

 The concept of “virtual stations” is introduced to densify the AQMS stations (Narashid & 

Mord, 2006). By utilizing the concept of virtual stations, the quantity of points of measurements 

is increased enabling for the use of interpolation and extrapolation methods in the calculation of 

pollutants’ distribution over the study area (Narashid & Mord, 2006), (Wijeratne, 2003). Virtual 

stations are satellite image cells that exhibit characteristics similar to the cells that contain a 

monitoring station. By identifying such cells, we can densify the number of stations utilized in 
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mathematical models in our analysis, producing more robust statistical results. Identification can 

be performed with any information available that describes the physical characteristics of the cell, 

such as satellite image bands, land use maps, etc. Once identified, we can employ statistical 

methods to compute the estimated concentrations in these cells and utilize them as additional 

measurement stations in our research.  

 Each cell of a satellite image can be characterized by various parameters, environmental, 

morphological and spectral ( (Weber, et al., 2001), (Narashid & Mord, 2006), (Wijeratne, 2003), 

(Ung, et al., 2001), (Narashid & Mohd, 2010)). Each available parameter can be utilized as a 

dimension that describes each cell of a satellite image. Combined, the dimensions of a cell form a 

multidimensional vector, which can be understood as an ID that describes the cell (Weber, et al., 

2001). The larger the number of dimensions is, the more accurate the identification of satellite 

image is, as more characteristics of the examined cell are taken under consideration and the 

differentiation between cells is better. (Narashid & Mohd, 2010) (Ung, et al., 2001) 
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2. Study Area  
The study area that is chosen for this study is the Great Athens Area (GAA), (Map 2:1), with 

coordinates 37.96o N, 23.71o E, which is located in the southeastern part of the European continent. 

It accommodates 3,827,624 inhabitants (population census of 2011), who represent 35.35% of the 

total population of Greece and its urban density is 1,005.13 inhabitants per square kilometer, 

(Hellenic Statistical Authority, Energy Consumptiom Survey in Households, 2012). The total 

extent of the area is 3,808 km2, while the 450 km2 is characterized as a highly populated area. The 

typical average air temperature during the winter months is 10oC and during summer months is 

26oC. 20 years survey (1984-2004) shows that the average annual wind speed is approximately 3.3 

m/s, while in winter it is 3.4 m/s and on summer 3.5 m/s. The mean precipitation amounts to 400 

mm/yr. The Urban Heat Island (UHI) effect, causes the temperature increase of the Greek capital’s 

center by 4oC compared to the surrounding areas’ temperatures, which leads to heat discomfort, 

(Kallos, Kassomenos, & Pielke, 1993; Melas, Ziomas, & Zerefos, Boundary layer dynamics in an 

urban coastal environment under sea breeze conditions, 1995; Kassomenos & Katsoulis, 2006). 

The GAA is characterized by a Mediterranean climate, with hot and dry summers and wet and 

mild winters. In particular, in the Mediterranean climate, the evaporation is intense, with greatly 

exceeding precipitation and river run-off. This causes a decrease in the mean sea level and salinity 

to increase, (Demirov & Pinardi, 2002). As a result, the Mediterranean climate is sensitive to air 

pollution exposure, which is growing due to urban agglomeration, ((IPCC), 2007). Furthermore, 

it is also more vulnerable to photochemical episodes because they can also occur during the winter.  

The air circulation in the GAA is guided by the existence of the physical North and East 

boundaries, which are the Parnes, Penteli, and Hymettus mountains, with height over 1000 m. In 

Athens, the predominant wind axis is northeast/southwest, with northeasterly directions, (Melas, 

Ziomas, & Zerefos, Boundary layer dynamics in an urban coastal environment under sea breeze 

conditions, 1995). Athens's peninsula is influenced by sea and land breeze circulation phenomena, 

which occur during the weakening of the synoptic wind. The sea/land breezes develop along the 

axis of the basin (NE to SW) and Anabatic/katabatic air masses flow from the enclosing mountains. 

As a result, the ventilation of the basin is poor; the boundary layer is shallow and, probably, it 

enhances air pollution, (Melas, Ziomas, & Zerefos, Boundary layer dynamics in an urban coastal 

environment under sea breeze conditions, 1995). In particular, the sea/land breeze system 

generating in the Saronic Gulf and taking place in the southern part of the Athens peninsula 

relocates air pollution from the center and favors the air pollutants accumulation in the northern 

suburbs. Air pollution episodes do not have a seasonal pattern in Athens, but the greatest 
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percentage of them occurs when the sea-breeze system develops, (Kallos, Kassomenos, & Pielke, 

1993).  

As it is mentioned before, Athens congregates 35.35% of the total population of the country, 

mostly on the western part of the Attica peninsula. During the summer months, the wind pattern 

in the atmospheric boundary layer is highly constant in the northeastern direction. Summer 

monsoons also occur in GAA, and thus, these phenomena favor good ventilation of the basin and 

prevent pollution episodes during the summer season, (Kanakidou, et al., 2011). According to 

Lawrence, et al., (2007), the Athens plume is traveling towards southeast over the East 

Mediterranean Sea. Finally, the mountain Aigaleo (up to 450m) acts as a natural boundary, 

preventing most of the transfer of air pollutants released from the industrial area west of the center, 

in the Thriassion plain, from reaching the center of the city, (Melas D. , Ziomas, Klemm, & 

Zerefos, 1998).  

 

Map 2:1 Map of GAA. The polygons show the segregation of the peninsula into 4 regions (Athens, West Athens, East 
Athens, and Piraeus). 
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 Material and Methods  

3.1. Materials  

 Satellite Data 
For this study, I used four products acquired from the MODIS sensor, of Terra satellite.  

(i)        The Level 1B Calibrated Earth View products, (MOD02HKM) at 500m spatial 

resolution, containing the 250m resolution bands also, resampled to 500m resolution, 

which were downloaded from NASA’s Level 1 and Atmosphere Archive and 

Distribution System (LAADS) [http://ladsweb.nascom.nasa.gov/data/].  

The MODIS Level 1B (L1B) products contain the first 7 spectral bands out of the 

36 total spectral bands, which cover the visible, near-infrared, and shortwave infrared 

regions of the electromagnetic spectrum (EMS), (Table 3.1:1), with measurements 

derived only during daytime since February 2000, and their data type is 16-bit unsigned 

integer format. The data are in Geographic projection. It is considered necessary in order 

to perform any further analysis, to convert the initial values to Radiance values and 

Surface Reflectance values. MODIS L1B products' filenames begin with MOD02HKM 

when acquired from Terra, while when acquired from Aqua, filenames begin with 

MYD02HKM. 

  

(ii)        The Aerosol Optical Thickness (AOT), (MOD04_L2) composite products with 

the coarse spatial resolution of 10km, derived using the Deep Blue algorithm for land 

surfaces, (Hsu et al, 2013), which were download from NASA’s Land Processes 

Distributed Active Archive Center (LP DAAC) [https://lpdaac.usgs.gov/]. 

The Aerosol retrieval algorithm utilizes seven spectral bands derived from the 

calibrated and geolocated L1B products (M?D02 and M?D03)1 and others to apply cloud 

and screening procedures. These seven bands are located in 0.66, 0.86, 0.47, 0.55, 1.24, 

and 1.64 microns of the EMS. Especially, the MODIS Aerosol products provide the 

aerosol field in the whole atmospheric column, over cloud and snow/ice free surfaces. 

These products are supplied in 3km spatial resolution (MOD04_K3) and in 10km 

(MOD04_L2). The data type is 16-bit signed integer format, so the range of their values 

will be from 32.768 to +32.768. In order to convert these values into the traditional range 

 
1 Question mark represents the O for Terra satellite and Y for Aqua satellite. NASA’s AOT algorithm utilizes data 
from both satellites to produce the final composite product MOD04_L2 (A., Remer, & Kaufman) 
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values, the initial data must be divided by 10.000, thus the data will be stored with a float 

data type format. 

 

(iii)        The Vegetation Index products (MOD13_A1) composite, with 500m spatial 

resolution and 16 days temporal resolution, in order to acquire the Normalized 

Difference Vegetation Index (NDVI) product. They were downloaded from NASA’s 

Land Processes Distributed Active Archive Center (LP DAAC) [https://lpdaac.usgs.gov/]. 
The 16-day Vegetation Index data are supplied at 250m, 500m, and 0.05-degree spatial 

resolutions. In addition, there are monthly data with 1km and 0.05-degree resolution. Also, 

these products have to be divided by 10.000 in order to convert the initial values into the 

traditional data range, (from -1 to +1).  

 

(iv) The Geolocation Fields (MOD03) for all daily orbits, for each 1km of MODIS 

Instantaneous Field of Views (IFOV). These data give the location and the ancillary 

information of the intersection of the centers of each IFOV from 10 detectors on the 

surface of the Earth. A digital elevation model is utilized to model the Earth’s surface. 

The satellite altitude and orbit, the instrument telemetry, and the digital elevation model 

are the primary inputs. The Geolocation fields include the geodetic latitude, longitude, 

surface height above the geoid, solar zenith and azimuth angles, satellite zenith and 

azimuth angles, and a land/sea mask. These data are used to calculate the position of the 

center of the MODIS data, (https://modis.gsfc.nasa.gov/data/dataprod/mod03).  
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Table 3.1:1 MODIS Bands after Processing into Reflectance and Brightness/Temperature Files, (adapted from Yale 
Center for Earth Observation, 2010, [http://www.yale.edu/ceo]). Bands 1 to 19 are in nm. Bands 20 to 36 are in µm. 

 

The selection criteria are mentioned below. 

• The products must be cloud-free because cloud cover is an indirect but decisive factor for 

the research. The existence of cloud cover in the study area prevents the extraction of the 

DN values of the pixels containing the AQMS. Additionally, the areas where virtual 

stations can be identified, and the accuracy of the identification is reduced. If AQMS 

locations are not visible, the available data for the regression analysis accuracy is reduced, 

which can have a substantial impact on the accuracy and representation of the created 

model. 

• Both L1B and AOT products must be acquired on the same dates and times.  

• The Vegetation Index data are acquired on different days because they are derived from 

the 16-day MODIS products. Although, I chose the dates that were close to those of the 

aforementioned products.  

• All products have to cover the entire region of GAA.  

• The selection of the appropriate acquisition dates was achieved based on the daily medians 

of the air pollutant concentrations, which were received by the Air Quality Monitoring 

Stations (AQMS).  
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Table 3.1:2 depicts the selected L1B and AOT datasets and their Geolocation Fields. Table 

3.1:3 presents the Vegetation Index data.  

Table 3.1:2 The chosen L1B & AOT Satellite data and their Geolocation Fields data 

L1B AOT  Geolocation 

Fields 

Date  Time 

MOD02HKM MOD04_L2 MOD03 17/03/2007 09.45.00 

MOD02HKM MOD04_L2 MOD03 01/04/2008 09.15.00 

MOD02HKM MOD04_L2 MOD03 09/10/2009 09.40.00 

MOD02HKM MOD04_L2 MOD03 19/03/2010 08.45.00 

MOD02HKM MOD04_L2 MOD03 12/03/2011 09.45.00 

MOD02HKM MOD04_L2 MOD03 17/03/2012 08.35.00 

 

 

 

Table 3.1:3 The chosen Vegetation Index MODIS data 

Vegetation Index  Date  Time 

MOD13_A1 22/03/2007 00.00.00 

MOD13_A1 06/04/2008 00.00.00 

MOD13_A1 30/09/2009 00.00.00 

MOD13_A1 22/03/2010 00.00.00 

MOD13_A1 06/03/2011 00.00.00 

MOD13_A1 21/03/2012 00.00.00 

 

 Ground Stations Measurements  
In order to investigate the exposure of GAA to the atmospheric pollution, Air Quality 

Measurements Dataset (AQMS network), (Map 3:1) was obtained from the Ministry of 

Reconstruction of Production, Environment, and Energy of Greece (YPEKA). Table 3.1:5presents 

the measured air pollutants as well as the methods of measurement.  

All air pollutants are measured continuously throughout a 24-hour period, except for PM, 

which is measured on a daily basis. The response time of automatic analyzers is about one minute. 

Using a microprocessor located in each automatic station and connected to automatic analyzers, 

the average hourly pollutant values are calculated. These values are transferred to the central office 
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of the Service via a telephone line, and this makes it possible to continuously monitor the levels 

of air pollution in the area. However, due to malfunctions in measuring equipment, data 

transmission failures, or other unpredicted factors, data may not be available for all days and 

periods examined in all the available stations. At the same time, some stations do not measure all 

pollutant concentrations. PM10 concentrations are only measured in 9 out of 16 AQMS available 

in GAA. 

Table 3.1:4 Air pollutants and the methods of measurement, (adapted from [http://www.ypeka.gr]) 

Air pollutants  Methods of measurement 

Carbon Monoxide (CO) Infrared absorption (NDIR) 

Oxides of Nitrogen (NOx) Chemiluminescence 

Sulfur Dioxide (SO2) Fluorimetry 

Particulate Matters (PM10) Beta radiation absorption, except for Elefsina 

where Gravimetric analysis is used.  

 

 

Map 3:1 The locations of the AQMS.  
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 CORINE 2000 
The Coordination of Information on the Environment (CORINE) Land Cover map was created 

for the first time in 1985 (reference of the CLC 1990), while updates have been developed in 2000, 

2006, and 2012. It divides the land cover into 44 different classes. The regional phenomena are 

described by using a Minimum Mapping Unit (MMU) of 25 hectares (ha) and the linear 

phenomena by a width of 100 m. Except for the land cover mapping, time-series are produced in 

order to examine land cover changes between years and the difference between the spatial layers 

that are used, with an MMU of 5 ha. Almost all the European countries participate in the production 

of the national CLC databases. CLC is implemented by utilizing high-resolution satellite data, 

national in situ data, semi-automatic approaches, satellite image processing, and GIS procedures.  

For this study, I use the CORINE 2000 Land Cover map, as a criterion for the identification 

of the virtual stations (see chapter 3.2.2). In particular, the CLC 2000 map was developed by using 

a Landsat-7 ETM image, of a single date, with a geometric accuracy of an MMU of 25 ha. The 

thematic accuracy was more than 58%.  

 Heating Systems  
 

• Emissions Estimations per fuel used in heating systems 

The Laboratory of Steam engines and boilers of the National Technical University of Athens 

(NTUA) in cooperation with the Chemical Process & Energy Resources Institute (CPERI) estimate 

the emissions indices per fuel type and per heating technology, according to the available heating 

systems in Greece. These emissions indices are used to investigate the potential change in energy 

consumption due to the economic crisis, according to the air pollutants’ concentrations change. 

Due to the economic crisis and energy conservation, an increase is observed lately in the use 

of biomass and other alternative energy sources for heating households and hot water production. 

Except for CO emissions, biomass is also the main source of Nitrogen Oxides (NOx), Sulfur 

Dioxide (SO2), Particulate Matters (PM10) and other emissions. Table 3.1.6 describes the emission 

indices per fuel type and heating technology, (Kakaras et al, 2013). The primary data that were 

used for the calculation of the indices include the heating technologies, which use minerals or 

renewable fuels and were recorded by the DEFRA & SMED (2010), while the primary data that 

refer to heating systems using electrical energy were derived from Karakas et al, (2013).  
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Table 3.1:5 The Emission indices per fuel type and per heating technology, (adapted from Karakas et al, 2013). 

 CO 

(gr/kWhth) 

NOx (NO2) 

(mg/kWhth) 

SOx (SO2) 

(mg/kWhth) 

PM10 

(mg/kWhth) 

Typical petroleum 

boiler 

0.17 300 48 13.1 

Typical natural gas 

boiler 

0.13 90 n/a 2.1 

Natural gas 

Condensation boiler 

0.11 80 n/a 1.8 

Opened chamber 

fireplace 

58 1152 144 2160 

Closed chamber 

fireplace 

29 576 72 1080 

Biomass boiler (Pellet) 1.4 312 48 144 

 

• Heating Petrol Consumption  

Finally, the examination of the change in petrol consumption as a heating fuel is implemented 

by using the measurements of the petroleum products consumption from 2000 to 2013, recorded 

by the Ministry of Reconstruction of Production (YPEKA) and the total petroleum consumption 

for the same period, for the administrative region of Attica, recorded by Hellenic Statistical 

Authority, (2013).   
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3.2. Methods  

This chapter presents the main processing procedures applied in this thesis. It is divided into 

four sub-chapters (i) the pre-processing steps, (ii) the identification of virtual stations and the 

regression analysis, (iii) the interpolation and the air pollutants’ concentration mapping, and (iv) 

the relation of the anthropogenic factors with the air quality and its temporal change.  

 

Figure 3.2:1 Flow chart of the applied methodology 
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 Pre-Processing Steps  
After importing all the data in ERDAS IMAGINE software, I realized that none had 

coordinates information. Thus, to project all 3 types of data in UTM 34N, WGS’84 datum, I used 

an external plugin named MODIS Toolkit, which was downloaded from GitHub 

(https://github.com/dawhite/MCTK) and installed in ENVI software. This toolkit provided an 

automated way to project the data, to convert the data in ENVI format (.hdr) for further processing, 

and to apply the procedure to the whole or part of the extent of the data, which are included in each 

MODIS product. Moreover, it also automatically imports the wavelengths (in microns) in L1B 

data. 

Continuing, in order to simplify the processing method, I combined the datasets of all years 

into a single stack, in order to isolate the spatial extent to the area of interest (GAA), by subsetting 

the images. The procedure was applied to all three types of MODIS data (L1B radiance datasets, 

AOT, and NDVI).  

Furthermore, the median values of each air pollutant concentration for each period examined 

were calculated for each existing station of the AQMS Network. Also, the median of each spectral 

band was calculated for each 2-year period.  

 

 Identification of Virtual Stations 
 For the identification of virtual stations, the multi-dimension vector “IDs” of cells without 

AQMS are compared to the cells with AQMS. The objective is to identify cells whose “IDs” are 

similar to those of AQMS stations. The larger the number of dimensions utilized in the vector, the 

easier and more accurate it is to identify cells that are similar to cells containing AQMS. 

 For my research, the parameters that were available as dimensions for the satellite image’s 

cells’ identification (“IDs”) were: 

• Spectral bands 1, 3, and 4 of MODIS, which are comparable to the visible light bands used 

in previous researches employing virtual stations ( (Weber, et al., 2001), (Wijeratne, 2003), 

(Ung, et al., 2001), (Narashid & Mohd, 2010)) 

• AOD and NDVI products of MODIS 

• CORINE land cover dataset, comparable to land cover datasets used as dimensions in 

previous studies ( (Narashid & Mohd, 2010), (Wijeratne, 2003), (Narashid & Mord, 2006)).  

https://github.com/dawhite/MCTK
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• For MODIS acquired data, minimum and maximum radiance values for visible bands, 

NDVI, and AOD in cells where AQMS are located. 

• For the CORINE land cover dataset, the category code values in cells where AQMS are 

located. 

The median values of all years of the criteria were calculated and used in conjunction with the 

category codes from the CORINE land cover dataset. As a result, I created a “multidimensional 

vector for each point of the image integrating “several items of information”, (Weber, et al., 2001). 

These were then used to finally identify the virtual stations in GAA. To identify the appropriate 

locations for use as virtual stations the values of cells without an AQMS were compared to the 

values of cells containing AQMS. The following criteria should be met: 

• Similar DN/radiance values for the selected bands (R: 1, G: 4, B: 3), (Narashid & Mord, 2006). 

• Similar values for AOD  

• Similar values for NDVI  

• Similar categories for CORINE Land Cover data. (Weber, et al., 2001) 

The initial raw value rasters were reclassified into Boolean rasters (1 and NO DATA values) 

for each dimension, with value 1 assigned to each cell of the initial raster with a value within the 

minimum and maximum range of AQMS cells’ median values for the specific dimension. For 

CORINE land cover, the Boolean raster was created through reclassification, by isolating cells 

with CORINE category codes identical to codes exhibited in AQMS containing cells. 

Subsequently, the Boolean rasters were summed together into a new raster representing the 

similarity of the satellite image cells to those cells containing AQMS. The new raster contained a 

range of values between 1 to 6, describing the similarity of the examined cell to one of the cells 

with AQMS stations, while the cells that had no dimension similar were given a NO DATA value 

Finally, through reclassifications, a final Boolean raster was created, with values 1 and NO 

DATA, where only cells with at least four out of six dimensions (over 50% similar dimensions) 

similar to AQMS cells were selected. The centroid of cells in the final raster with value 1 was 

extracted using Raster to point tool. These would be the final virtual stations for my study. 

 Regression Analysis and Verification 
Once the virtual stations have been identified, Ordinary Least Squares (OLS) regression 

analysis was performed between the DN/radiance values of the pixel containing the AQMS from 

L1B data and the values of individual pollutants’ concentrations in these stations, to determine the 
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relationships between them. The bands utilized in identifying the virtual stations cannot be used 

in this step. The spectral bands that used for the regression analysis are 2 (0.841-0.876μm), 5 

(1.230-1.250μm), 6 (1.628-1.652μm), and 7 (2.105-2.155μm).  

Mozumder et al. (2013) test both single and multivariate regression models, while Liu et al. 

(2005) note that the relationship may not necessarily be linear. The resulting models, describing 

the relationship between air pollutant concentrations (dependent variable) with the DN/radiance 

value(s) of the pixel (independent variable), were then used to estimate the air pollutants’ 

concentrations in virtual stations.  

Based on observations from a previous study by Haron Narashid and Wan Mohd Naim (2006), 

utilizing a small number of 6 to 7 AQMS in the regressions’ training sets can help in achieving 

higher correlations between satellite data and AQMS measurements (Narashid & Mord, 2006). As 

such, 6 AQMS were initially selected as the sample size for the training sets. Where the analysis 

utilizing 6 AQMS combinations yielded no statistically significant results, 7 AQMS samples were 

used instead. 

Where AQMS had missing data for the pollutant-time period combination, the specific AQMS 

was not included in the training set. Similarly, AQMS with erroneous data, denoted as -999 in the 

datasets, were also filtered out in the sampling process. 

All possible AQMS combinations were tested. For 6 AQMS samples, a total of 5005 

combinations are possible, using the 16 available AQMS in GAA, while for 7 AQMS samples, 

6435 possible combinations exist. For PM10 regressions, where the population of AQMS with 

equipment capable of measuring the pollutant’s concentrations is limited to only 9 stations in 

GAA, only 84 possible combinations exist using 6 AQMS samples. No need for 7 AQMS samples 

arose for PM10. 

The resulting regressions were filtered to exclude the ones that did not yield statistically 

significant results. From the remaining regressions, those presenting the lowest standard error for 

each pollutant–time period combination were, then, selected for use in the next steps of my 

analysis. The ones exhibiting the lowest standard errors for each pollutant-time period combination 

were finally selected for the next steps of the analysis. 

Utilizing the formulae produced by the first regression (table 4.2:1), that utilize only AQMS 

stations in their samples, values were estimated for each of the seven pollutants examined within 

my research. Samples of 6 or 7 AQMS were selected for the analysis, as these yielded the smallest 

p-values in conjunction with low standard errors. The formulae from these regressions were then 
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utilized with the values from bands 2,5,6, and 7 in virtual stations to estimate the pollutant values 

in these virtual stations. 

The result was a densified air quality monitoring network, which is then used as input for the 

next steps of the analysis. The regression coefficients can be used as direct measures of sensitivity 

for the method. RMSE of the proposed method was less than the one achieved through simple 

interpolation using only the actual AQMS network, (Basly & Wald, 2000). 

With both AQMS and virtual stations, the densified network is expected to be better suited in 

the computation of pollutant concentrations over all the cells of the study area through a second 

regression analysis, utilizing both AQMS and the newly computed values over virtual stations as 

the regression’s sample. (Wijeratne, 2003)   

OLS regression analysis was also chosen for the second regression, using the increased 

sample, and was applied in order to identify the appropriate equation (beta coefficients) that 

models the concentration of each pollutant over the whole GAA.  

For the verification of the first set of regressions, AQMS that were not selected in the training 

sets were used in the validation sets used to calculate the average of the accuracy of the resulting 

formulae. AQMS with missing or incorrect (denoted as -999 in the measurement records) were 

excluded from the verification sets also. 

 Each validation set included 7 to 10 AQMS, except for PM10 validations. Here, due to the 

decreased initial population of AQMS with appropriate measuring equipment, only 3 stations 

remained for each PM10 –time period combination. The accuracy of the estimation was calculated 

in each AQMS in the validation set for each pollutant-time period combination. The average 

accuracy was then computed for each regression formula. The formulas utilized for the validation 

of the results are: 

𝐴𝐴𝐴𝐴𝐴𝐴.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎 =
∑ (𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑒𝑒𝑃𝑃𝑒𝑒𝑒𝑒𝑃𝑃𝑃𝑃𝑣𝑣𝑒𝑒 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑣𝑣𝑖𝑖𝑛𝑛
𝑖𝑖=1 )

𝑃𝑃
  

𝑤𝑤ℎ𝑣𝑣𝑎𝑎𝑣𝑣 𝑃𝑃 𝑃𝑃ℎ𝑣𝑣 𝑃𝑃𝑃𝑃𝑒𝑒𝑛𝑛𝑣𝑣𝑎𝑎 𝑃𝑃𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑒𝑒𝑒𝑒𝑣𝑣 𝑜𝑜𝑣𝑣𝑎𝑎𝑒𝑒𝑃𝑃𝑒𝑒 𝑎𝑎𝑃𝑃𝑒𝑒𝑛𝑛𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑃𝑃𝑒𝑒 𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑒𝑒𝑢𝑢𝑣𝑣𝑒𝑒 

𝐴𝐴𝐴𝐴𝐴𝐴.𝐴𝐴𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴𝐴𝐴.𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎 − 1 

In the second regression analysis, both the estimated air pollutant concentrations of the virtual 

stations and the existing AQMS measurements were used as the dependent variable and the 

DN/Radiance values of the spectral bands 2, 5, 6, and 7 of the cells containing them were again 



33 
 

used as independent variables, similar to the methodologies employed by previous studies. 

(Narashid & Mohd, 2010), (Wijeratne, 2003), (Ung, et al., 2001) 

 Air Pollutants Concentration Mapping 
After applying the regression analysis mentioned above, 21 equations, one for each of the 

seven pollutants for each of the three periods examined, were created representing the 

concentrations of each pollutant for each time period examined. These 21 equations were then 

implemented in ArcGIS for each cell, to estimate and map the air pollutant concentrations in the 

whole extent of GAA.  

The implementation of the equations of each air pollutant concentration resulted in three 

Average Air Pollutant Maps for each pollutant examined, one for each period studied. Again, a 

total of 21 maps were produced in total, presenting the concentration of air pollutants over GAA. 

 Relation between Heating Systems and Air Quality 
To associate the atmospheric pollutant concentrations with changes in residential heating 

systems, the pollutant concentrations in the atmosphere need to be compared to pollutant emissions 

of several types of fuels used in these systems and the petrol consumption. For the emissions 

produced by these types of fuels, data from the study conducted by Kakaras et al. (2013) titled 

“Emission indices by type of fuel and heating technology” were used to calculate the ratios 

between different pollutants for each type of fuel. Through the bibliographic review, it was noted 

that each fuel has a distinct emission profile (Kakaras, et al., 2013) and thus the ratios between any 

two pollutants of a fuel used are also distinct. Each fuel type produces a set amount of pollutants 

in mg/kWhth which means that, for set fuel, the ratio between two pollutants produced during its 

consumption will not change regardless of the quantity of fuel used. Due to a lack of spatially 

referenced data on fuel quantities consumed for residential heating in GAA, the ratios can be 

utilized to determine changes in fuel consumption without having the exact amount of fuel 

consumed. The same ratios were also calculated for the air pollutant concentrations for each period 

studied. By comparing the two sets of ratios, it can be determined if a change has occurred in the 

types of fuels used for residential heating during the onset of the economic crisis in Greece or later. 

The use of each heating type was estimated only in the urban areas of GAA, which were identified 

using the CORINE Land Cover data, (Map 3:2). 
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Map 3:2 Map of the urban areas of GAA used for the estimation of the use of each heating type/fuel. 
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The calculated ratios of each heating type are presented in table 3.2:1. Table 3.2:2 presents the 

ratios used for the estimation of the use of each heating type. 

Table 3.2:1 Ratios for each heating fuel type  

(mg/mg for all pollutants ratios except CO that is in gr) – NO2 is utilized wherever NOX is referenced 
 

Fuel and Heating Type CO/NOx CO/SO2 CO/PM10 

Typical petroleum boiler 0.57 3.54 12.98 

Typical natural gas boiler 1.44 N/A 61.90 

Natural gas Condensation boiler 1.38 N/A 61.11 

Opened chamber fireplace 50.35 402.78 26.85 

Closed chamber fireplace 50.35 402.78 26.85 

Biomass boiler (Pellet) 4.49 29.17 9.72 

 

Fuel and Heating Type NOx/CO NOx/SO2 NOx/PM10 

Typical petroleum boiler 1.76 6.25 22.90 

Typical natural gas boiler 0.69 N/A 42.86 

Natural gas Condensation boiler 0.723 N/A 44.44 

Opened chamber fireplace 0.02 8.00 0.53 

Closed chamber fireplace 0.02 8.00 0.53 

Biomass boiler (Pellet) 0.22 6.50 2.17 

 

Fuel and Heating Type SO2/CO SO2/NOx SO2/PM10 

Typical petroleum boiler 0.28 0.16 3.66 

Typical natural gas boiler N/A N/A N/A 

Natural gas Condensation boiler N/A N/A N/A 

Opened chamber fireplace 0.002 0.13 0.07 

Closed chamber fireplace 0.002 0.13 0.07 

Biomass boiler (Pellet) 0.03 0.15 0.33 
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Fuel and Heating Type PM10/CO PM10/NOx PM10/SO2 

Typical petroleum boiler 0.077 0.044 0.273 

Typical natural gas boiler 0.016 0.023 N/A 

Natural gas Condensation boiler 0.016 0.022 N/A 

Opened chamber fireplace 0.037 1.875 15.00 

Closed chamber fireplace 0.037 1.875 15.00 

Biomass boiler (Pellet) 0.103 0.462 3.00 

 

Table 3.2:2 The chosen ratios for each heating type. 

Fuel and Heating Type Ratios 

Typical petroleum boiler NOx/CO, SO2/CO 

Typical natural gas boiler 
CO/ PM10, NOx/ PM10 

Natural gas Condensation boiler 

Opened chamber fireplace 
PM10/ SO2, PM10/NOx 

CO/ SO2, CO/NOx 
Closed chamber fireplace 

Biomass boiler (Pellet) 
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 Results 

  Virtual station identification 

 Having all available factors considered, a final raster was created with only cells that have 

more than 50% of the dimensions of their ID similar to those found in cells with AQMS. The cells 

were then converted into points. The resulting virtual stations as well as the existing AQMS, are 

shown in the map (4:1) presented below:  

 

 

Map 4:1 Map of the virtual stations and the AQMS Network. 
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 Pollutant estimation regressions and results validation 

Following the observations made in the study by Haron Narashid and Wan   Mohd (Narashid 

& Mord, 2006), training sets for the 1st OLS regression were limited to 6 AQMS which seem to 

produce increased correlations between satellite data and pollutant measurements. All possible 

AQMS combinations were examined, by creating regressions with all possible combinations of 

AQMS as described in the methods section (3.2.3), and regression formulae were produced. With 

the exceptions of CO and NO2 for the 2011-2012 period, all other pollutant-time period 

combinations had at least one resulting regression with statistically significant results. For the two 

pollutants during the 2011-2012 period. 7 AQMS training sets were also examined, which yielded 

at least one regression with statistically significant results. These results are presented in the 

following table (Table 4.2:1). 

The results show the regression formulas for each pollutant – time period combination, as 

computed using AQMS training datasets. Except for CO and NO2 pollutants for the 2010-2011 

period where it was required to utilize an additional AQMS in the regression analysis, the 

remaining regressions utilized 6 AQMS sample sizes to produce the formula that were later utilized 

in the next steps of the study. Included in the table are the OLS regression formula and its 

corresponding P-value, Standard Error, Adjusted R2 (due to utilizing 4 MODIS bands as 

independent variables), and the sample size utilized in the training dataset. 

Finally, utilizing both the virtual stations and AQMS, new regressions were performed to 

create the final formulae that would be used to create the final pollutant concentration rasters for 

the analysis [full second OLS regression results are included in appendix A due to large size], as 

described in the methodology by Ung, et al., (2001), Wijeratne (2003), and Narashid & Mohd, 

(2010). 
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Table 4.2:1 1st regression results 

Pollutant 
Time 

period OLS regression formula P-value 
Standard 

error 
R squared 
adjusted 

Sample 
size 

CO 
2007-
2008 

6.234+(-0.313* [Band 2])+(0.206* [Band 
5])+(1.630* [Band 6])+(-3.871* [Band 7]) 0.005 0.004527 1 

6 

CO 
2009-
2010 

-5.317+(-0.359* [Band 2])+(0.04* [Band 
5])+(4.317* [Band 6])+(-7.925* [Band 7]) 0.002 0.009517 1 

6 

CO 
2011-
2012 

0.851+(-0.245* [Band 2])+(0.2* [Band 
5])+(1.152* [Band 6])+(-1.736* [Band 7]) 0.001 0.010301 0.998 

7 

NO2 
2007-
2008 

46.169+(-11.153* [Band 2])+(17.577* [Band 
5])+(12.055* [Band 6])+(-6.022* [Band 7]) 0.001 0.010480 1 

6 

NO2 
2009-
2010 

52.604+(3.657* [Band 2])+(-3.531* [Band 5])+(-
29.338* [Band 6])+(64.797* [Band 7]) 0.009 0.210335 1 

6 

NO2 
2011-
2012 

78.203+(-13.79* [Band 2])+(5.334* [Band 
5])+(75.168* [Band 6])+(-101.57* [Band 7]) 0.0001 0.332732 1 

7 

SO2 
2007-
2008 

38.587+(1.556* [Band 2])+(2.205* [Band 5])+(-
27.937* [Band 6])+(46.831* [Band 7]) 0.012 0.095474 1 

6 

SO2 
2009-
2010 

-29.041+(-0.26* [Band 2])+(-0.643* [Band 
5])+(16.541* [Band 6])+(-37.965* [Band 7]) 0.009 0.064641 1 

6 

SO2 
2011-
2012 

-7.233+(0.715* [Band 2])+(-1.135* [Band 
5])+(1.151* [Band 6])+(-2.988* [Band 7]) 0.006 0.008919 1 

6 

PM10 
2007-
2008 

-35.842+(9.505* [Band 2])+(-4.694* [Band 
5])+(-68.314* [Band 6])+(142.966* [Band 7]) 0.005 0.072231 1 

6 

PM10 
2009-
2010 

15.069+(6.703* [Band 2])+(-6.702* [Band 5])+(-
29.37* [Band 6])+(55.167* [Band 7]) 0.002 0.017492 0.95 

6 

PM10 
2011-
2012 

27.236+(-9.205* [Band 2])+(1.135* [Band 
5])+(68.063* [Band 6])+(-97.644* [Band 7]) 0.017 0.173518 0.999 

6 

 

To validate the formulas’ accuracies for the 1st regression, the AQMS that were not included 

in the training sets were used for validation. Again, stations with missing or erroneous data were 

excluded from the process. In the results, the columns presented are the pollutant – time period 

combination examined, the number of AQMS utilized in the validation dataset, the average 

pollutant accuracy, and the Average Accuracy. The formulas utilized for the accuracy calculations 

are presented in the Methods section 3.2.3. The resulting accuracy validation estimates are 

presented in the following table: 
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Table 4.2:2 Regression validation results 

Pollutant – time 
period combination 

AQMS used 
count 

Average Pollutant accuracy - 
Percentage from actual 

Average 
accuracy 

CO – 07/08 9 144.99% 44.99% 
CO – 09/10 10 221.88% 121.88% 
CO – 11/12 7 140.04% 40.04% 
NO2 – 07/08 9 103.08% 3.08% 
NO2 – 09/10 10 106.92% 6.92% 
NO2 – 11/12 7 109.62% 9.62% 
SO2 – 07/08 10 147.25% 47.25% 
SO2 – 09/10 9 143.72% 43.72% 
SO2 – 11/12 9 103.69% 3.69% 
PM10 – 07/08 3 87.49% -12.51% 
PM10 – 09/10 3 147.81% 47.81% 
PM10 – 11/12 3 127.60% 27.60% 

 

 

As observed in the table, most regressions have errors within acceptable limits of under 50% 

[ (Wijeratne, 2003), (Santamouris M. , 2007), (Sifakis & Deschamps, 1992)] over or under 

estimation error in calculations and comparable to previous studies of similar nature [ (Wijeratne, 

2003), (Hidy, et al., 2009), (Basly & Wald, 2000)]. An exception is observed for CO during the 

2009–2010 period, where a large overestimation is returned by the regression. 

For CO in 2009-2010, the validation shows a large overestimation of pollutant concentrations 

in the validation set, which is almost double the actual measured concentration in the AQMS, as 

observed in the table above. 

All validations have an acceptable number of AQMS in the validation sets, following the 

generally acceptable rule of having at least 30% of the overall sample utilized for the validation 

set. For CO, NO2, and SO2 the number of AQMS ranges from 7 to 10. For PM10, due to the limited 

number of AQMS with equipment capable of measuring this type of pollutant (total population of 

9 stations), only 3 AQMS are present in each validation set. However, even the 3 stations satisfy 

the common ratio between training and validation sets of 70%-30% respectively. 

 Average Air Pollutant Mapping 

CO highest concentrations (Map 4:2) appear to be generally decreasing between 2007 and 

2012, with 2011-2012 (4.28868 mg/m3) largest concentrations being 34.84% lower than 2007-
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2008 (6.5822 mg/m3) and 76.91% lower than 2009– 2010 (18.5766 mg/m3) corresponding largest 

concentrations. During 2009-2010, a large spike in concentrations of CO is observed with the 

highest concentrations of the period being almost 3 times higher than those of the previous period 

(2007–2008), dropping rapidly again during the 2011- 2012 period. During all three periods, most 

of East Attica and Industrialized areas in the south section of West Attica maintain high 

concentrations throughout 2007-2012. The extent of the industrialized areas with a high 

concentration in West Attica, however, continuously reduces from 2007–2008 to 2009–2010 and 

again to 2011–2012. On the contrary, the south section of Central Attica, large areas in the northern 

limits of the north sections of West and Central Attica, a large area in the limit between West and 

Central Attica, and the urban area of Megara in the south section of West Attica maintain relatively 

low concentrations throughout 2007–2012. The coastal areas in East Attica present low 

concentrations throughout 2007–2012, increasing in extent between 2007-2008 and 2009–2010 

and again in 2011–2012. The rest of the north sections of West and Central Attica, Salamina, and 

Aegina islands (which are parts of the administrative district of Attica) present high concentrations 

through 2007-2008 that decrease during 2009–2012. 

Finally small areas of low concentration in the south section of East Attica during 2007-2008, 

present high concentrations during 2009-2010 but again having low concentrations and appearing 

extended during 2011–2012. 
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Map 4:2 Average CO (mg/m3) concentrations in 2007-2008 
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Map 4:3 Average CO (mg/m3) concentrations in 2009-2010 
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Map 4:4 Average CO (mg/m3) concentrations in 2011-2012. 
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Between the first two periods (2007-2008 and 2009–2010), concentrations appear to increase 

mainly in the industrialized areas and areas adjacent to them (including Megara urban area) in 

West Attica and the south section of East Attica. Small areas in the north section of all three areas 

(West, Central, and East) also exhibit smaller increases, similar to the east part of Salamina island 

and an extensive area between West and Central Attica. Most of the northern sections of West and 

Central Attica on the other hand, exhibit high decreases of CO concentrations, similar to small, 

mostly coastal, and isolated areas in the north section of East Attica. The south section of Central 

Attica presents a mixture of areas with decreases and areas where concentrations of CO are 

relatively stable. 

Between 2009 and 2012, previously observed changes are reversed. Industrialized and urban 

areas in the south section of West Attica, and almost all the south section of East Attica, which 

previously showed an increase in concentrations of CO, now show the highest decrease. The range 

of this decrease is larger than the range of the increase in concentrations during 2007–2012. The 

area in the West limit of West Attica, which previously showed a decrease, now presents a medium 

increase similar to Central Attica and most of the coastal areas of East Attica. Both Salamina and 

Aegina islands show a mixture of stable areas and areas with changes, with no dominant trend. 

The range of the increase in CO concentrations between the two periods is low and areas with high 

increases in concentrations are very small and isolated inside larger areas with medium increases 

in concentrations. 

Generally, between 2007 and 2012, most of Attica exhibits an increase in CO concentrations, 

the range of which is relatively small (2.93 mg/m3) compared to the ranges of fluctuation between 

the three periods. The largest increase of CO concentrations is observed in large areas in the 

southern sections of Central and East Attica and a relatively small area in the north section of East 

Attica. Urban and industrialized areas of the south section of West Attica and the rest of the south 

section of Central Attica exhibit relatively medium increases. Most of the north section of West 

Attica, the area in the western limit of West Attica, and most of the north section of Central Attica 

exhibit large decreases in CO concentrations. A large area in the southern coastal limit of East 

Attica also exhibits a mixture of small decreases and stable concentrations. The west part of 

Salamina island exhibits decreasing concentrations, similar to the coastal areas of Aegina Island, 

while the east part does not present a dominant trend, similar to the central area of Aegina Island.  
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Map 4:5 Change in CO (mg/m3) concentrations in 2007-2010. 
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Map 4:6 Change in CO (mg/m3) concentrations in 2009-2012 
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Map 4:7 Change in CO (mg/m3) concentrations in 2007-2012  
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NO2 highest concentrations appear to be generally increasing between 2007 and 2012, with 

2011-2012 largest concentrations being 27.5% larger than the corresponding concentrations during 

2007-2008. During all three periods, industrialized areas in the south section of West Attica have 

among the highest observed concentrations, similar to small areas in the south section of East 

Attica. On the other hand, a large area in the north section and the urban area of Megara in the 

south section of West Attica, most of the south section and all the north section of Central Attica 

and extended coastal regions of East Attica present some of the lowest NO2 concentrations during 

the three periods. 

During 2007-2008, most of the north section and extended areas of the south section of East 

Attica present low concentrations. A large area in the southwest coastal region of Central Attica 

exhibits average concentrations for the period. 

During 2009-2010, a spike is observed in NO2 concentrations, with high concentration areas 

extending substantially in size, mainly in East Attica where most of the north section and almost 

all the south section present very high concentrations. 

In 2011-2012, the north section of East Attica maintains the high concentrations of NO2 

observed during the previous period. The rest of Attica exhibits concentration distributions similar 

to those observed during 2007-2008, however high and low concentration areas are better defined 

and segregated. Additionally, the industrialized areas with high concentrations in West Attica seem 

to reduce slightly in size, as does the average-concentrations area observed in the southwest coastal 

region of Central Attica’s south section. 

Aegina and Salamina islands show no dominant trend during both 2007-2008 and 2009-2010. 

The concentrations’ spike of 2009-2010 is still evident, however, with a small increase in the size 

of areas on the islands with high concentrations. During 2011-2012, both islands present mainly 

low concentrations with small areas of average concentrations in their southern parts. 
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Map 4:8 Average NO2 (μg/m3) concentrations in 2007-2008  
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Map 4:9 Average NO2 (μg/m3) concentrations in 2009-2010 



52 
 

 

  

Map 4:10 Average NO2 (μg/m3) concentrations in 2011-2012 
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 Between 2007 and 2010, concentrations appear to increase substantially in industrialized 

areas of the south section and small areas of the north section of West Attica. The highest increase 

between the periods is observed in almost all the south section and most of the north section of 

East Attica, Salamina island and most of Aegina Island also exhibit increases in concentrations. 

On the other hand, most of the north section of West Attica and all Central Attica exhibit 

decreasing concentrations, similar to extended coastal areas in the north section of East Attica and 

the north part of Aegina Island. The urban area of Megara, in the south section of West Attica, 

presents relatively stable concentrations.  

During 2009-2012, almost all the previously observed changes in all of Attica appear to 

reverse, with areas previously presenting decreases now exhibiting increases and the opposite for 

areas previously presenting increases in concentrations of NO2. The magnitude of max increase 

between the two periods is 68.8% of the magnitude of max decrease between 2007-2010, while 

the magnitude of max decrease in 2009-2012 is 95.2% of the magnitude of max increase in NO2 

concentrations between 2007 and 2010. 

Generally, between 2007 and 2012, most of Attica does not exhibit a dominant trend, with 

small areas of either increasing or decreasing concentrations surrounded by extended areas of 

relatively stable concentrations. The highest concentration increases are observed mainly in the 

north section of East Attica and in industrialized areas in the south section of West Attica, which 

are substantially smaller in size to the corresponding high concentration industrialized areas of 

West Attica’s south section during the 2007-2008 period. The highest concentration decreases are 

observed in the north section of West Attica and a large coastal region in the southern boundary 

of East Attica. Athens's urban area, which takes up most of the south section of Central Attica, 

exhibits no dominant trend, with extended areas of relatively stable concentrations surrounding 

very small and isolated between them areas of mildly increasing or decreasing concentrations. 
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Map 4:11 Change in NO2 (μg/m3) concentrations in 2007-2010 
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Map 4:12 Change in NO2 (μg/m3) concentrations in 2009-2012 
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Map 4:13 Change in NO2 (μg/m3) concentrations in 2007-2012 
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Max SO2 concentrations remain relatively stable between 2007 and 2012, with 2011-2012 

concentrations being just 4% less than the corresponding max concentrations of 2007-2008. 

Similar to other pollutants, a spike is observed during 2009-2010, with max concentrations being 

79% higher than 2007-2008. The south section of Central Attica and coastal areas of East Attica 

maintain low concentrations throughout all three periods, while large areas in the north sections of 

West and Central Attica and a small area in the south section of East Attica maintain high 

concentrations. 

During 2007-2008, most of the north section and industrialized areas in the south section of 

West Attica exhibit a mixture of stable and high concentration areas, while the rest of West Attica 

presents low concentrations. The north section of Central Attica exhibits two distinct areas, one 

having the highest concentrations while the other having the lowest ones for the period. Almost 

all the south section of Central Attica exhibits low concentrations, which are closer to average 

compared to other areas. East Attica exhibits mostly low concentrations, however multiple small 

areas and a large one in the south boundary present average and high concentrations. Finally, both 

Salamina and Aegina islands present no dominant trend, with areas of both decreasing and 

increasing concentrations. 

During 2009-2010, the highest concentrations for the period are observed in the southern 

sections of West and East Attica. Large areas in the north sections of all Attica also exhibit lower 

but still high concentrations, similar to most of Salamina and Aegina islands. The remaining areas 

of the northern sections, a large area in the westmost boundary of West Attica’s south section, and 

most of the south section of Central Attica exhibit low concentrations, with the latter exhibiting 

the lowest for the period. 

During 2011-2012, most of Attica exhibits low concentrations. Very large areas in the north 

sections of West and Central Attica exhibit the highest concentrations for the period, while the 

Megara urban area in the south section of West Attica exhibits high concentrations of smaller 

magnitude, the lowest concentrations for the period are observed in a large area in the westmost 

boundary of West Attica. Finally, multiple areas in the south section of East Attica present average 

concentrations for the period. 
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Map 4:14 Average SO2 (μg/m3) concentrations in 2007-2008  
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Map 4:15 Average SO2 (μg/m3) concentrations in 2009-2010 
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Map 4:16 Average SO2 (μg/m3) concentrations in 2011-2012 
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Between 2007 and 2010, the highest concentration increases of SO2 are observed in most of 

the south section of West Attica and almost all the south section of East Attica. Large areas in the 

north sections of Attica also exhibit increases of SO2 concentrations, with smaller magnitudes. The 

highest concentration decrease between the periods is observed in a very large area in the westmost 

boundary of West Attica, extending in both the north and the south section. Extended areas in the 

north section of West Attica, almost all the south section and a large area in the north section of 

Central Attica, small areas in the north section, and limited coastal areas of East Attica also exhibit 

decreases of lower magnitude. Both Salamina and Aegina islands show no dominant trends 

between the periods, with the first island presenting slightly more areas of increasing 

concentrations than the second. 

Between 2009-2012, concentration changes are almost reversed. The highest concentration 

increases between the periods are observed in very large areas in the north sections of West and 

Central Attica. Almost all the south section of Central Attica, small areas in the north section of 

East Attica, and a large area in the westmost boundary of the south section of West Attica also 

exhibit increases, but of lower magnitude. The highest concentration decreases between the 

periods are observed in almost all the south sections of West and East Attica, while small areas in 

the north sections of Attica also exhibit lower magnitude decreases. Finally, both Salamina and 

Aegina islands continue to exhibit no dominant trend. 

Generally, between 2007-2012, the highest concentration increases are observed in 

industrialized areas of the south section of West Attica and almost all the north section of East 

Attica. Large areas in the north section of West Attica and the south section of East Attica also 

exhibit increases with smaller magnitude. Almost all Central Attica exhibits decreasing 

concentrations with large areas of stable concentrations in the south section. The highest decreases 

are observed in the Megara urban area of West Attica and small areas in the boundary between the 

south and the north sections of Central Attica. Small areas in the south section of East Attica and 

the north section of West Attica also exhibit lower magnitude decreases. Aegina island exhibits 

mainly decreases in SO2 concentrations, however Salamina island does not exhibit a dominant 

trend. 
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Map 4:17 Change in SO2 (μg/m3) concentrations in 2007-2010 
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Map 4:18 Change in SO2 (μg/m3) concentrations in 2009-2012 
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Map 4:19 Change in SO2 (μg/m3) concentrations in 2007-2012 
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Max PM10 concentrations, unlike other pollutants, fluctuate much less between periods. The 

general trend is positive, with 2011-2012 concentrations being 31.2% higher than corresponding 

concentrations in 2007-2008, while 2009-2010 concentrations are 28,2% lower. No area maintains 

high or low concentrations constantly through 2007-2012. 

During 2007-2008, high concentrations are observed mainly in the south sections of Attica, 

with industrialized areas and Megara urban area in West Attica, almost all the south section of 

Central Attica, and small areas in the south section of East Attica. The highest concentrations for 

the period are observed in small areas between the north and south sections of West and Central 

Attica, while the remaining high concentrations areas in the south sections have relatively lower 

but still high concentrations. The south section of East Attica only shows very small areas of high 

concentrations, surrounded by extended areas of average for the period concentrations. All north 

sections of Attica exhibit low concentrations during the period, similar to the rest of the south 

sections of West and Central Attica, and multiple areas of various sizes in the southern sections of 

East Attica. Most of the Salamina and Aegina islands also present low concentrations. 

During 2009-2010, high concentrations are observed mainly in Central Attica, with the highest 

concentrations for the period observed in the north section. Other areas with high concentrations 

are observed in small areas of the north section of West Attica and coastal areas of East Attica. 

Almost all East Attica and the south section of West Attica exhibit low concentrations, similar to 

Salamina and Aegina islands. 

During 2011-2012, high concentrations are observed in industrialized areas of West Attica’s 

south section, almost all the north section and large areas of the south section of East Attica, and 

a small area in the north section of West Attica. Megara urban area and most of the north section 

of West Attica, almost all Central Attica, coastal areas, and other small areas of East Attica exhibit 

low concentrations during the period similar to Aegina and Salamina islands. 
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Map 4:20 Average PM10 (μg/m3) concentrations in 2007-2008 



67 
 

 

  

Map 4:21 Average PM10 (μg/m3) concentrations in 2009-2010 
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Map 4:22 Average PM10 (μg/m3) concentrations in 2011-2012 
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Between 2007 and 2010, the highest increases and decreases in concentrations are observed 

in the north sections of West and Central Attica. Increases of PM10 concentrations are mainly 

observed in the north sections of West and Central Attica, a large area in the boundary of Central 

and East Attica, and coastal areas of East Attica. On the other hand, the south sections of West and 

Central Attica, and most of East Attica exhibit low concentrations with multiple small areas of 

stable concentrations. Both Salamina and Aegina islands exhibit no dominant trends, with small 

areas exhibiting either decreases, increases, or stable concentrations.  

Between 2009 and 2012, changes almost reverse, with most areas previously exhibiting 

decreases now presenting increases and the opposite for areas previously exhibiting increases. 

Megara urban area is the only area that maintains a decreasing trend both during 2007-2010 and 

during 2009-2012. Salamina island again exhibits no dominant trend, however Aegina Island now 

exhibits mainly a small decreasing trend during 2009-2012. 

Generally, between 2007 and 2012, changes in concentrations are almost identical to those 

between 2009-2012. The highest increases of concentrations are observed in industrialized areas 

of the south section of West Attica, most of the north section, and large areas of the south section 

of East Attica. Most of the north section of West Attica, almost all Central Attica, multiple small 

areas in the south section of East Attica, and most of Aegina Island present decreases of 

concentrations. Salamina island generally presents no dominant trend, with small exhibiting 

increases, decreases, or stable concentrations.  
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Map 4:23 Change in PM10 (μg/m3) concentrations in 2007-2010 
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Map 4:24 Change in PM10 (μg/m3) concentrations in 2009-2012 
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Map 4:25 Change in PM10 (μg/m3) concentrations in 2007-2012 
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  Association between Heating Systems and pollutants’ ratios 

Between 2007 and 2010, the dominant trend in petrol consumption of urban areas in Attica is 

decrease. Multiple areas of various sizes around Attica present this trend, such as very large areas 

in the center of Athens and its northern and southern suburbs and smaller areas in the western 

suburbs and urban areas of East Attica. Only small areas exhibit increases in petrol consumption, 

mainly located in the west suburbs of Athens and East Attica, where they are surrounded by 

extended areas of no significant change. 

Between 2009 and 2012, the dominant trend remains the same, with almost all of Athens and 

its suburbs exhibiting decreases in petrol consumption. Only small areas exhibit increases in 

consumption, however between these two periods they are located mainly in coastal areas of the 

southern suburbs of Athens and East Attica while being almost absent in the west suburbs of 

Athens. Again, areas of increases in consumption are surrounded by areas of no significant change. 

 Generally, almost all of Attica exhibits a decrease in petrol consumption throughout 2007-

2012 with very few areas, located mainly in the coastal boundaries of East Attica and the southern 

suburbs of Athens, exhibiting increases in petrol consumption. Locations with no significant 

change are also few and isolated, located mostly in East Attica. A relatively extended area with no 

observable change between 2007 and 2012 is also located in the center of Athens, surrounded by 

areas of decreasing consumption. 
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Map 4:26 Change in the use of oil between 2007-2008 and 2009-2010 
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Map 4:27 Change in the use of oil between  2009-2010 and 2011-2012  

 



76 
 

 

  

Map 4:28 Change in the use of oil between 2007-2008 and 2011-2012 
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 Between 2007 and 2010, the dominant trend in gas consumption in urban areas of Attica is 

increase. Most of Attica presents an increase in gas consumption, while only a few, small and 

isolated areas exhibit decrease in consumption. Extended areas with no significant change are 

observed in the coastal boundary of East Attica and around the areas of decreasing consumption. 

Between 2009 and 2012, the previously observed trend is reversed, with most of Attica now 

exhibiting decreases in gas consumption. Only small areas, located in the central and north sections 

of Athens, present an increase in consumption. Extended coastal areas in East Attica again exhibit 

no significant change in gas consumption. 

Generally, between 2007 and 2012, most of Attica exhibits no significant change in gas 

consumption. Multiple areas of various sizes in Athens and surrounding urban areas exhibit an 

increase in gas consumption, while areas with decreases are small and mainly located in East Attica 

and the western urban areas of Athens. Coastal areas in East Attica maintain the neutral nature of 

no significant change throughout all three periods 

 

  



78 
 

 

  

Map 4:29 Change in the use of Natural Gas between 2007-2008 and 2009-2010 
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Map 4:30 Change in the use of Natural Gas between 2009-2010 and 2011-2012  
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Map 4:31 Change in the use of Natural Gas between 2007-2008 and 2011-2012 



81 
 

 

Between 2007 and 2010, most of the urban areas in Attica present no significant change in 

firewood consumption. Small areas in Athens center present increases in firewood consumption, 

while small suburban areas around the center and urban areas in East Attica present decreases in 

consumption. The total extent, however, of areas presenting a significant change, either increase 

or decrease, is substantially smaller than the extent of areas with no significant change. 

Between 2009 and 2012, the dominant trend in firewood consumption is an increase, observed 

in multiple large and small areas of Athens and small areas in East Attica. The extent of areas 

presenting an increase in consumption is comparable to the extent of areas with no significant 

change. The southern coastal urban areas, on the other hand, present a combination of small areas 

with a decrease in firewood consumption, and areas with no significant change. Finally, in the 

eastern coastal areas, there is a mixture of both areas with increasing or decreasing consumption 

of firewood and areas with no significant change.  

Generally, between 2007 and 2012, the center and western urban sections of Athens present 

multiple areas of various sizes with increases in firewood consumption, while the rest of the urban 

sections in Attica present areas of similarly variable size where firewood consumption is 

decreased. Large urban areas of Attica exhibit no significant change through the study periods, 

with the largest one located in the central section of Athens. Finally, the southern coastal areas 

exhibit a dominant trend of decrease in consumption. 
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Map 4:32 Change in the use of wood (including pellet) between 2007-2008 and 2009-2010 
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Map 4:33 Change in the use of wood (including pellet) between 2009-2010, and 2011-2012 
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Map 4:34 Change in the use of wood (including pellet) between 2007-2008 and 2011-2012 
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 Discussion - Conclusion  
The aim of the current study was to investigate the impact the economic crisis, which started 

after 2008, had in air quality over the Great Athens Area. For this purpose, three distinct periods 

were examined, pre-crisis (2007-2008), crisis-onset (2009-2010), and during-crisis (2011-2012). 

Utilizing MODIS satellite data, air pollutant concentrations, and their changes were mapped over 

the Great Athens Area and associated with changes in fuel types used in residential heating 

systems. 

Initially, the pollutant concentrations in virtual stations were calculated using regression 

analysis. Following the methodology from Ung, et al. (2001), multiple samples of varying sizes 

were tested for statistical significance, with the finally selected regressions being those that 

presented the highest p-value and smallest standard error. Although statistically significant results 

were produced with larger samples for most pollutants, the correlation (R squared) was much lower 

in most, reaching as low as 20%. 

With the use of virtual stations, a second regression was performed, as described by the 

methodology described in Narashid & Mohd's (2010) research, in order to calculate the final 

formulas that would be utilized in the calculation of the pollutants’ concentrations in the GAA. 

 The resulting concentration maps show that the Great Athens Area is divided into eight 

areas of interest, specifically:  

1. The industrialized areas of West Attica  
2. The urban area of Megara in West Attica  
3. The northern section of West Attica  
4. The main urban area of Athens and its adjacent suburbs  
5. The north section of Central Attica  
6. East Attica’s south section excluding the coastal areas  
7. East Attica’s north section excluding the coastal areas  
8. The coastal areas of East Attica  

These areas present relatively homogenous pollutant concentrations for all pollutants and 

periods examined, while the rest of the Great Athens Area exhibits very heterogeneous mixtures 

of concentrations and concentration changes. 

Between 2007-2010 and 2009-2012, most air pollutants exhibit a reversal in concentration 

changes in all areas of interest, except for PM10 that exhibits a constant concentration change 
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pattern throughout 2007-2012, with increases isolated in the northern section of West Attica and 

the north section of Central Attica. 

 Virtual stations identification 

The thesis utilizes a methodology for virtual station identification. This is required as the 

number of available AQMS in the GAA area is small and statistically significant results utilizing 

data from these stations would be very hard to create. 

As noted by Sifakis in (Sifakis & Deschamps, 1992), for an analysis of this type to have an 

accuracy of around 20%, at least 4 stations should be present per 2.5 km2. For the GAA, with a 

total area of 3,808.10 km2, this would mean that at least 6,093 AQMS should be present and 

correctly located for 20% accuracy using satellite data and actual pollutant measurements. Such a 

number of AQMS would constitute both a prohibitive cost to acquire and maintain, as well as an 

impractically large number of stations to monitor and analyze. The actual number of AQMS in the 

GAA is 16. Of these, not all record all pollutants required and not all measurements are correct 

due to mechanical or communication faults. It would be very difficult to get valid results for the 

entire GAA area only utilizing these stations, which strengthens the need for utilizing virtual 

stations in my study. 

Although a proven method for densifying the pollutant measuring stations network, virtual 

stations estimation assumes that locations that share similar characteristics are also similar in 

nature. Although two locations may share very similar characteristics, their nature may differ in 

ways that are not visible nor measured, resulting in false positive selections. To minimize this risk, 

I utilized all available data to create the ID vector of each virtual station, increasing the possible 

factors utilized and decreasing the potential of false positive identifications. However, the 

regression validation shows that erroneous identifications are present in the results, but not to a 

degree that would substantially affect the study. As discussed in section 5.5, inclusion of more 

criteria in the virtual station identification could help mitigate this problem and further increase 

the accuracy of similar studies. 

Furthermore, the multidimensional vector that is utilized in the identification of these virtual 

stations is based on the available data for the examined area. In my thesis, these include the visual 

bands 1,3, and 4 from MODIS, which are similar in nature to the visible light bands utilized in 

other studies employing this method, MODIS products that were available to me at the time of the 

study, and CORINE land cover dataset. All these datasets have inherent faults in them that increase 

the ambiguity of the ID vector and increase the likelihood of false positives as well.  
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 Pollutant estimation regression and validation 

Based on the regression results attached in the results section of this document and in 

Appendix A (1st and 2nd OLS regression results accordingly), the standard errors of the estimates 

are relatively low, which means that the accuracy of the regressions should be high enough to 

allow for accurate observations on the air pollutant concentrations and further analysis in air 

pollutant changes, ratios, and association with other aspects of the study. 

The initial regressions in my thesis utilize a very small population of AQMS to derive their 

results. This can lead to biased results or overfitting, which need to be taken into consideration. 

The use of large validation sets, compared to the training sets, helps in identifying, quantifying, 

and, if possible, offsetting these limitations. Additionally, the virtual-stations methodology 

employed was specifically designed to compensate for the fact that AQMS, in general, are few 

and sparsely located in any given area. The results from my initial regression indicate that some 

degree of overfitting may be present. However, due to the small size of the initial AQMS available 

this problem cannot be avoided.  

The validations of the regressions were performed using the AQMS which were not selected 

in the training sets. Again, stations with missing or erroneous data were excluded to ensure the 

validation is as accurate as possible. A possible source of errors, in both the training and validation 

sets, is the presence of industrialized zones near some of the AQMS, however the initial 

concentration comparisons between the various AQMS showed no indication such an effect 

existed in the data. 

For PM10 validations only 3 AQMS could be utilized in each set. Although the general rule of 

70% training set (6 stations) to 30% validation set (3 stations) is satisfied, the validation is more 

vulnerable to outlier effects compared to other pollutants’ validations. 

In my validation results, some of the AQMS that are utilized for the validation of the 

regression results are affected by the areas that they are located in. Those AQMS located near 

industrial areas tend to show underestimation of the results, while the single AQMS located in a 

forest area on the Northeast section of GAA (when data is available, and it is used for validation) 

tends to show large overestimations of pollutants. 

For the second regression, which utilizes virtual stations in combination with AQMS, the 

accuracy of the estimates is directly related to the quality of the virtual stations’ selection. The 

more factors that are utilized in the selection process, the better the selection is. The accuracy of 
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the regressions is derived from the accuracy of the 1st set of regression, as virtual stations’ 

pollutant concentration estimates are produced from them. 

 Average air pollutant mapping 

The maps produced using the regression formulae from the second regression represent the 

estimated pollution levels observed for each period using satellite data from the MODIS system. 

They are an intermediate step utilized for comparing differences in air pollutant concentrations 

between the 3 distinct time periods examined in this study. Areas in the GAA are clearly defined 

in almost all the maps, with the central urban area of Athens, the more rural areas in the east, and 

the industrial area of Elefsina in the West, which signifies the different pollutant profiles for each 

area, based on the different uses and surface covers.  

Except for CO for 2009-2010 period, the produced maps can be effectively utilized in the next 

step for comparison between time periods. The aforementioned map, due to the very low accuracy 

of the results, with the large overestimation of pollutant concentration, cannot yield usable results. 

However, because the analysis main concern is focused on comparing the first and last time 

periods, this does not greatly affect the final results of the study. 

Concentration difference maps present the next step in the analysis with the difference in 

pollutant concentrations between the different periods examined between each period and the one 

after it and between the stat and the end of the analysis, which is also the most significant 

comparison. Except for maps comparing CO pollutant for 2009-2010 period with other periods, 

all maps can be successfully used to determine changes, specifically increases, or decreases, in 

pollutant concentrations between periods. The comparison between these changes observed in the 

pollutant maps between the periods are then utilized to estimate the relationship between heating 

systems and the observed air quality. 

 Relation between Heating Systems and Air Quality 

The thesis is written with the assumption that it is impossible to directly relate concentrations 

of pollutants in the atmosphere between the periods examined with the amount of fuel utilized per 

type of fuel for the same periods. For most fuel types, there is no official data on the amount of 

fuel produced/imported or the amount of fuel consumed by households. 

To allow comparison between periods, I utilize emission tables for the various fuels and 

estimate the ratio between the emissions. These ratios are then compared between the periods to 

estimate changes (positive or negative) in fuel consumptions. It is assumed that the fundamental 
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chemical composition of the fuel remains relatively unchanged between the periods and small 

changes that are present between different batches of the fuel in question do not remarkably alter 

its emission profile. Throughout the initial research for the thesis, no evidence of substantial 

chemical changes was identified for any of the fuels in this thesis. 

 

 Limitations 

The analysis utilizes MODIS satellite images, which have a lower resolution compared to 

other instruments but have daily coverage of the study area. This allows us to overcome cloud 

cover limitations; The reduced resolution, however, also means that smaller fluctuations are not 

visible during the analysis. At the same time, the small number of AQMS in the study area means 

that the regression analysis applied to produce the virtual stations utilized in the next steps has a 

larger standard error and the available number of initial observations from which the regression 

analysis sample is drawn is limited.  

Due to their large sizes, urban areas present sufficient sizes for the analysis and small outliers 

are easier to identify in the final products. Based on the regression results attached in the results 

section of this document and in Appendix A (1st and 2nd OLS regression results accordingly), the 

standard errors of the estimates are relatively low, which means that the accuracy of the regressions 

should be high enough to allow for accurate observations on the air pollutant concentrations and 

further analysis in air pollutant changes, ratios, and association with other aspects of the study. 

The initial regressions in my thesis utilize a very small population of AQMS to derive their 

results. This can lead to biased results or overfitting, which need to be taken into consideration, 

however because the purpose of the regressions is not to estimate future values but describe the 

observed state, its effect is not as severe. This is most possibly the reason for the regression results 

being almost perfect, but the lack of other data sources prevented me, at the time of the study, from 

finding and utilizing measures for correcting this problem. The use of large validation sets, 

compared to the training sets, helps in identifying, quantifying, and, if possible, offsetting these 

limitations. Additionally, the virtual-stations methodology employed was specifically designed to 

compensate for the fact that AQMS, in general, are few and sparsely located in any given area. 

The validations of the regressions were performed using the AQMS which were not selected 

in the training sets. Again, stations with missing or erroneous data were excluded to ensure the 

validation is as accurate as possible. A possible source of errors, in both the training and validation 

sets, is the presence of industrialized zones near some of the AQMS, however the initial 
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concentration comparisons between the various AQMS showed no indication such an effect 

existed in the data. 

For PM10 validations only 3 AQMS could be utilized in each set. Although the general rule of 

70% training set (6 stations) to 30% validation set (3 stations) is satisfied, the validation is more 

vulnerable to outlier effects compared to other pollutants’ validations. 

Because my analysis utilizes comparison between the time periods and the accuracy of each 

pollutant appears to be similar between them, the impact of over/under-estimations is reduced in 

my study. The comparison does not directly examine the estimated concentrations but their 

difference between periods. As such, utilizing the ratios allows for accurate results as long as 

accuracies for the same pollutant are comparable between periods. 

For the second regression, which utilizes virtual stations in combination with AQMS, the 

accuracy of the estimates is directly related to the quality of the virtual stations’ selection. The 

more factors that are utilized in the selection process, the better the selection is. The accuracy of 

the regressions is derived from the accuracy of the 1st set of regression, as virtual stations’ 

pollutant concentration estimates are produced from them. 

 Expansion and possible improvements 

One possible improvement in the analysis of air pollutant concentrations over a study area 

such as the Great Athens Area could be the inclusion of satellite data from multiple instruments 

and the verification of the results between these instruments. Utilization of additional AQMS, even 

temporary ones, can have a significant impact in the regression analysis results, as the increase in 

the number of observations could considerably reduce the error potential of the analysis, decrease 

overfitting risk, and increase the accuracy of the final formulas in the computation of virtual 

stations’ air pollutant concentration. 

Expansion of the analysis in additional regions and inclusion of larger time periods could 

provide insights into trends that are not visible in a smaller area or trends that develop more slowly 

and have smaller fluctuations over the years. Finally, the air pollutant concentrations can be 

associated with other socioeconomic, healthcare, and environmental aspects of the study area. 

In conclusion, the analysis performed shows a clear association of air pollutant changes and 

changes in the fuels utilized in household heating systems. This visibly demonstrates that the 

economic crisis had a substantial impact on the environment of the Great Athens Area in addition 
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to socioeconomic aspects affected by it, with heating fuel consumption decreasing through the 

economic crisis.  

 Conclusion 

The change in air pollutant ratios indicates that the consumption of heating petrol was reduced 

during the economic crisis with the reduction increasing and expanding to the suburbs of Athens 

and other urban areas in East Attica between 2009-2012. Natural GAS use appears to increase 

between 2007-2010 but again decreases during 2009-2012, following the continuous increase in 

N.G. prices from 2010 onwards. Finally, wood consumption appears to increase in most of Attica 

between 2009-2012, but only a few areas demonstrate a significant increase in firewood 

consumption throughout all three periods examined. On the other hand, no significant firewood 

consumption changes appear to occur during the onset of the economic crisis. 
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Appendix A: Second OLS regression (Raster calculator) 
CO 2007-2008 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 6.160641 0.025488 241.708415 0.000000* 0.035702 172.556814 0.000000* -------- 

BAND 2 MEDIAN -0.310349 0.001373 -226.101148 0.000000* 0.001523 -203.772936 0.000000* 12.566476 

BAND 5 MEDIAN 0.206809 0.001843 112.193829 0.000000* 0.001040 198.769112 0.000000* 7.072405 

BAND 6 MEDIAN 1.609020 0.008690 185.148130 0.000000* 0.011481 140.151001 0.000000* 23.218813 

BAND 7 MEDIAN -3.824572 0.016745 -228.398436 0.000000* 0.026040 -146.870525 0.000000* 8.901734 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: CO_0708 

Number of Observations: 930 Akaike's Information Criterion (AICc) [d]: -1790.750650 

Multiple R-Squared [d]: 0.988914 Adjusted R-Squared [d]: 0.988866 

Joint F-Statistic [e]: 20628.271211 Prob(>F), (4,925) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 95704.759140 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 3.871183 Prob(>chi-squared), (4) degrees of freedom: 0.423720 

Jarque-Bera Statistic [g]: 1707170.667732 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 

10
1 

 



 

CO 2009-2010 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept -5.298908 0.041293 -128.323620 0.000000* 0.037997 -139.455446 0.000000* -------- 

BAND 2 MEDIAN -0.358801 0.001520 -236.098267 0.000000* 0.000395 -908.248401 0.000000* 5.232505 

BAND 5 MEDIAN 0.040634 0.001971 20.613637 0.000000* 0.001065 38.164834 0.000000* 3.346145 

BAND 6 MEDIAN 4.317036 0.008433 511.940136 0.000000* 0.002578 1674.702029 0.000000* 12.577807 

BAND 7 MEDIAN -7.940963 0.016524 -480.582794 0.000000* 0.011844 -670.466785 0.000000* 6.236926 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: CO_0910 

Number of Observations: 1108 Akaike's Information Criterion (AICc) [d]: -1345.964880 

Multiple R-Squared [d]: 0.996902 Adjusted R-Squared [d]: 0.996891 

Joint F-Statistic [e]: 88732.066108 Prob(>F), (4,1103) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 7697860.976579 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 3.341519 Prob(>chi-squared), (4) degrees of freedom: 0.502381 

Jarque-Bera Statistic [g]: 5233691.867231 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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CO 2011-2012 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 0.852259 0.014458 58.947008 0.000000* 0.005444 156.537330 0.000000* -------- 

BAND 2 MEDIAN -0.243949 0.000756 -322.853650 0.000000* 0.000624 -391.045893 0.000000* 9.966770 

BAND 5 MEDIAN 0.199969 0.000938 213.227371 0.000000* 0.000565 353.781762 0.000000* 4.670922 

BAND 6 MEDIAN 1.146139 0.004119 278.249953 0.000000* 0.003936 291.183129 0.000000* 17.284751 

BAND 7 MEDIAN -1.733110 0.007779 -222.794440 0.000000* 0.005550 -312.261870 0.000000* 7.557318 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: CO_1112 

Number of Observations: 1007 Akaike's Information Criterion (AICc) [d]: -3253.954155 

Multiple R-Squared [d]: 0.991795 Adjusted R-Squared [d]: 0.991763 

Joint F-Statistic [e]: 30281.069142 Prob(>F), (4,1002) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 856439.335048 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

 
    

6.013712 Prob(>chi-squared), (4) degrees of freedom: 0.198127 

Jarque-Bera Statistic [g]: 2750036.750038 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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NO2 2007-2008 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 47.133873 0.567506 83.054453 0.000000* 0.701840 67.157609 0.000000* -------- 

BAND 2 MEDIAN -11.136043 0.033030 -337.149947 0.000000* 0.040835 -272.709264 0.000000* 13.690279 

BAND 5 MEDIAN 17.529102 0.048417 362.046816 0.000000* 0.023857 734.756452 0.000000* 8.898559 

BAND 6 MEDIAN 12.079973 0.187960 64.268767 0.000000* 0.176557 68.419761 0.000000* 21.123676 

BAND 7 MEDIAN -6.230845 0.347422 -17.934522 0.000000* 0.252345 -24.691771 0.000000* 8.011578 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: NO2_0708 

Number of Observations: 1039 Akaike's Information Criterion (AICc) [d]: 4645.204782 

Multiple R-Squared [d]: 0.993428 Adjusted R-Squared [d]: 0.993403 

Joint F-Statistic [e]: 39076.334672 Prob(>F), (4,1034) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 856878.966544 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 1.430669 Prob(>chi-squared), (4) degrees of freedom: 0.838847 

Jarque-Bera Statistic [g]: 2644421.583106 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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NO2 2009-2010 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 53.836978 0.817531 65.853132 0.000000* 1.010279 53.289207 0.000000* -------- 

BAND 2 MEDIAN 3.591726 0.046683 76.938613 0.000000* 0.041139 87.307973 0.000000* 12.373371 

BAND 5 MEDIAN -3.511324 0.050456 -69.592184 0.000000* 0.019940 -176.093873 0.000000* 4.847111 

BAND 6 MEDIAN -29.212109 0.300988 -97.053963 0.000000* 0.115810 -252.241129 0.000000* 38.847518 

BAND 7 MEDIAN 64.961279 0.609139 106.644469 0.000000* 0.202562 320.698148 0.000000* 20.031149 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: NO2_0910 

Number of Observations: 872 Akaike's Information Criterion (AICc) [d]: 4133.195782 

Multiple R-Squared [d]: 0.948038 Adjusted R-Squared [d]: 0.947798 

Joint F-Statistic [e]: 3954.573516 Prob(>F), (4,867) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 166898.054929 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 4.751039 Prob(>chi-squared), (4) degrees of freedom: 0.313809 

Jarque-Bera Statistic [g]: 6709354.868513 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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NO2 2011-2012 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 78.426079 0.931435 84.199188 0.000000* 0.374427 209.456061 0.000000* -------- 

BAND 2 MEDIAN -13.675611 0.054659 -250.198807 0.000000* 0.057421 -238.162901 0.000000* 12.632120 

BAND 5 MEDIAN 5.306486 0.054397 97.550853 0.000000* 0.031569 168.093083 0.000000* 4.051588 

BAND 6 MEDIAN 74.513699 0.291554 255.573954 0.000000* 0.341661 218.092794 0.000000* 22.187173 

BAND 7 MEDIAN -100.940784 0.504599 -200.041755 0.000000* 0.423923 -238.111077 0.000000* 7.857881 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: NO2_1112 

Number of Observations: 807 Akaike's Information Criterion (AICc) [d]: 3887.006745 

Multiple R-Squared [d]: 0.989287 Adjusted R-Squared [d]: 0.989233 

Joint F-Statistic [e]: 18514.764337 Prob(>F), (4,802) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 248369.132724 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 3.644606 Prob(>chi-squared), (4) degrees of freedom: 0.456234 

Jarque-Bera Statistic [g]: 1974194.502590 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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SO2 2007-2008 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 38.648330 0.336422 114.880455 0.000000* 0.212727 181.680300 0.000000* -------- 

BAND 2 MEDIAN 1.494282 0.020454 73.055340 0.000000* 0.028883 51.734993 0.000000* 16.755611 

BAND 5 MEDIAN 2.173242 0.023897 90.941126 0.000000* 0.016275 133.529056 0.000000* 6.904330 

BAND 6 MEDIAN -27.259440 0.190041 -143.439919 0.000000* 0.297802 -91.535467 0.000000* 58.710777 

BAND 7 MEDIAN 45.710658 0.349265 130.876898 0.000000* 0.493809 92.567461 0.000000* 26.060730 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: SO2_0708 

Number of Observations: 758 Akaike's Information Criterion (AICc) [d]: 2301.877238 

Multiple R-Squared [d]: 0.972057 Adjusted R-Squared [d]: 0.971908 

Joint F-Statistic [e]: 6548.640038 Prob(>F), (4,753) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 55597.747127 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 8.319693 Prob(>chi-squared), (4) degrees of freedom: 0.080545 

Jarque-Bera Statistic [g]: 822075.444150 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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SO2 2009-2010 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept -29.207665 0.168331 -173.513667 0.000000* 0.196662 -148.516744 0.000000* -------- 

BAND 2 MEDIAN -0.263247 0.006114 -43.053645 0.000000* 0.003294 -79.908834 0.000000* 5.125139 

BAND 5 MEDIAN -0.635737 0.007984 -79.629655 0.000000* 0.004504 -141.139759 0.000000* 3.405652 

BAND 6 MEDIAN 16.538871 0.033196 498.217208 0.000000* 0.016482 1003.426600 0.000000* 12.500588 

BAND 7 MEDIAN -37.922041 0.066515 -570.125312 0.000000* 0.059156 -641.050544 0.000000* 6.303216 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: SO2_0910 

Number of Observations: 1177 Akaike's Information Criterion (AICc) [d]: 1947.140683 

Multiple R-Squared [d]: 0.997342 Adjusted R-Squared [d]: 0.997332 

Joint F-Statistic [e]: 109921.464779 Prob(>F), (4,1172) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 1411334.156231 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 6.113345 Prob(>chi-squared), (4) degrees of freedom: 0.190842 

Jarque-Bera Statistic [g]: 2681569.427759 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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SO2 2011-2012 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept -7.136211 0.053721 -132.837439 0.000000* 0.097867 -72.917218 0.000000* -------- 

BAND 2 MEDIAN 0.714232 0.000900 793.590683 0.000000* 0.000649 1100.497683 0.000000* 1.605350 

BAND 5 MEDIAN -1.134528 0.003038 -373.441033 0.000000* 0.001360 -834.194583 0.000000* 3.491382 

BAND 6 MEDIAN 1.138016 0.011678 97.445527 0.000000* 0.006533 174.201644 0.000000* 11.962760 

BAND 7 MEDIAN -2.957344 0.027209 -108.691555 0.000000* 0.015725 -188.066236 0.000000* 7.967997 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: SO2_1112 

Number of Observations: 1166 Akaike's Information Criterion (AICc) [d]: -349.749001 

Multiple R-Squared [d]: 0.998420 Adjusted R-Squared [d]: 0.998414 

Joint F-Statistic [e]: 183373.332877 Prob(>F), (4,1161) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 34344483.424754 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 8.444326 Prob(>chi-squared), (4) degrees of freedom: 0.076593 

Jarque-Bera Statistic [g]: 7392921.333121 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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PM10 2007-2008 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept -35.134234 0.408766 -85.951875 0.000000* 0.749592 -46.871147 0.000000* -------- 

BAND 2 MEDIAN 9.461163 0.024298 389.376994 0.000000* 0.031646 298.965075 0.000000* 16.118147 

BAND 5 MEDIAN -4.691377 0.023285 -201.477727 0.000000* 0.003929 -1193.958587 0.000000* 4.170752 

BAND 6 MEDIAN -67.932053 0.185987 -365.251682 0.000000* 0.297250 -228.534735 0.000000* 39.824856 

BAND 7 MEDIAN 142.129767 0.369181 384.986766 0.000000* 0.740665 191.894761 0.000000* 17.536558 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: PM10_0708 

Number of Observations: 951 Akaike's Information Criterion (AICc) [d]: 3384.498412 

Multiple R-Squared [d]: 0.994698 Adjusted R-Squared [d]: 0.994676 

Joint F-Statistic [e]: 44372.895164 Prob(>F), (4,946) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 2055399.875004 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 9.586530 Prob(>chi-squared), (4) degrees of freedom: 0.047999* 

Jarque-Bera Statistic [g]: 14433249.837092 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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PM10 2009-2010 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 15.028505 0.072213 208.114886 0.000000* 0.030239 496.989064 0.000000* -------- 

BAND 2 MEDIAN 6.702548 0.003717 1803.273025 0.000000* 0.000896 7480.577048 0.000000* 10.730202 

BAND 5 MEDIAN -6.703279 0.004299 -1559.165603 0.000000* 0.000967 -6930.127634 0.000000* 4.955527 

BAND 6 MEDIAN -29.355439 0.019985 -1468.855453 0.000000* 0.011324 -2592.331329 0.000000* 23.802608 

BAND 7 MEDIAN 55.140650 0.038142 1445.649323 0.000000* 0.018765 2938.512967 0.000000* 10.722876 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: PM10_0910 

Number of Observations: 1043 Akaike's Information Criterion (AICc) [d]: -1.481949 

Multiple R-Squared [d]: 0.999771 Adjusted R-Squared [d]: 0.999770 

Joint F-Statistic [e]: 1131664.734919 Prob(>F), (4,1038) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 1413996343.188991 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 0.695868 Prob(>chi-squared), (4) degrees of freedom: 0.951838 

Jarque-Bera Statistic [g]: 29693499.234285 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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PM10 2011-2012 

Summary of OLS Results - Model Variables 
 

Variable Coefficient [a] StdError t-Statistic Probability [b] Robust_SE Robust_t Robust_Pr [b] VIF [c] 

Intercept 27.168691 0.357496 75.997096 0.000000* 0.160772 168.989115 0.000000* -------- 

BAND 2 MEDIAN -9.198371 0.017528 -524.784698 0.000000* 0.005313 -1731.198415 0.000000* 8.816075 

BAND 5 MEDIAN 1.149739 0.019954 57.619470 0.000000* 0.016040 71.678719 0.000000* 3.767142 

BAND 6 MEDIAN 67.943343 0.103726 655.027262 0.000000* 0.102868 660.490012 0.000000* 17.636572 

BAND 7 MEDIAN -97.427604 0.193545 -503.384606 0.000000* 0.189007 -515.471220 0.000000* 7.434594 
 

 

OLS Diagnostics 
 

Input Features: FirstOLScomplete Dependent Variable: PM10_1112 

Number of Observations: 1026 Akaike's Information Criterion (AICc) [d]: 3282.183468 

Multiple R-Squared [d]: 0.997879 Adjusted R-Squared [d]: 0.997870 

Joint F-Statistic [e]: 120063.542706 Prob(>F), (4,1021) degrees of freedom: 0.000000* 

Joint Wald Statistic [e]: 51046428.630493 Prob(>chi-squared), (4) degrees of freedom: 0.000000* 

Koenker (BP) Statistic [f]: 1.743949 Prob(>chi-squared), (4) degrees of freedom: 0.782720 

Jarque-Bera Statistic [g]: 34588799.954131 Prob(>chi-squared), (2) degrees of freedom: 0.000000* 
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Appendix C: Descriptive segmentation of Attica (GAA) 
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Appendix D: Land Cover map of GAA according to CORINE 2000 
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