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Abstract 

 
The adverse health effects of urban air pollution on a large proportion of the world population living 

in urban envionments, along with its impact on the climate, results to continuous, low-cost air 

monitoring and measurement validations being a necessity. This study is focused on the investigation 

of the temporal and spatial variation of certain atmospheric pollutants in the greater area of Athens, 

mainly using ground-based remote sensing techniques and in particular, the differential optical 

absorption spectroscopy (DOAS) technique. The visible and near-UV molecular absorption bands were 

used in this study for the DOAS measurements. The atmospheric pollutants that were measured with 

a Multi-Axis (MAX) DOAS instrument, are: nitrogen dioxide (NO2), formaldehyde (HCHO) and glyoxal 

(CHOCHO) and a detailed temporal and spatial distribution of these trace gases is provided; a 

consistent picture of the daily, weekly and seasonal variations is given. Oxygen dimer (O4) 

measurements were also used as input information in a retrieval algorithm for the calculation of the 

vertical distribution of the aerosol extinction. Lidar and sun-photometer measurements were used for 

the evaluation of the retrieved profiles. The MAX-DOAS technique proved to be a reliable method for 

measuring aerosol levels and their vertical distribution in the urban environment of Athens, thus, new 

perspectives have opened up for assessing urban aerosol pollution on a long term-basis in Athens from 

continuous and uninterrupted MAX-DOAS measurements. During the present study, the need to 

investigate the effect of the economic crisis to the air quality of the city has also risen: the increased 

price of heating oil resulted in an increase of biomass combustion for heating purposes, which in turn 

has led to severe smog episodes. Therefore, the combined effect of the reduced fossil fuel 

consumption and the increasing biomass combustion, as inferred from long-term carbon monoxide 

(CO) measurements and in conjunction with black carbon measurements, was examined. The 

importance of this study lies on the fact that it quantifies the diachronic changes in air pollution in 

Athens and associates it with several socioeconomic factors (e.g. measures, economic crisis, 

behavioural changes), while it can also be considered as a reference in the future for assessing and 

evaluating expected mitigation measures. 

 

Keywords: ground-based MAX-DOAS, aerosol profiles, urban gaseous pollutants 
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Chapter 1 

 

Introduction 

This study is focused on the investigation of the temporal and spatial distribution of certain 

atmospheric pollutants in the greater area of Athens, mainly using ground-based remote sensing 

techniques and more specifically the differential optical absorption spectroscopy (DOAS) technique. 

This chapter provides a brief overview of the quality and composition of the atmosphere, both globally 

and on a continental scale, as well as locally, with a focus on urban pollution. The specific 

characteristics of the Attica basin and the main pollutants on which the specific work is focused are 

also presented. Finally, the objectives and the originality of the work are mentioned. 

 

1.1    Atmospheric pollution and spatial variability 

 

The quality of the atmosphere on a local scale, close to the surface, is determined by the concentration 

of air pollutants, which depends on the emission rate, the dispersion and the height of the atmospheric 

boundary layer. On a larger scale, atmospheric composition represents the state of the global 

atmosphere, including phenomena such as dust from arid areas, ash from volcanic eruptions and the 

transport of pollutants over long distances. 

Air pollution is a global issue with a strong presence in Europe and the Northern Hemisphere and its 

impact on the climate and the environment is a new field of atmospheric science research. Seven 

million deaths are recorded each year worldwide as a result of air pollution (WHO, World Health 

Organization). Transboundary and intercontinental transport of air pollutants, as well as ozone 

pollution in the northern hemisphere endanger agriculture, natural ecosystems and have a strong 

impact on the climate. Examples of intercontinental air pollution transport are dust transport episodes 

from desert areas of Asia to northwestern America, strongly affecting the energy balance and air 

quality (Husar et al., 2001), as well as the contribution of Southeast Asia to the arctic haze and to the 

presence of black carbon (BC) in the Arctic (Koch et al., 2007). Dust from desert areas of northwest 

Africa has been found even in areas of the Amazon forest (Yu et al., 2015a). In the 1990s, nitrogen 

dioxide (NO2) emissions in Asia exceeded those in Europe and America and continue to be higher to 

this day (Akimoto, 2003). Transport of ozone and its precursors from North America affects the surface 

ozone in Europe (Guerova et al., 2006) and, accordingly, European pollution increases surface ozone 

concentrations in North Africa, the Mediterranean and the Near East (Duncan and Bey, 2004). The 

Mediterranean is considered a crossroad for the transport of air masses from Europe, the Balkans and 

Africa, where anthropogenic emissions are met with natural ones (dust from the Sahara, biomass 

combustion) (Kanakidou et al., 2007). Enhanced levels of air pollution have already been recorded in 

the eastern Mediterranean (Zyrichidou et al., 2009; Kanakidou et al., 2011) and pollutants from 

America have been found in the free troposphere above the Mediterranean (Lelieveld et al., 2002). 
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At the urban pollution scale, the first major smog incident, with 4,000 deaths, was recorded in London 

in 1952. Concentrations of airborne pollutants in urban areas are associated with major 

cardiorespiratory health problems (e.g. Dimitriou et al., 2013; Beeson et al.; 1998, Dockery et al. 1993). 

Since 54% of the world population lives in urban environments (WUP, 2014), adverse health effects 

are an important parameter in the need to study gaseous pollutants. Except from the effects on health, 

air pollution also contributes to the erosion of buildings and monuments in urban areas, whilst it has 

a major impact on the climate, enriching the troposphere with greenhouse gases and particulate 

matter, which thereby affects the energy balance of the atmosphere (e.g. Chubarova et al., 2011). In 

all megacities (> 107 inhabitants) worldwide, atmospheric measurements record exceedances of the 

levels set by the World Health Organization (WHO) for gaseous pollutants. More specifically, in terms 

of NO2, 5 megacities show exceedances (Los Angeles, Mexico City, Moscow, New York, Sao Paulo) with 

values up to 2 times higher than those set by the WHO. In terms of particulate matter, exceedances 

are observed in the majority of the world’s megacities, with Beijing having an average annual 

particulate matter concentration of 400 μg / m3 (Gurjar et al., 2008; Mage et al, 1996). Exposure of 

urban populations to air pollutants is a priority issue for both European and international conventions 

(e.g. United Nations Economic Commission for Europe Convention on Long-range Transboundary Air 

Pollution - CLRTAP, www.unece.org/env/lrtap/), under which specific concentration limits are set. 

Therefore, the degradation of air quality in urban areas is one of the most important issues to be 

addressed in megacities and thus, the systematic recording of air pollutants can provide important 

information about natural and anthropogenic emissions. 

 

1.2    Atmospheric pollutants and studies for the Attica basin 

 

1.2.1 Topography 

 

The levels of gaseous and particulate pollutants in Athens are greatly influenced by the special 

topography of the city. The Attica basin is surrounded by four mountains: Parnitha (1400 m) to the 

northwest, Penteli (1100 m) to the northeast, Ymittos (1050 m) to the east and Egaleo (450 m) to the 

west. The main opening of the basin is to the south, in the Saronic Gulf (Figure 1.1). Under specific 

meteorological conditions, the special topography of the city favours the accumulation of air 

pollutants. During pollution episodes, the height of the atmospheric boundary layer (BL) is lower than 

the average climatic values and the prevailing winds are usually weak, entrapping the pollutants in the 

basin (Kassomenos et al., 1995). The nocturnal temperature inversion under cloudless conditions 

during winter, also contributes to the entrapment of pollutants. The main sources of air pollutants in 

Athens are transportation and industrial emissions, as well as central heating emissions during winter 

(Lalas et al., 1982). Specifically, 50% of nitrogen oxide emissions and 65% of volatile organic 

compounds in Athens have been attributed to road traffic (Markakis et al., 2010; Moussiopoulos et al., 

1995). The industrial zone to the southwest (Elefsina) and the port of Piraeus to the south of the city 

centre are also important sources of nitrogen oxides (Kassomenos et al., 1995). Moreover, dust 

transport episodes from North Africa also contribute to the aerosol load of the city (e.g. Gerasopoulos 

et al., 2009; Kosmopoulos et al., 2017) and the area of Athens can be considered as an example of 

http://www.unece.org/env/lrtap/
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various aerosol types such as dust, local pollution, marine, biomass combustion and their mixtures 

(Soupiona et al., 2019). 

 

Figure 1.1. Map of Attica (72 x 72 km). Contour lines are by 200 m 

 

1.2.2 Measurement studies 

 

Athens ranks third worst among 25 large European cities in pollution due to increased levels of 

particulate matter and first in ozone exceedances (Pascal et al., 2013). Long-term particulate matter 

measurements in Athens have recorded a significant number of exceedances of the limits set by the 

European Union (Directive 2008/50 / EC) for PM10 (e.g. Chaloulakou et al., 2003) (Fig.1.2). Specifically, 

in-situ measurements have recorded an annual average concentration of 53.6 μg/m3 at a central 

monitoring station in Athens (Theodosi et al., 2011), exceeding the limit of 50 μg/m3. The 

corresponding annual mean value for the optical thickness of the suspended particles has been 

calculated to be 0.23 ± 0.17 (Gerasopoulos et al., 2011). Long-term ozone measurements at suburban 

stations have recorded the high average value of 120 μg/cm3 during summer months (Kalabokas and 

Repapis 2004). Anthropogenic emissions related to intensive urbanization, lead to frequent smog 

events in the city of Athens. From 1980 to this day, several studies have been carried out in Athens 

focusing on the city's air pollution in order to understand the physical and chemical mechanisms of 

gaseous pollutants and smog formation. Most of them have been carried out on the basis of in-situ 

measurements (e.g. Lalas et al., 1983; Barde and Button, 1990; Viras and Siskos, 1992; Ziomas et al., 

1998; Kalabokas et al., 1999; Kalabokas and Repapis 2004). More recent studies have used ground-

based remote sensing techniques, such as lidar, MFR and active long path DOAS (e.g. Avdikos et al., 

2006; Kalabokas et al., 2008; Gerasopoulos et al., 2011; Papayiannis et al., 2012, Psiloglou et al., 2013) 

or satellite observations (e.g. Retalis et al., 1999; Vrekoussis et al., 2013). There has been a gradual 

decrease in annual NO2 concentrations since 1987 (Fig. 1.3) and specifically from 1998 to 2006 the 
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levels have decreased by 11% (Mavroidis and Chaloulakou, 2011). Changes in the composition of the 

urban atmosphere of Athens have been observed since 2008, when the economic crisis began. Satellite 

observations showed a reduction of columnar NO2 in the troposphere by 30-40% (Vrekoussis et al., 

2013), as a result of reduced consumption of fossil fuels for transportation and heating. At the same 

time, the biomass combustion for heating purposes increased, the incomplete combustion of which 

enriches the atmosphere with carbon monoxide (CO) and contributes to the creation and 

accumulation of suspended particles. Prior to the onset of the economic crisis, vehicle emissions were 

estimated to be the only source of CO, with heating emissions accounting for only 0.01% of total 

emissions (Viras and Siskos, 1992). The upward trend in the 1980s in terms of CO levels - the average 

annual concentration had reached 8.5 μg/m3 - was reversed from the early 1990s onwards, due to the 

replacement of conventional vehicles with catalytic converters, leading to a reduction of 0.5 μg/m3 per 

year (Viras et al., 1996). The decrease of these levels continued at a slower pace from 2000 to 2008, 

when the rate of the decrease in the average annual price increased again due to the economic crisis 

(Vrekoussis et al., 2013). 

 

Figure 1.2. PM10, PM2.5 and PM10–2.5 concentration whisker plots (Chaloulakou et al., 2003) 

 

 

Figure 1.3. Annual mean concentrations for NOx, NO2, O3 at a traffic station in the city centre (Mavroidis and 

Chaloulakou, 2011) 
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1.2.3 Atmospheric composition studies 

 

Photochemical and smog formed under strong stationary emissions during evening are the most 

common pollution phenomena in Attica. Photochemical smog is formed under conditions of intense 

solar radiation, high temperatures and it is associated with high concentrations of nitrogen oxides 

(mainly NO2), ozone, hydrocarbons and their by-products. Despite the fact that there is a contribution 

from stationary sources, the photochemical smog is mainly associated with road traffic emissions. As 

the key role of VOCs in photochemical smog formation has been recognized (Finlayson-Pitts and Pitts, 

2000), the development of strategies to control and reduce O3, NOx and particulate matter levels in 

urban environments requires measuring molecules that are indicators of the oxidation rate of VOCs. 

Such molecules are formaldehyde (HCHO) and glyoxal (CHOCHO) (Finlayson-Pitts and Pitts, 2000). As 

for O3 and NOx, since their chemistry is strongly related (reactions 1 and 2) and since O3 is a secondary 

pollutant, NOx could be a good indicator of photochemical smog formation. 

The smog due to stationary sources has a strong presence in the area in the recent years and it is 

formed under conditions of high emissions (mainly from stationary sources of fossil fuel or biomass 

emissions) of pollutants, such as carbon monoxide (CO), sulfur dioxide, particulate matter and black 

carbon, combined with increased relative humidity levels. Good indicators for the study of smog are 

CO and black carbon (Fourtziou et al., 2016). 

The compounds used as smog indicators in the present study and their role are briefly described as 

follows: 

i) Nitrogen dioxide (NO2) 

NO2 plays an important role in tropospheric and stratospheric chemistry (Crutzen, 1979). In the lower 

stratosphere and upper troposphere, it partially determines the distribution of ozone through its 

catalytic destruction (Seinfeld and Pandis, 2006). In the lower troposphere, NO2 chemistry partially 

controls the oxidative capacity of the atmosphere (having the ability to remove electrons from 

molecules), the presence of troposheric ozone (through its formation during photochemical smog), as 

well as the lifetime of greenhouse gases, such as methane (CH4). It also contributes to the formation 

of nitrate particles and acidic aerosols. The distribution of NO2 and O3 in the atmospheric boundary 

layer directly affects air quality, as well as human health (e.g. Seinfeld and Pandis, 1998). NO2 absorbs 

mainly in the visible spectrum and accurate estimates of absorption from NO2 in the atmosphere are 

necessary in the case of calculating the atmospheric radiation balance. The basic formation (1) and 

cleavage (2) reactions of NO2 are (Sander et al., 2006): 

ΝΟ + Ο3 → ΝΟ2 + Ο2 (1)  ΝΟ2 + hv → NO + O(3P) , hv < 424 nm (2) 

Any other reaction that converts NO to NO2 (3) is a photochemical source of ozone production. 

ΝΟ + RΟ2
- → ΝΟ2 + RΟ- , R = H or hydrocarbons (3) 

In fact, the photochemistry of ozone and NO2 is characterized by complex processes. At regional scale, 

the ozone concentration is significantly determined by a series of reactions that include mainly volatile 

organic compounds and CO, while at local scale the dynamics of NO-NO2-O3 prevails and is 

characterized by the very rapid reactions (1) and (2) mentioned above (Pleijl et al., 2009). In the case 
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of low concentrations of nitrogen oxides, these reactions form ozone as the predominant product, 

while on the other hand, in the case of high concentrations of nitrogen oxides, NO2 predominates. The 

spatial and temporal distribution of NO2 in the troposphere is strongly variable and is influenced by 

both anthropogenic (e.g. fossil fuel and biomass burning, crop intensification with extensive use of 

fertilizers) and natural sources (lightning, soil oxidation). High NO2 concentrations are also observed in 

industrial areas (Kassomenos et al., 1995). Its lifetime has been estimated to be about 27 hours within 

the atmospheric boundary layer and 4-5 days in the upper tropospheric layers (Leue et al., 2001). 

Under certain conditions, tropospheric NO2 can be transported over long distances, thus contributing 

to the transboundary transport of pollution (Leue et al., 2001; Velders et al., 2001; Wenig et al., 2003). 

ii) Formaldehyde (HCHO) 

Formaldehyde is a significant atmospheric pollutant and its levels, in the troposphere, range from a 

few ppt in clean environments (Lowe and Schmidt, 1983) to a few tens of ppb in polluted 

environments, such as large urban centers. It is an important factor in atmospheric photochemistry as 

an intermediate product of the photochemical oxidation of volatile organic compounds (VOCs) and 

several hydrocarbons, including methane (CH4) (Levy 1971, Finlayson and Pitts, 1976). The formation 

of formaldehyde from methane, in the presence of NO in urban environments is described by the 

following series of reactions: 

CH4 + OH → CH3 + H2O   (4) 

CH3 + O2 + M → CH3O2 + M  (5) 

CH3O2 + NO → NO2 + CH3O  (6) 

CH3O + O2 → HCHO + HO2  (7) 

Under specific meteorological conditions, in the presence of high concentrations of NOx and VOCs and 

under the influence of UVB radiation, formaldehyde contributes to the formation of ozone and 

photochemical smog (Seinfeld and Pandis, 2006). Also, its presence affects the photochemistry of 

hydroxyl radicals (OH) and hydroperoxy radicals (OHx) (Sumner et al. 2002, Liu et al. 2007), contributing 

to the energy balance of the atmosphere. Its photolysis (8 & 9) and its reaction with hydroxyl radicals 

(10 & 11) are the main routes of its removal from the atmosphere, as well as the main source of 

chemical formation of CO (Atkinson et al., 2000). 

HCHO + hv → H2 + CO   (8) 

HCHO + hv → H + HCO   (9) 

HCHO + OH → HCO + H2O  (10) 

HCO + O2 → HO2 + CO   (11) 

It is released into the atmosphere either as a primary pollutant from vehicle emissions and industries, 
or as a secondary pollutant through the previously analysed processes. Enhanced formaldehyde levels 
have been found in environments characterized by high levels of VOCs and pollution (Lee et al, 1998; 
Palmer et al., 2003; Heckel et al., 2005). Due to its short lifetime in the atmosphere, of the order of a 
few hours (Arlander et al., 1995), formaldehyde is a very good indicator of hydrocarbon emissions. For 
the same reason, its spatial distribution worldwide is characterized by great heterogeneity in relation 
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to other pollutants, as its concentration decreases rapidly as we move away from its emission sources. 
Unlike other hydrocarbons, formaleldehyde can be measured using remote sensing. 
 
iii) Glyoxal (CHOCHO) 

The presence of glyoxal in urban environments, is mainly attributed to the oxidation of volatile organic 

compounds (Calvert et al., 2000), as its primary emissions (biogenic processes and biomass 

combustion) are considered extremely low compared to secondary (Volakmer et al., 2005). Extremely 

small amounts have been reported in exhaust emissions (Grosjean et al., 2001). Its very short life in 

the atmosphere, of the order of 1-2 hours in conditions of intense solar radiation (Volkamer et al., 

2005), determined by its photolysis and reaction with OH radicals, makes it a very good indicator of 

oxidation processes of the volatile organic compounds. High glyoxal concentrations have been 

reported in congested urban environments (Volkamer et al., 2005), as well as in areas with high 

biogenic emissions (Wittrock et al., 2006; Vrekoussis et al., 2009, 2010). 

iv) Particulate Matter (PM) 

Suspended particles (solid or liquid particles with a diameter of 0.0002 μm <d <500 μm, dispersed into 

the atmosphere) play an important role in climate through their direct (transfer of solar radiation) and 

indirect effect (cloud formation) on the energy balance of the atmosphere (e.g. IPCC, 2007). They vary 

in size and composition and their precise characterization using remote sensing techniques is still a 

challenge for the scientific community. The processes of formation, transport and transformation of 

suspended particles are not yet fully understood. Their large temporal and spatial distribution in the 

troposphere makes it difficult to identify them in terms of their species and their source of origin. 

Although a large proportion of particulate matter is of natural origin, in high concentrations it can be 

harmful to human health. The amounts of mineral dust deposited in human lungs during dust episodes 

are comparable to those received during exposure in heavily polluted urban areas (Mitsakou et al., 

2008). They are divided into coarse particles with a diameter of 2.5-10 μm and fine particles with a 

diameter of less than 2.5 μm (Fig. 1.4). Coarse particles are found mainly in dust transported from 

desert areas and in marine aerosols, while fine particles are characteristic of urban areas (Seinfeld and 

Pandis, 1998). Specifically for the Mediterranean region, aerosols from African dust transport can rise 

to high altitudes during transport and then mix with urban particles, contributing to pollution levels in 

those areas (e.g. Gerasopoulos et al., 2006, Mitsakou et al., 2008). Suspended particles are also divided 

into primary, which are emitted directly into the atmosphere, and secondary, which are formed 

through chemical reactions and phase change processes from gaseous to particulate. Organic 

secondary particles, which are an important component of the urban atmosphere, are formed when 

volatile organic compounds, such as isoprene, terpenes and aromatic hydrocarbons, are oxidized to 

form semi-volatile or low-solubility organic compounds (Carlton et al., 2009). These compounds will 

then either condense on the surface of pre-existing particles or form new particles (nucleation). In the 

present study, we will be mainly concerned with the optical properties of the suspended particles, i.e. 

the absorption and scattering of electromagnetic radiation, as discussed in more detail in Chapter 2. 
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Figure 1.4. Nomenclature; sources, lifespan and size of the suspended particles are the three categories observed 

in the atmosphere. (Willeke and Whitby 1975) 

 

v) Black carbon (BC) 

Black carbon (BC) consists of elemental carbon and is formed during the incomplete combustion of 

fossil fuels, biofuels and biomass, as well as by specific industries, such as the printing industry and 

printing inks. It absorbs strongly in the visible part of the spectrum of solar radiation and therefore its 

presence in the atmosphere has a positive sign in the energy balance. Although the exact effect on the 

radiation balance depends on how it mixes with the other components of the suspended particles 

(Jacobson, 2001), BC emissions contribute significantly to global warming, ranking second after carbon 

dioxide (Bond et al. 2013). Its lifespan in the atmosphere ranges from a few days to weeks, so it can be 

transported over long distances and mixed with other suspended particles. In this way intercontinental 

atmospheric brown clouds can be formed, with a vertical growth of 3-5 km (Ramanathan and 

Carmichael, 2008). 

vi) Carbon monoxide (CO) 

The main source of carbon monoxide is the partial oxidation of hydrocarbons and its key role in 

tropospheric chemistry makes this element one of the most important air pollutants (Crutzen and 

Zimmermann, 1991). It reacts strongly with hydroxyl radicals. In urban environments it has been found 

that these reactions contribute 10% to the total consumption of hydroxyl radicals (Ren et al., 2003). 

CO + OH → CO2 + HO2   (12) 

Globally, the main sources of CO emissions are the fossil fuel combustion (15%) and the oxidation of 

atmospheric CH4 (25%). CO production in the northern hemisphere is about 100% higher than in the 

southern hemisphere (Logan et al., 1981). It has been estimated that about 2/3 of the CO in the 

atmosphere originates from anthropogenic activities (Seinfeld and Pandis, 2006). Its residence time in 

the atmosphere is 30-90 days. Its concentration in background conditions is 40-220 ppb and in urban 

areas it can reach 10 ppm. 

 

 



21 
 

1.3    Purpose and originality of research 

 

The present study is mainly based on the Differential Optical Absorption Spectroscopy (DOAS) of 

diffuse radiation, which is used for the first time in Athens and fills the gap between in-situ 

measurements, which have local character and satellite measurements, which have a small spatial 

resolution and do not capture the spatial distribution of pollutants within the basin. This technique is 

based on the absorption of molecular structures in the visible and near ultraviolet parts of the 

electromagnetic spectrum. Measurements with the Multi Axis DOAS (MAX-DOAS) have the advantage 

of continuous recording of spectra at low cost, resulting in the acquisition of long time series of data. 

The multiple viewing directions also provide the possibility to study the spatial distribution of the 

selected pollutants, as well as their vertical distribution. An additional originality is the fact that the 

MAX-DOAS system, operating at the premises of the National Observatory of Athens to the north of 

the city (Penteli mountain) at an altitude of 500 meters above sea level, allows monitoring of the entire 

Attica basin formed by the four mountains surrounding the city. The exact location of the instrument 

and its viewing directions can be seen in Figure 3.1 (Chapter 3). Therefore, a long-term study can be 

carried out regarding the spatial and temporal distribution of specific pollutants in the whole area of 

Athens. The MAX-DOAS instrument used in this study is part of the BREDOM network (Bremian DOAS 

network for atmospheric measurements, http://www.iup.uni-

bremen.de/doas/groundbased_data.htm). 

The gaseous pollutants studied by DOAS spectroscopy in Athens are nitrogen dioxide (NO2), 

formaldehyde (HCHO) and glyoxal (CHOCHO). Especially regarding glyoxal, it is the first time that 

measurements are carried out in Athens. Regarding formaldehyde, only sporadic measurements have 

been performed, with the exception of the work of Bakeas et al. (2003), where measurements were 

performed for a period of six (6) months. Therefore, this is the first time that the seasonal cycle of 

these gaseous pollutants is recorded in the region of Attica. It is also the first time that an attempt is 

made to calculate the vertical distribution of suspended particles in Athens using MAX-DOAS 

measurements. Although in terms of particulate matter, systematic measurements are performed in 

Athens with lidar systems giving reliable results (e.g. Papayiannis et al., 2008), MAX-DOAS excels in 

providing continuous measurements with low cost, which may prove to be extremely useful in the 

future, as according to the IPCC emission forecast scenarios (Intergovermental Panel on Climate 

Change, 2008) the reduction of organic particulate emissions is expected to be particularly small 

compared to other emissions, such as SO2 and BC which are expected to decrease by 80% and 50% 

respectively by the end of the 21st century. 

During this study, the phenomenon of biomass combustion, which has a strong presence in recent 

years and greatly burdens the quality of the atmosphere in Athens was also investigated. Specifically, 

in 2011, the economic crisis in Greece affected the price of heating oil, resulting in a gradual decrease 

in its use by the inhabitants of the city and an increase in biomass combustion. This has led to frequent 

smog episodes during night hours (Fourtziou et al., 2017), when the shallow nocturnal boundary layer 

combined with certain meteorological conditions (temperature inversion, weak winds) traps the 

pollutants in the lower atmospheric layers. Due to the fact that this phenomenon has a strong presence 

at night and can not be covered by the measurements of MAX-DOAS, which performs measurements 

only during the daylight, the need to use in-situ measurements during intense winter experimental 
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campaigns has been risen. The effect of the reduced use of fossil fuels and the parallel increase of the 

use of biomass on long-term carbon monoxide (CO) trends in Athens was investigated for the first time. 

Specifically, the objectives of the present study can be summarized as follows: 

❖ Use of the MAX-DOAS passive remote sensing system for: 

❖ Description of the seasonal variation of nitrogen dioxide (NO2), formaldehyde (HCHO) and 

glyoxal (CHOCHO) and investigation of their spatial distribution in the whole area of 

Athens. 

❖ Investigation of the daily variation of the above mentioned gaseous pollutants, taking into 

account their spatial and temporal distribution. 

❖ Estimation of the contribution of urban pollution sources to the levels of the studied air 

pollutants in the urban area of Athens. 

❖ Investigation of the effect of meteorology with emphasis on the prevailing local wind 

systems on the long-term measurements of the studied gaseous pollutants. 

❖ Description, based on the previous results, of the dominant role of anthropogenic sources 

or photochemical processes in the levels of the above mentioned pollutants in Athens. 

 

❖ Retrieval of the vertical distribution of the aerosol extinction coefficient and calculation of the 

optical thickness of the aerosols, using the BOREAS algorithm, the SCIATRAN radiative tranfer 

model and the MAX-DOAS measurements. 

 

❖ Assessment of the reliability of the above results by comparing them with the corresponding 

results obtained from the active remote sensing system lidar and the Cimel sun photometer. 

 

❖ Investigation of the role of biomass combustion in the quality of the atmosphere of the urban 

environment of Athens. This investigation is based on carbon monoxide (CO) and black carbon 

(BC) in situ measurements. 

 

During the first stage of the study, continuous measurements for an 18-month period were performed, 

in order to retrieve data for NO2, HCHO, CHOCHO and oxygen dimer (O4) with the MAX-DOAS remote 

sensing system, which is part of the BREDOM network (Bremian DOAS network for atmospheric 

measurements) of the University of Bremen and operates at the premises of the National Observatory 

of Athens (NOA) in Penteli. During the second stage, the results were processed, in order to provide 

answers to the questions / objectives of this work. In the context of this stage and for the evaluation 

of the algorithm used to calculate the aerosols’ vertical distribution, it was necessary to use additional 

measurement data from a CIMEL sun photometer, part of NASA's AERONET network and operating at 

NOA’s monitoring station in the city centre, as well as from a lidar system, part of EARLINET network, 

which carries out measurements at the National Technical University of Athens. Allong with the remote 

sensing measurements, intensive winter in-situ campaigns were carried out at NOA’s monitoring 

station in the city centre for addressing the need to observe and investigate the phenomenon of the 

increased biomass combustion during winter. 

The results of this study are presented in Sections 3, 4 and 5. 
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Chapter 2 

 

Instrumentation and theoretical background 

The scope of this chapter is to describe the instruments and methodologies used to carry out the 

experimental part of the present study, as well as to explain concepts that are necessary for the 

understanding of these procedures. It focuses on the description of the technique of the differential 

absorption differential optical spectroscopy - as it is the main method that was used - both at 

theoretical level and at level of structure and operation of the MAX-DOAS system. The theoretical 

background of the BOREAS retrieval algorithm used to calculate the vertical distribution of aerosols is 

also described. Then, a brief reference is made to the basic concepts of radiation propagation used by 

remote sensing applications, and finally, the instruments used to perform the necessary auxiliary 

measurements are also described. 

 

2.1    Differential optical absorption spectroscopy (MAX-DOAS) 

 

Multiple AXis Differential Optical Absorption Spectroscopy (MAX-DOAS) is a relatively new 

atmospheric measurement technique (Hönninger et al., 2004) that has become widely used in recent 

years (e.g. Heckel et al., 2005; Pinardi et al., 2013; Seyler et al., 2017) and which uses scattered solar 

radiation from multiple viewing directions. The concentration of the studied trace gases is calculated 

through numerical analysis of the atmospheric absorption spectra. Ground measurements with MAX-

DOAS have increased sensitivity in the lower atmospheric layers and in combination with Radiative 

Transfer Models (RTM) and inversion techniques, can provide information on the vertical distribution 

of trace gases and aerosols in the atmosphere. 

 

2.1.1 MAX-DOAS technique 

 

The general idea of the MAX-DOAS technique is to record spectra of scattered solar radiation at 

different elevation angles α, i.e., the angle formed between the viewing direction of the telescope and 

the horizontal direction. For an individual measurement at an elevation angle α, the measured optical 

density refers to Slant Column Density (SCD), which is the concentration c(s) of the trace gas integrated 

along the light path s: 

𝑆𝐶𝐷𝛼 = ∫𝐶(𝑠)𝑑𝑠 =
1

𝜎
 log

𝐼𝜊

𝐼𝛼
     (2.1) 

where σ denotes the absorption cross section, Ιο the reference spectrum and Iα the measured spectrum 

(Fig. 2.1). 
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Figure 2.1. Geometry of MAX-DOAS and the associated radiation transport in the atmosphere (Platt and Stutz, 

2008) 

 

The DOAS methodology is based on the Beer-Lambert's law, according to which the attenuation of 

electromagnetic radiation of wavelength λ and intensity I(λ) when passing through matter of thickness 

ds is given by the equation: 

𝑑𝐼(𝜆) = 𝐼(𝜆) ∙ 𝑝(𝑠) ∙ 𝜎(𝜆, 𝛵)𝑑𝑠    (2.2) 
 
where σ(λ,Τ) denotes the absorption cross section of the absorbing matter and p(s) the matter’s 

density across a light path s (Fig.2.2). The integration of equation 2.2 for a finite optical path defines 

the relationship between the initially emitted radiation Ιο(λ) and the radiation intensity Ι(λ) after 

passing through the matter (Equation 2.3). The logarithm of the ration Ιο(λ) / Ι(λ), is the optical 

thickness τ(λ) of the matter (Equation 2.4). 

𝐼(𝜆, 𝜎) = 𝐼𝑜(𝜆)𝑒
−𝜎(𝜆,𝛵) ∫𝑝(𝑠)𝑑𝑠     (2.3) 

𝜏 = − ln (
𝐼(𝜆,𝜎)

𝐼𝑜(𝜆)
) = 𝜎(𝜆, 𝛵) ∫ 𝑝(𝑠)𝑑𝑠 = 𝜎(𝜆, 𝛵) ∙ 𝑆𝐶𝐷  (2.4) 

 

Figure 2.2. The basic principle of absorption spectroscopic trace gas detection. A beam of light passes through a 

volume containing the absorber with concentration c (Platt and Stutz, 2008) 
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However, the Beer-Lambert's law cannot be applied to atmospheric measurements due to the 

following reasons: 

i) In addition to absorption by trace gases, attenuation of radiation is also caused by 

scattering by molecules or aerosols. Especially for aerosols, the attenuation cannot be 

accurately calculated. 

ii) Absorption by various components of the atmosphere is added to the total absorption, 

thus influencing the measurement of the studied trace gas. 

iii) In the case of satellite measurements, the detected radiation depends greatly on the 

surface albedo. 

These restrictions are eliminated by the application of the differential optical absorption spectroscopy 

(DOAS) technique. The DOAS technique is based on absorption measurements using spectrum rather 

than monochromatic light source. In this way, it is possible to distinguish the absorption structures of 

different elements, as well as the attenuation due to scattering. It was first described by Perner and 

Platt (1979) and a detailed description has been given by Platt (1994). 

The basic principle of the DOAS method is the separation of absorption into broadband and 

narrowband spectral features. Therefore, the absorption cross-section σ(λ) of a given element can be 

expressed as the sum of the absorption cross-sections of the broad σc(λ) and the narrow structure σ΄(λ) 

(Equation 2.5) and equation 2.3 can be converted to equation 2.6. 

σ(λ) = σc(λ) + σ΄(λ)      (2.5) 

𝐼(𝜆, 𝜎) = 𝐼𝑜(𝜆)𝑒
−𝜎𝑐(𝜆)∙𝑆𝐶𝐷 ∙ 𝑒−𝜎

′(𝜆)∙𝑆𝐶𝐷    (2.6) 

σ΄ (λ) denotes the differential absorption cross section. The distinction between the narrow and the 

broad absorption cross-section depends on the amplitude of the spectrum, as well as the amplitude 

of the absorption peaks that need to be examined. In order to remove the broad atmospheric 

absorption structures, as well as the effects of Rayleigh and Mie scattering, the measured spectrum is 

divided by a fitting polynomial. Also, the spectral characteristics of Fraunhofer lines are removed by 

subtracting a Fraunhofer reference spectrum from the measured spectrum. 

The differential optical thickness is defined in accordance with the differential absorption cross section, 

by equation 2.7. Finally, the slant column density for a specific trace gas can be calculated using 

equation 2.8. 

τ΄(λ,σ,σ΄) = τ(λ,σ) – τ(λ,σ-σ΄)     (2.7) 

SCD = τ΄(λ,σ,σ΄)/σ΄      (2.8) 

An example of DOAS fitting curve applied to CHOCHO spectrum is shown in Figure 2.3 
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Figure 2.3. The dashed and solid curves represent the DOAS fit and the reference cross section scaled to the slant 

column values, respectively. 

 

In order to calculate the SCD of tropospheric trace gases, the differential SCD (DSCD) is used i.e. the 

difference between the SCD at α ≠ 90ο and at α=90ο: 

DSCD (α,θ) = SCD (α,θ) – SCD (90ο,θ) = 
1

𝜎
 log

𝐼90𝜊

𝐼𝛼
  (2.9) 

As the measured SCD is highly dependent on the geometry of the instrument and the meteorological 

conditions, it is usually converted to vertical column density (VCD). The conversion from SCD to VCD is 

achieved through the air mass factor (AMF) which is defined as the enhancement of the average path 

followed by the photons in the atmosphere compared to the vertical path (Platt and Stutz, 2008) 

(section 2.2.1) 

 

2.1.2 Operation principles and fundamental set-up of a MAX-DOAS system 

 

The basic principle of a MAX-DOAS system, briefly, is the collection of scattered solar radiation from 

different directions through a rotating telescope and the transmission of the received signal, through 

quartz optical fibers, to the spectrometer. Fiber optics effectively depolarize the incoming radiation 

and provide flexibility in adjusting instrument settings. The spectrum is recorded by a Charge Coupled 

Device (CCD) detector and is saved in a computer, which controls the operation of the instrument 

(Wittrock et al., 2004) (Figure 2.4). 

In the case of the instrument used for the present study, ultraviolet and visible radiation of the solar 

spectrum enters the telescope through a quartz window. A lens focuses the incoming radiation on an 

optical fiber bundle, which ends at a grating spectrometer, where the individual fibers are distributed 

along the entrance slit. A cylindrical tube is attached to the quartz window of the telescope, in order 

to block the direct solar radiation from entering. A shutter has been placed inside the telescope unit, 

in order to cut off the optical path from the quartz window to the lens during calibration 

measurements. A mercury-cadmium lamp (Hg-Cd) is used for the wavelength calibration; each pixel of 

the CCD detector is matched with the right wavelength. In this way, errors due to spectrum 

displacement are avoided, as well as error propagation in the measurement results. A camera has been 

 

 

12/12/12 9:52LT 
SCNO2=2.4 1017 molec cm-2, r=0.998, chi-sqr=5.44 10-4 

13/06/13 10:36LT 
SCHCHO=1.1 1017 molec cm-2, r=0.920, chi-sqr=6.54 10-5 

 

08/11/13 14:03LT 
SCCHOCHO=7.2 1015 molec cm-2, r=0.722, chi-sqr=1.24 10-4 

 

12/12/12 9:52LT 
SCO4=7.3 1042 molec2 cm-5, r=0.997, chi-sqr=5.43 10-4 

a) b) 

c) d) 
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placed just below the telescope entrance window, in order to provide input onhave an idea of the 

weather conditions at the time of the measurements and to be able to carry out post quality control 

and corrections of the measurements (QA / QC). The accuracy of the elevation angle is checked by an 

inclinometer. Silica gel is also used to remove the humidity from the telescope unit and to avoid 

possible condensation of water vapors on the optical elements or possible problems in the electrical 

circuits. 

The grating spectrometer used in this study is a L.O.T. 260S (600 l/mm ruled grating) with spectral 

resolution of about 0.8 nm at Full Width at Half Maximum (FWHM) and spectral range 330-500 nm. 

Therefore, it is capable of up to 350 spectral lines. The measured spectrum is recorded by a CCD 

detector (Andor DV-440BU) of 2048x512 pixels. The CCD detector is an integrated circuit etched onto 

a silicon surface forming light sensitive elements called pixels. The incident radiation is absorbed and 

the exposed surface emits electrons (photoelectric effect). The electrons bind to the potential well and 

remain near the semiconductor-insulator (silicon) interface. They are gradually transmitted through 

electrical signals and are recorded as output digital signals. The spectrometer unit is constantly cooled 

to -37οC, in order to avoid changes in the optical properties of the instrument and to minimize dark 

current. 

For ground-based observations with MAX-DOAS, the telescope collects radiation from different 

viewing directions (observation geometry) allowing conclusions to be drawn about the spatial 

distribution of certain trace gases. At the vertical viewing direction (zenith direction), the photons have 

travelled a relatively long distance in the stratosphere, compared to the short light path travelled in 

the troposphere, before finally reaching the telescope. In contrast, off-axis geometries focus on the 

lower atmospheric layers, increasing the instrument's sensitivity to absorbers within the atmospheric 

boundary layer. Since the MAX‐DOAS analysis is a differential method and no absolute calibration is 

needed, the method is sensitive, even at low concentrations of the measured trace gas. The installation 

of MAX-DOAS at the National Observatory of Athens in Penteli is shown in Figure 2.5. 

The altitude at which the photon is last scattered before reaching the telescope is called the last 

scattering altitude (LSA). The LSA effectively determines the length of the last section of the path taken 

by the photons through the lowest atmospheric layer and is an important parameter in understanding 

the sensitivity of MAX-DOAS measurements in relation to different vertical distributions of trace gases 

and suspended particles. As expected, the LSA becomes smaller for the lower elevation angles, 

increasing the sensitivity to trace gases within the atmospheric boundary layer. LSA is also small when 

large load of suspended particles is present in the atmosphere (Hönninger et al., 2004).  
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Figure 2.4. Schematic view of a DOAS instrument used to measure tropospheric trace-gas concentrations. 

Collimated light undergoes absorption processes on its way through the atmosphere. Panel (a) shows an example 

of this light entering the spectrograph. This absorption spectrum shows the rotational structure of the absorption 

bands. In panel (b) the same spectrum convoluted by the spectrographs instrumental function reaches the 

detector. In the detector the wavelength is mapped to discrete pixels (panel c) and the final spectrum is stored in 

the computer for numerical analysis (Stutz and Platt 1996). 

 

 

  

boundary layer 

stratospheric 
layer 

sza 

elevation angle 
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Figure 2.5. Schematic overview of the observation geometries of MAX-DOAS at the premises of the National 

Observatory of Athens in Penteli at an altitude of 527 m a.s.l.. The yellow lines represent the optical path of 

photons reaching the telescope for 5 elevation angles. The enhancement of the optical path within the 

atmospheric boundary layer at small elevation angles is obvious. 

 

MAX-DOAS observations can also be used for aerosol analysis through oxygen dimer (O4) 

measurements. Since the vertical distribution of O4 is highly dependent on altitude, O4 measurements 

are particularly sensitive to changes in the optical path and thus, can provide information on the 

vertical distribution of atmospheric aerosols. In terms of accuracy due to calibration, this method 

excels when compared to other techniques (such as sunphotometers or lidar) since it is based on 

differential absorption and does not require absolute calibration or the utilisation of the Langley 

technique. Apart from the atmospheric aerosols, the optical path of the photons is also affected by the 

presence of clouds, altering the levels of the SCDO4 compared to those obtained under clear sky 

conditions. Optically thick clouds usually lead to an increase of the optical path due to the multiple 

scattering that occurs inside the clouds. The same increasing effects have the optically thin cirrus 

clouds at high altitudes during measurements at small elevation angles. In contrast, sparse clouds at 

low altitudes tend to reduce the measured SCDO4 levels at all elevation angles (Wagner et al., 2011). 

 

2.2    Basic concepts of remote sensing 

 

In order to understand the concepts used to extract and explain results derived from remote sensing 

applications - and in particular from MAX-DOAS measurements - it is advisable to briefly describe some 

of their key points and basic principles. 

 

2.2.1 AMF - Air Mass Factor 

 

For DOAS measurements that use scattered solar radiation, the optical path depends on the position 

of the Sun and therefore the slant column density (SCD) depends, inter alia, on the solar zenith angle 

(sza) and the observational geometry of the telescope. Therefore, for more reliable results the use of 

the Air Mass Factor (AMF), which relates the calculated SCD to the VCD, as already mentioned in 

section 2.1.1, is required 

The AMF is calculated using appropriate radiative transfer models (RTM). At first, models that 

considered only single scattering in the atmosphere (e.g. Noxon et al., 1979; Solomon et al., 1987) - 

i.e. photons scattered only once before being detected - were used. The models based on this 

assumption gave satisfactory results. Nevertheless, models were later developed that took into 

account the presence of multiple scattering in the atmosphere (e.g. Dahlback et al., 1991; Rozanov et 

al., 1997; Marquard and Platt, 1997). Although multiple scattering models give a more realistic 

description of the atmosphere, the results were less accurate (Marquard et al., 2000). 
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The standard computational procedure for calculating the AMF of a particular absorber using RTM can 

be described in three steps: 

1. The RTM runs two simulations of the atmosphere: one with the studied trace gas being present 

(using an approximate vertical distribution of the specific race gas) and one with the trace gas 

being completely absent. The corresponding radiations I (λ, σ) and I (λ, 0) are calculated. 

2. The VCD of the absorber is calculated through integration of the considered vertical 

distribution of its concentration. 

3. The AMF is calculated: 

 

𝐴𝑀𝐹 =
ln[𝐼(𝜆,0) 𝐼(𝜆,𝜎)]⁄

𝜎∙𝑉𝐶𝐷
     (2.10) 

The actual VCD is then calculated using the AMF according to the equation: 

 𝑉𝐶𝐷 =
𝑆𝐶𝐷

𝐴𝑀𝐹
     (2.11) 

The above imply two limitations in the calculation and use of the AMF: (i) It is calculated as a function 

of the a priori VCD and therefore depends on it. (ii) While the SCD is calculated using a range of 

wavelengths, the AMF used to calculate the VCD is calculated for an individual wavelength value. 

 

2.2.2 Scattering and absorption of electromagnetic radiation 

 

The scattering of electromagnetic radiation arises from the interaction of photons and the electron 

cloud. If a photon of a certain wavelength is absorbed by a molecule in the atmosphere, the molecule 

goes from the ground state to an excited energy state. Depending on the frequency of the incident 

radiation, the molecular excitation can happen in three ways: i) the electrons of the molecule go to 

higher energy levels, ii) the rotational energy level of the molecule increases, iii) the vibrational energy 

level of the molecule increases (Serway et al., 1989). The molecule must return to its ground energy 

state in a very short time and this is achieved mainly by emitting in a random direction a photon of 

energy equal to the absorbed photon (radiative decay). This mechanism describes the scattering of 

solar radiation by molecules in the atmosphere. Scattering is a quantum phenomenon, but it can also 

be interpreted in terms of classical physics. According to the classical approach, the incident radiation 

polarizes the molecules by inducing oscillating electric dipoles, which in turn (as moving charges) emit 

radiation of the same wavelength as the incident one. When the scattering molecule is much smaller 

than the wavelength of the incident radiation, then the electromagnetic radiation is re-emitted in all 

directions and spherical scattering is observed (Rayleigh scattering). When the scattering molecule is 

larger than the wavelength of the incident radiation, then the laws of optical scattering prevail and 

most of the radiation is scattered forward (Mie scattering). If the scattering happens because of the 

coupling of the motion of the electrons and the nuclei (vibrational energy), then the scattered radiation 

has a different wavelength than the incident one and the phenomenon is called Raman scattering. 

However, in the case of relatively high atmospheric pressure (~ 1 atm), which is the case of the lower 

atmospheric layers, there is a possibility that the energy emitted after the excitation of the molecule, 

is converted into kinetic energy and heat, increasing the temperature locally. This phenomenon is 
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called thermalization and then we say that the photon is absorbed. Absorption is also observed when 

the interaction of solar radiation with the molecules of the atmosphere, leads to photoionization 

(removal of electrons) or photolysis of the molecules (initiation of photochemical reactions). 

Below, some physical parameters related to the scattering and absorption of electromagnetic radiation 

are described. 

Single Scattering Albedo (ω) is the ratio of the radiation attenuation due to scattering relative to the 

total attenuation (absorption and scattering): 

 𝜔 = 𝜎𝑠𝑐𝑎𝑡 (𝜎𝑠𝑐𝑎𝑡 + 𝜎𝑎𝑏𝑠)⁄    (2.12) 

σscat denotes the scattering cross section and σabs the absorption cross section. Therefore, it is a 

dimensionless quantity ranging between 0 (only absorption) and 1 (only scattering). 

The asymmetry factor (g) determines the radiation pressure exerted on a particle, is a measure of 

scattering direction and is also important in the approximate theory of multiple scattering by large 

particles (aerosols or cloud droplets). The asymmetry factor for scattering of unpolarised radiation is 

defined as the weighted mean over the sphere of the cosine of the scattering angle, with the particle 

phase function as weighting function. For forward scattering, g is near one, for backscattering is near 

minus one and for isotropic and Rayleigh scattering is zero. In the presence of suspended particles in 

the atmosphere, the asymmetry factor has been found to be 0.74 and 0.67 at 440nm and 670nm, 

respectively (AOD> 0.4) (Eck et al., 2001). In another study (Chubarova et al., 2011), it was found to be 

0.65 for fine and 0.89 for coarse particles at 440 nm. The corresponding values for the 670nm are 0.53 

and 0.85. In the presence of water clouds the asymmetry factor is around 0.86 in the visible spectrum 

(Chou et al., 1998). 

The Angström exponent (α) describes the spectral dependence of the aerosol optical depth (τ), which 

largely depends on the aerosols’ size. The equation for the Angtröm exponent calculation relates the 

optical depth to two different wavelengths (λ και λο): 

 𝜏(𝜆) = 𝜏(𝜆0) [
𝜆

𝜆0
]
−𝛼

    (2.13) 

Actually, coefficient (α) represents the slope (first derivative) of the optical thickness with respect to 

wavelength in logarithmic scale. The high values of the Angström exponent (α ≥ 2) are associated with 

fine particles, which in turn are associated with the presence of urban pollution, and the small values 

(α <1) are associated with coarse particles, such as dust aerosols (Eck et al., 1999; Westphal and Toon, 

1991). 

The scattering phase function describes the angular distribution of the scattered radiation. It is defined 

as a function of the angle θ between the direction of incident and scattered radiation: 

 𝑃(𝜃) =
𝐹(𝜃)

∫ 𝐹(𝜃)𝑠𝑖𝑛𝜃𝑑𝜃
𝜋

0

     (2.14) 

F denotes the intensity of the incident radiation. P (θ) could be defined as the probability that a photon 

will scatter out of the beam path through an angle θ (Seinfeld and Pandis, 2006). 
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2.3    Inverse model and retrieval algorithm 

 

The inversion of the radiative transfer equation is a necessary process, in order to calculate the vertical 

distribution of trace gases and of the attenuation coefficient of solar radiation from aerosols using 

MAX-DOAS measurement data. As the equation depends largely on the suspended particles and after 

a series of studies (Frieb et al., 2006; Sinreich et al., 2005; Wagner et al., 2002; Wagner et al., 2004), in 

order to retrieve the aerosol extinction profile, the fitting of forward-modelled absorption signals of 

the oxygen dimer (O4) - which is characterized by a stable and well-known vertical distribution - in the 

measurement data has been suggested. The BOREAS (Bremen Optimal estimation REtrieval for Aerosol 

and trace gaseS) retrieval algorithm of the Institute of Environmental Physics of the University of 

Bremen (Bösch et al., 2017) was used for this purpose. This is an inverse modeling technique based on 

optimal estimation, as explained in the following paragraph. 

A vector y that results from observations and corresponds to a spectrum of diffuse solar radiation for 

example, can be related to the actual distribution of atmospheric gas x through a forward model F (Eq. 

2.13). The forward model F calculates the radiation transfer in the atmosphere. The parameter vector 

b of the model includes all the variables that affect the measurements (except for the variable under 

study, i.e. the trace gas in this case) and the vector bo is the optimal estimation of these parameters. 

Examples of variables included in b are the observation geometry (solar zenith angle, observation 

angle), surface properties (e.g. albedo), the presence of other trace gases and particulate matters, the 

¨ring effect¨ phenomenon, characteristics of the instrument, such as the slit of the spectrophotometer. 

The right side of the equation contains three sources of errors: ε is the measurement error, ΔF is the - 

usually systematic - error of the model and the derivative ∂F/∂b * (b-bo) describes the errors resulting 

from the uncertainties of the model parameters b. 

 𝒚 = 𝑭(𝒙, 𝒃𝑜) + 𝛥𝑭 +
𝜕𝑭

𝜕𝒃
(𝒃 − 𝒃𝒐) + 𝜀  (2.13) 

The inversion of equation 2.13 can result to the calculation of x given y. Given the presence of errors, 

a statistical estimation can be made and the results must be weighed according to the a priori 

knowledge of the trace gas distribution vector xa. The optimal solution of x that includes all of the 

above constraints, is called retrieval or optimal estimation. 

Equation 2.13 can be developed around the a priori distribution xa as follows: 

  𝒚 = 𝑭(𝒙𝑎 , 𝒃𝑜) + 𝜥𝒙(𝒙 − 𝒙𝑎) + 𝑒𝑟𝑟𝑜𝑟𝑡𝑒𝑟𝑚𝑠 (2.14) 

The term Kx=∂F/∂x is the weighted function at x=xa. An inverse method R calculates the vector of the 

xo distribution of the trace gas corresponding to the measurement y: 

 𝒙𝑜 = 𝑹(𝒚, 𝒙𝑎 , 𝒃𝑜)    (2.15) 

Actually, the inverse model is an approach to estimating the variables that determine the evolution of 

a system using system parameters that can be measured and our knowledge on how observations 

relate to system variables. 
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2.4    Ancillary measurements 

 

In order to address the questions of this research and to evaluate the results of the retrieval algorithm, 

it was deemed necessary to use ancillary measurements. The instruments used and their basic 

operational principles are briefly described below. 

 

2.4.1 Lidar System (LIght Detection And Ranging) 

 

It is an active remote sensing technique that uses laser to emit short ligth pulses into the atmosphere 

and detects/processes the return signal by a receiver typically consisting of a telescope, 

photodetectors and data acquisition electronics. Due to the interaction of the emitted laser beam with 

components of the atmosphere, a small fraction of it is backscattered; the processing of the return 

signal gives information about the distance of the target from the instrument and its vertical 

distribution in the atmosphere. The basic principle of lidar operation is illustrated in Figure 2.6. The 

lidar instrument consists of a laser source, which generates the light pulses that probe the atmosphere, 

a telescope and optics to collect the back-scattered radiation and a receiver which amplifies and 

converts the light echo into an electrical signal. 

 

Figure 2.6. Basic principle of lidar operation; IF: interference filter, VA: variable attenuator, DET: detector, DAQ: 

data acquisition system. 
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The lidar system used for the present study, has been operating since February 2000 at the National 

and Technical University of Athens (Papayannis et al., 2005) and is part of the EARLINET network. It is 

a Raman lidar system operating at six wavelengths. The transmitter features a pulsed Nd: YAG laser, 

emitting high energy pulses at 355, 532 and 1064 nm, with a repetition frequency of 10 Hz. It has a 

beam expander to reduce the beam divergence and increase its diameter. The receiver is a 

Cassegrainian telescope with a focal length of 600 mm and aperture diameter of 300 mm. It is 

connected to the spectral analyzer via fiber optics and detects signals at 355, 387, 407, 532, 607 and 

1064 nm. The system can also operate as a depolarisation lidar, which additionally to the elastic 

scattering at the initial three wavelengths, can also utilize the depolarization (a measure of particle 

sphericity) at 532 nm to draw conclusions about the optical properties of the suspended particles. 

 

2.4.2 Cimel photometer  

 

The Cimel Sun Photometer is a passive remote sensing system and consists of an optical head, a box 

containing the system’s electronics and a robotic pointing system for moving the optical head alnong 

both the zenith and azimuthal axes. A microprocessor calculates the sun’s position and guides the 

optical head. The optical head has two detectors for direct sun and diffuse radiation measurements, 

which are used for the calculation of the aerosols’ optical properties. The full angle field of view is 

about 1.2o. The sun detector is protected by a quartz (SiO2) filter, which allows spectral measurements 

of solar radiation in the spectral range from 380 nm to 1020 nm. The diffuse radiation detector has 

lenses with larger aperture to allow better dynamic range for the sky radiances, and the spectral range 

is the same (380-1020 nm). 

Direct sunlight measurements are used to calculate the aerosol optical depth at the wavelengths that 

the instrument operates. Each measurement records the voltage of the sensor at the different 

wavelengths. Given that the voltage at the top of the atmosphere (Vo) is known, the measured voltage 

(V) provides information about the tranfer of the radiation in the atmosphere and by applying the 

Beer-Lambert's law, the optical thickness at a certain wavelength is calculated (τλ): 

 𝑉𝜆 =
𝑉𝑜𝜆

𝑅2
𝑒(−𝜏𝜆∙

1
𝑐𝑜𝑠𝜃

)     (2.16) 

The angle θ denotes the solar zenith angle and the term R the Sun-Earth distance in astronomical units. 

The Vo calibration constant is determined by the Langley method, which is based on the spectral 

attenuation of solar radiation and Beer-Lambert's law. 

The Cimel Sun Photometer (Holben et al., 1998) data used in the present study, was provided by the 

NASA AERONET network; direct radiation measurements were being performed at eight wavelengths 

(340, 380, 440, 500, 675, 870, 940, 1020 nm) and diffuse measurements in four (440, 675, 870, 1020 

nm). Further analysis of the measurements provides information on the aerosol optical properties in 

the atmospheric column (Dubovik et al. 2006). The uncertainty of measurements for high optical depth 

values (AOD440>0.4) is estimated to be around 0.03, while for AOD440 values less than 0.2 the accuracy 

is even lower (0.05-0.07) (Dubovik et al., 2000). The Cimel Sun – Photometer has been operating in 

Athens since 2010 (Raptis et al., 2020). 
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2.4.3 BC - CO Measurements 

 

Thermo Fisher Multi Angle Absorption Photometer MAAP 5012 and Magee Scientific Aethalometer 

AE-42 were used for the black carbon measurements. 

The Multi-Angle Absorption Photometer (MAAP) determines the online light absorption of a PM 

deposit on a filter, by simultaneously measuring the transmissivity and reflectivity of the filter at 

multiple angles. More specifically, a multi-angle absorption photometer is used to analyze the 

modification of the radiation fields due to the deposition of particles in the anterior and posterior 

hemispheres of a glass-fiber tape. The data inversion algorithm is based on a radiation transfer method 

and takes into account multiple scattering processes within the collected particles and between the 

particle layers and the filter core, using an explicit arithmetic method. The air sample that enters the 

instrument, is deposited on the glass-fiber film and is led to the detection chamber, where a visible 

light source of 670 nm is directed at the sample (Fig. 2.7). The light propagating in the anterior 

hemisphere and reflected in the posterior, is measured by a series of photodetectors. The light beam 

attenuates relatively to the initial beam, which is the reference measurement of the clean filter. The 

reduction of light transmission, multiple reflection intensities and air sample volume are continuously 

integrated over the sample run period to provide real time concentration measurements of black 

carbon. 

The MAAP has been extensively tested and evaluated and the uncertainty of the absorption coefficient 

has been estimated to be 12% (Petzold and Schönlinner, 2004). 

The AE-42 aethalometer measures the light absorption by suspended particles at seven wavelengths 

(370 470, 520, 590, 660, 880 and 950 nm). The basic operational principle is to measure the rate of 

change of the attenuation of light from suspended particles that are continuously collected on a quartz 

tape using an air pump. Measurement at 880 nm is related the black carbon concentration. The 

method explicitly does not require any knowledge or assumption about the existence, origin or 

magnitude of any optical nonlinearity arising from the properties of the aerosol particles collected on 

the tape. 

 

Figure 2.7. Basic principle of MAAP 5012 operation. 
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For the in-situ CO measurements, the Horiba APMA-360 analyzer was used, which, in brief, calculates 

the CO concentration based on the strong CO absorption peaks at specific wavelengths. It consists of 

a light source, a cell, a detector, an optical filter and a flow regulator (Fig. 2.8). During operation, 

oxidation catalysts remove the CO in the sample gas, so it can be used as a reference gas with zero CO 

concentration. Even if there are interfering components present in the sample gas, capable of affecting 

the measurements, their influence can be ignored as they are present in equal amounts in both air 

samples (measurement gas and reference gas). The samples enter alternately into the cell and their 

difference determines the signal produced. The measurements are characterized by high accuracy and 

stability for long time periods. 

 

Σχήμα 2.8. Basic operationan principle of  Horiba APMA-360. 
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Chapter 3 

 

Slant column MAX-DOAS measurements of nitrogen dioxide, 

formaldehyde, glyoxal and oxygen dimer in the urban 

environment of Athens 

Slant column (SD) densities of nitrogen dioxide (NO2), formaldehyde (HCHO), glyoxal (CHOCHO) and 

oxygen dimer (O4) were successfully retrieved for the first time in Athens using spectral measurements 

from the ground-based MAX-DOAS instrument. The data cover the period from October 2012 to March 

2014. The measurements were carried out at the premises of the National Observatory of Athens 

(NOA) in Penteli (38.0°N, 23.9°E, 527 m a.s.l.) under eight azimuthal directions and eight elevation 

angles. 

Measurements at low elevation angles provide important information for investigating the spatial 

heterogeneity of pollution in the horizontal plane; the values of SCNO2, SCHCHO and SCCHOCHO for the +1ο 

elevation angle and viewing direction towards the urban area range from 0.6 to 24 . 1016, 0.8 - 9.6 . 1016 

και 0.3 - 5.2 . 1015 molec.cm-2 (average daily values for the whole period), respectively. The data were 

filtered with respect to the clouds, subtracting the days with heavy cloud cover, and only a small effect 

was found on the data. This result allowed the use of the retrieved SCDs for the temporal investigation 

(seasonal and daily) of the studied pollutants. 

Seasonal variation characterized by summer maximum and winter minimum was observed for HCHO 

and CHOCHO due to photochemistry, while for NO2 the maximum values were recorded during winter; 

in the polluted urban area, the winter levels are about 145% higher than during summer. 

The the daily variation of the three trace gases on seasonal and weakly basis, shows a strong 

connection with primary anthropogenic sources regarding NO2 and a weaker connection with 

anthropogenic sources - compared to photochemistry - regarding HCHO and CHOCHO . More 

specifically, NO2 has a morning maximum at 10:00 LT which is attributed to traffic emissions during the 

morning rush hour. The daily variation of formaldehyde is characterized by a wide afternoon peak in 

winter and a strong maximum at 12:00 LT in summer. A similar variation was found for glyoxal in 

summer, while in winter it is different with a gradual increase from morning until noon. In addition, 

the effect of the etesian winds on the dispersion of pollutants is obvious and emphasizes the dominant 

role of the photochemical production of HCHO. 

Reduced anthropogenic emissions over the weekend were found to affect the measured SCNO2 values, 

reducing them by 30% -50%. This effect is less pronounced for HCHO and CHOCHO levels, which range 

from 3% to 17% and 3% -33%, respectively. This finding is expected for VOCs with strong biogenic 

emissions. 

The contribution of the local urban sources to the total measured concentrations of the studied 

pollutants was investigated and the impact of the local circulation patterns was also assessed. It was 

found that the contribution of urban NO2 sources is 45% during winter and 60% during summer and 
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the corresponding contribution of HCHO and CHOCHO sources ranges from 5% to 15% and 15-30% 

during daytime. Regarding the regional circulation patterns, it was found that high SCΝΟ2 values are 

related to westerly winds that transport air masses from the industrial area of the city. Respectively, 

the north and northeast winds contribute to the dispersion of pollutants and are associated with low 

NO2 levels. 

Overall, the analyses of the automated MAX-DOAS measurements over the Attica basin provided a 

detailed temporal and spatial distribution of NO2, HCHO and CHOCHO for more than one year. They 

gave a consistent picture of the daily, weekly and seasonal variations of the studied pollutants and 

their horizontal distribution. The resulting temporal and spatial patterns demonstrate: (i) the 

predominant contribution of anthropogenic sources to NOX levels, (ii) the fact that VOCs are secondary 

products with additional primary sources other than anthropogenic, and (iii) the significant role of 

photochemistry in the pollution of Athens. 

The text of this study, published in the international peer-reviewed journal Atmospheric Environment, 

is attached. 
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Abstract. Slant column (SC) densities of nitrogen dioxide (NO2), formaldehyde (HCHO), glyoxal 

(CHOCHO) and oxygen dimer (O4) were successfully retrieved for the first time in Athens, by using 

spectral measurements from a ground-based multi-azimuth Multi-AXis Differential Optical Absorption 

Spectroscopy (MAX-DOAS) system. The data span the period from October 2012 to March 2014 and 

measurements were conducted at NOA’s (National Observatory of Athens) station in Penteli (38.0°N, 

23.9°E, 527 m a.s.l.) at eight azimuth angles and eight off-axis elevation angles. The SCNO2, SCHCHO and 

SCCHOCHO measurements at +1ο elevation angle, pointing towards the urban area, range from 0.6 to 24 
. 1016, 0.8 - 9.6 . 1016 and 0.3 - 5.2 . 1015 molec.cm-2 (mean daily values throughout the whole period), 

respectively. Seasonal modulation characterised by summertime maximum and wintertime minimum 

was observed for HCHO and CHOCHO, while for NO2 the maximum values were recorded during winter. 

Changes in the diurnal variability of all trace gases with season and day of the week are investigated 

suggesting a strong link to primary anthropogenic sources for NO2 and a weaker one, compared to 

photochemistry, for HCHO and CHOCHO. In addition, the impact of the reduced anthropogenic 

emissions during weekends on the measured SC values was quantified and 30% - 50% lower SCNO2 

values were found during weekends. The contribution of local urban emissions to the overall recorded 

amounts of the selected species was assessed. Using meteorological data from NOA’s station in 

Penteli, the impact of the local circulation patterns on the SC levels was estimated, and a strong 

relation between western wind direction, which is related to the industrial area, and enhanced SC 

measurements was found.  

 

3.1    Introduction 

 

Urban smog, a term coined from smoke and fog, is a frequent phenomenon in Athens since the 1980s, 

resulting from pollution emitted by anthropogenic activities related to intense urbanization and road 

traffic as well as partial industrialisation. During the last few decades, several studies have been carried 

out in Athens focusing on air pollution. These studies used in-situ measurements (e.g. Lalas et al., 1983, 

Barde and Button., 1990, Viras and Siskos, 1992, Ziomas et al., 1998, Kalabokas et al., 1999, Kalabokas 

and Repapis 2004), ground-based remote-sensing techniques, such as active DOAS and LIDAR (e.g. 

Avdikos et al., 2006, Kalabokas et al., 2012, Papayiannis et al., 2012, Psiloglou et al., 2013) and space-

based observations (e.g. Vrekoussis et al., 2013). Here, we report on measurements performed in 

Athens with a novel passive Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) 

instrument. In contrast to previous ground-based remote observations monitoring air composition at 

a fixed viewing direction, the deployed MAX-DOAS has the advantage of sequentially pointing at 

multiple azimuth angles. The instrument installed at the premises of National Observatory of Athens 

in Penteli (527m a.s.l., Fig. 1), scans the whole urban area of Athens providing information on both the 

vertical and the horizontal distribution of important trace gases in the troposphere above the Athens 

basin. In this work, MAX-DOAS slant column retrievals of nitrogen dioxide (NO2), the oxygen dimmer 

(O4), formaldehyde (HCHO) and glyoxal (CHOCHO) are presented for the time period from October 

2012 until March 2014. The importance of these species is summarized below. 

Nitrogen dioxide (NO2) is an important tropospheric pollutant, participating among others, in catalytic 

cycles leading to ozone formation; it is destroyed by oxidation to nitric acid (Seinfeld and Pandis, 2006). 

It affects human health increasing the risk of respiratory symptoms (Chaloulakou et al., 2008, Schwartz 
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et al., 1991). In urban environments, its main source is fossil fuel combustion (e.g. Noxon, 1978). 

Although combustion processes emit NO2 only in small quantities, they also emit nitrogen monoxide 

(NO) which rapidly forms NO2 when reacting with ozone molecules. Over 50% of NOx (NO plus NO2) 

emissions in the urban environment of Athens are attributed to road transport (Markakis et al., 2010). 

Additional important NOx sources in Athens are the industrial area (Elefsina) to the West-Southwest of 

the city center and the Piraeus port to the South-Southwest (Kassomenos et al., 1995). A large (31%) 

reduction in tropospheric NO2 levels has been observed since 2008, as a result of the economic crisis 

(Vrekoussis et al., 2013). Due to its strong absorption lines in the visible region of the spectrum, NO2 is 

readily observed using optical absorption spectroscopy (e.g. Brewer et al., 1973, Solomon et al., 1987). 

Formaldehyde (HCHO) is an intermediate short-lived (Arlander et al, 1995) product of the oxidation of 

volatile organic compounds (VOCs) and of many hydrocarbons, including methane (CH4) (Levy 1971, 

Finlayson and Pitts, 1976). Consequently, it can be used as an indicator for the presence of 

hydrocarbons and volatile organic compounds (VOCs) (Finlayson-Pitts and Pitts, 2000). Under 

particular meteorological conditions, an abundance of NOx and VOCs with sufficient UVB radiation may 

lead to the development of photochemical smog (Seinfeld and Pandis, 2006). HCHO also contributes 

to the radical budget of the atmosphere mainly as a primary source for the hydroperoxy radical (HO2) 

(Platt et al., 1979). Prior to this study there have been only sporadic measurements reported 

concerning formaldehyde amounts in Athens (Amanatidis et al., 1997, Klemm et al., 1998), with the 

exception of a study by Bakeas et al., (2002) where measurements for a six month time period are 

reported. 

Glyoxal’s (CHOCHO) presence in the atmosphere is attributed to the oxidation of VOCs (Calvert et al., 

2000), since its primary emissions are believed to be small compared to its secondary sources 

(Volkamer et al., 2005). High concentrations of glyoxal have been reported in polluted urban 

environments (Volkamer et al., 2005) as well as over areas with high biogenic emissions (Wittrock et 

al., 2006; Vrekoussis et al., 2009; 2010). Moreover, glyoxal is a short-lived species, so it can be used as 

an indicator of VOC oxidation processes (Volkamer et al., 2005). Thus far, to our knowledge there are 

no reported CHOCHO measurements conducted in Athens.  

The oxygen dimmer (O4) is the collision complex of two oxygen molecules (O2)2. It has several 

absorption bands in the near ultraviolet (UV), visible (VIS) and near infrared (IR) and it absorbs weakly 

under clear sky conditions (Perner and Platt, 1980). Given that the O4 has a well known and almost 

constant vertical concentration profile, the absorption enhancement by O4 can be used to calculate 

the mean optical path of the transmitted light (Pfeilsticker et al., 1997). MAX-DOAS measurements of 

O4 at different elevation angles can provide information about the atmospheric aerosol profile, since 

aerosols change the optical path in a way which depends on their vertical distribution (Wittrock et al., 

2004; Heckel et al., 2005; Wagner et al., 2004).  

This paper is structured as follows: in Section 2 a presentation of the topography of the Athens basin 

is given followed by the description of the MAX-DOAS instrument and the DOAS technique used. Time 

series of the measurements, seasonal and diurnal cycles and the impact of wind fields on pollutants 

levels are presented in Section 3. The cloud influence on the measured SC densities is also investigated. 

Finally, in Section 4, the main conclusions of this study are presented. 
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3.2    Data and methodology 

 

3.2.1 Site description 

 

The particulate and gaseous pollutants levels in Athens are strongly influenced by the special 

topography of the city (Fig. 1). The city of Athens, along with Piraeus to the south, and their suburbs, 

is surrounded in a semicircular way by four mountains: Aegaleo (450 m) to the West, Parnitha (1400 

m) to the North, Penteli (1100 m) to the Northeast and Hymettus (1050 m) to the East. The basin is 

open to the South and Southwest. Under specific meteorological conditions, Athens’ topography 

favors the accumulation of atmospheric pollutants (Kassomenos et al., 1995).   

 

Figure 3.1. MAX-DOAS location at NOA's premises in Penteli mountain, and viewing directions over Athens. 

 

3.2.2 Instrumentation and data retrieval 

 

The MAX-DOAS instrument used in this study is part of the BREDOM network (Bremian DOAS network 

for atmospheric measurements, http://www.iup.uni-bremen.de/doas/groundbased_data.htm). It is 

installed in Penteli (38.05oN, 23.86oE, 527m a.s.l) at the premises of the National Observatory of Athens 

(Fig. 2, left panel). 

Briefly, the instrument comprises a telescope unit, connected via an optical fiber bundle to a grating 

spectrometer (LOT 260S, 600l/mm ruled grating) equipped with a cooled (-40°C) CCD detector (Andor 

2048 x 512 pixels). The spectral coverage of the spectrometer is 330 – 500 nm with a spectral resolution 
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of approximately 0.7 nm. The telescope unit is mounted on a pan-tilt-head (Fig. 2, right panel) in order 

to be able to point towards any direction in the sky. The field of view of the telescope is about 1°. 

 

 

 

 

 

Figure 3.2. Telescope of the MAX-DOAS instrument installed at the premises of the National Observatory of 

Athens (left panel).  Panoramic view of the azimuth scan (right panel). 

 

During routine operation, measurements are performed at various azimuth and elevation angles as 

well as to the zenith. Eight elevation angles relative to the horizon were selected: -1ο, 0 ο, +1ο, +2ο, +4ο, 

+8ο, +15ο and +30ο. Since the greater part of the optical path is in the lower troposphere, 

measurements at low elevation angles have higher sensitivity to the concentration of absorbing trace 

species close to the surface (Hönninger et al., 2004, Wittrock et al., 2004). Concerning the azimuthal 

direction, eight viewing azimuth angles with respect to south were selected: -60ο, -30ο, 40ο, 52.5ο, 65ο, 

77.5ο, 100ο and 140ο. For simplicity we refer to these directions as W, A, R, S, T, U, V and B respectively 

(Fig. 2). Although there is unobstructed view towards all directions, direction ‘B’ pointing towards the 

Parnitha mountain cannot be considered as completely unobstructed since Parnitha’s altitude is 1400 

m and its distance from Penteli’s station is about 15 km. Direction ‘V’ is characterised as urban 

background, ‘U’ and ‘R’ as suburban, ‘T’ and ‘S’ are typical urban directions, ‘A’ is pointing to the airport 

and ‘W’ is a remote unobstructed direction. The duration of one full scanning cycle through all 

directions is about 15 minutes. The instrument has been operating continuously since October 2012. 

The acquired spectra are analysed using the DOAS technique (Differential Optical Absorption 

Spectroscopy, Platt and Stutz 2008), which applies the Beer-Lambert’s law. The optical thickness, i.e. 

the logarithm of the ratio of the observed to a reference spectrum, is separated into two components: 

a high and a low frequency one. The absorption by trace gas molecules and the signature of rotational 

Raman scattering (Ring effect) are represented by the high frequency part, while the attenuation by 

scattering processes in the atmosphere and the low-frequency part of the absorption are represented 

by the low frequency part. The determination of the differential slant column density (SC), which is the 

product of the retrievals, is then achieved by fitting to the optical depth (a) the laboratory cross-

sections of the retrieved species (Table 1) and (b) a polynomial accounting for the low-frequency 

component. The polynomial used is of degree 4 for NO2, HCHO and O4 and of degree 3 for CHOCHO. 

Slant column densities for NO2, HCHO, CHOCHO and O4 have been retrieved employing specific fitting 

windows for each trace gas (Table 1). Figure 3 depicts four characteristic fits for NO2, HCHO, CHOCHO 

and O4. Typical detection limit values for near noon conditions at +1o elevation angle are 2.7 x 10-14 

molec/cm2 for NO2, 3.5 x 10-15 molec/cm2 for HCHO and 2.1 x 10-14 molec/cm2 for CHOCHO. 
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Table 3.1. Spectral fitting windows and absorption cross sections used in the data analysis. 

Molecule Fitting windows (nm) Absorption cross sections 

NO2 425 - 490 Vandaele et al. [1997] 

HCHO 336 – 359 Meller and Moortgat [2000] 

CHOCHO 434 -458 Volkamer et al. [2005] 

O4 338 - 380 Hermans et al. [2003] 

 

 

Figure 3.3. Example of NO2 (fig. 3a), O4 (fig.3b), HCHO (fig. 3c) and CHOCHO (fig. 3d) DOAS fits. The solid line 

depicts the reference cross section scaled to the slant column values, and the dashed line depicts the fit (sum of 

scaled cross-section and residual). 

 

The spectrum used as reference is the concurrent zenith observation obtained within the same 

measurement cycle for each measurement in the off-axis viewing angles. Hence, the retrieved SC 

corresponds to the difference in slant columns between the spectrum observed at lower elevation and 

the concurrent zenith sky measurement. The concentration as a function of altitude could be 

estimated by using a profiling algorithm (e.g. Roscoe et al., 2014).  In this work, we focus on the spatial 

and temporal variability of the trace gases, which can already be discussed using the differential slant 

columns. Similarly, differential slant column densities have also been used in other studies for 

characterising atmospheric conditions (e.g. Leigh et al., 2007, Heckel et al., 2005, Wagner et al., 2004, 

Hönninger et al., 2002).  
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During the period from October 2012 to March 2014, 480 days of MAX-DOAS data were recorded, 

leading to an overall data capture of 89%. In order to limit the possible impact of stratospheric 

absorption interferences on the measurements and to simplify the interpretation of results, values 

corresponding to solar zenith angles (SZA) larger than 75ο degrees were not considered. 

For the interpretation of the results, detailed meteorological data (wind-speed, wind-direction and 

temperature) retrieved from the ground-based station of the National Observatory of Athens in Penteli 

(http://penteli.meteo.gr/stations/penteli/), is also used. 

 

3.3    Results and discussion 

 

3.3.1 Data presentation and basic statistical analysis 

 

In order to investigate the spatial homogeneity of the measurements, the correlation coefficients 

between NO2 measurements at the +1ο (representative of the layer close to the surface) and +30ο 

(representative of the integrated tropospheric column including higher layers) elevation angles in all 

azimuthal directions were calculated (Table 2). As expected, high correlations are revealed between 

neighboring azimuthal directions. In line with this finding,  direction ‘S’ pointing at the city center, has 

been chosen as typical to characterise urban air quality in Athens. Respectively, direction ‘W’, which is 

a sparsely populated area, has been chosen as characteristic of remote environment conditions. These 

two directions are henceforth used for the presentation of the results. Measurements at +30ο 

elevation show higher correlation coefficients (not shown here), since at higher elevations the 

measurements are less sensitive to lower troposphere and boundary layer pollution (Wittrock et al., 

2004, Hönninger et al., 2004, Platt and Stutz 2008) and thus less affected by changes in surface 

pollution levels. In addition, the spatial separation between the measurement volumes in the lower 

troposphere is considerably smaller at +30° than at +1° elevation for geometrical reasons, reducing 

gradients and increasing correlation. 

 

Table 3.2. Correlation matrix of SCNO2 for all viewing directions at +1o elevation angle. The values in the gray box 

show the high correlation between all the directions pointing to the city centre. 

Directions W A R S T U V B 

W  0.963 0.743 0.732 0.726 0.735 0.751 0.821 

A 0.963  0.836 0.810 0.790 0.785 0.773 0.804 

R 0.743 0.836  0.985 0.949 0.911 0.826 0.728 

S 0.732 0.810 0.985  0.984 0.954 0.877 0.772 

T 0.723 0.790 0.949 0.984  0.987 0.931 0.825 

http://penteli.meteo.gr/stations/penteli/
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U 0.735 0.785 0.911 0.954 0.987  0.966 0.866 

V 0.751 0.773 0.826 0.877 0.931 0.966  0.938 

B 0.821 0.804 0.728 0.772 0.825 0.866 0.938  

 

The time series of daily-averaged SC densities for the remote (W) and urban (S) area are presented in 

Figure 4. Basic statistical quantities for NO2, HCHO, CHOCHO and O4 are presented in Figure 5. The 

analysis is based on the daily values and refers to the entire measurement period. 

 

Figure 4. Time series of daily-mean SC density values for three elevation angles (black, green and red lines 

represent +1ο, +8ο and +30ο elevation angles, respectively) for urban (left panels) and remote (right panels) area 

for NO2, HCHO, CHOCHO and O4. 
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Figure 5. Whisker plots for three elevation angles (+1ο, +8ο and +30ο) for urban (left triplet on each subplot) and 

remote (right triplet on each subplot) area for NO2, HCHO, CHOCHO and O4 resulting from daily values. On each 

box the central red line is the median, the edges of the box are the 25th and 75th percentiles. The whiskers extend 

to the most extreme data points, not considering outliers which are represented by the red crosses. The value 

considered as outlier is any value that lies more than one and a half times the length of the box from either end 

of the box. 

 

At first, an obvious observation is that the difference in SCΝΟ2 densities as a function of elevation angle 

is greater over the polluted area (Figure 4a and 4b), in agreement with earlier findings (Hönninger et 

al., 2004, Leigh et al., 2007). The enhanced values of SCΝΟ2 at lower elevation angles are explained by: 

a) longer optical light path within the boundary layer (Wittrock et al., 2004, Hönninger et al., 2004, 

Platt and Stutz, 2008) and b) higher NO2 levels at lower levels as result of surface emission sources. 

This is why the difference between the remote and urban direction become more apparent at low 

elevation angles. In particular, at +1ο elevation, the SCΝΟ2 densities in the urban direction are on 

average twice as high as in the remote direction, while for +8ο and +30ο elevations the excess is 38% 

and 5%, respectively. Based on daily SCΝΟ2 values at +1ο elevation angle, the daily SCΝΟ2 levels for the 

urban area vary from 0.6 . 1016 molec.cm-2 to 24.1016 molec.cm-2, with an average value of (7.3 ±4.7) . 

1016 molec.cm-2. The corresponding values for the remote area range from 0.3 . 1016 molec.cm-2 to 20 . 

1016 molec.cm-2 with an average value of (3.7 ± 3.5) . 1016 molec.cm-2. The seasonal variation of the SCΝΟ2 

in the urban and remote area is discussed in detail in section 3.2.  

SCHCHO time series are shown in Figures 4c and 4d. Once more, the difference between the remote and 

urban area is most evident at +1ο elevation angle: the SCHCHO densities over the urban area are higher 

by an average of 13%. Similar difference (9%) is found at +8ο elevation while almost no difference is 

noted at the +30ο elevation. Overall, over the urban area the daily SCHCHO values at +1ο elevation angle 
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vary from a minimum of 0.8.1016 molec.cm-2 to a maximum of 9.6 . 1016 molec.cm-2, with an average 

value of (3.1 ±1.3) . 1016 molec.cm-2. The corresponding values for the remote area range from 0.7.1016 

molec.cm-2 to 8.1 . 1016 molec.cm-2 with an average of (2.8 ± 1.2) . 1016 molec.cm-2 (Fig. 5). 

Figures 4e and 4f present daily SCCHOCHO values. CHOCHO measurements at +1° elevation angle are on 

average 30% higher in the urban direction compared to the remote direction, while the corresponding 

excess for +8° elevation angle is 16%. Similarly to NO2 and HCHO measurements, almost no difference 

is observed for the +30ο elevation. The average SCCHOCHO value for the urban area is (1.8±0.8) . 1015 

molec.cm-2 and the corresponding value for the remote is (1.4±0.6) . 1015 molec.cm-2 (Fig. 5). 

From Figure 4 it is clearly deduced that the difference in SC values between low and higher elevation 

angles is larger for NO2 compared to HCHO and CHOCHO, indicating that the NO2 vertical profile is 

more strongly weighted to the lower troposphere than that of the secondary VOCs which are produced 

in the atmosphere itself. 

Finally, the daily SCO4 values are presented in Figures 4g and 4h for the urban and remote directions, 

respectively. The SCO4 of the lower viewing directions are well separated from the +30ο elevation, 

except for specific days when the retrieved SCO4 at the different elevation angles converge. This 

convergence is indicative of increased aerosol load during these days; aerosols decrease the length 

path of the photons, so the observed O4 absorption is also reduced. Thus, the slant columns at different 

elevation angles result in similar levels due to similar light paths (Wittrock et al., 2004, Wagner et al., 

2004, Heckel et al., 2005). This pattern appears more frequent during springtime and it is associated 

to dust transport from North Africa (Gerasopoulos et al., 2006), but also during wintertime due to 

increased aerosol emissions (domestic heating sources) (Gerasopoulos et al., 2014; Paraskevopoulou 

et al., 2015). Clouds also play an important role, especially for observations close to the horizon, by 

changing the average light path and thus the expected actual slant column. The small difference of 

SCO4 levels during the whole period between the +1ο and the +8ο elevation angle has also been 

reported, even during clear days, in other studies (e.g. Wagner et al., 2004). The O4 levels do not seem 

to vary significantly between the remote and the urban area indicating: a) relatively small gradients in 

aerosol load and b) that the differences observed in the trace gas SCs for different azimuth angles are 

not the result of differences in light path length. 

 

3.3.2 Seasonal variabity 

 

The monthly average SC densities for the retrieved species are presented for the typical remote and 

urban area, for all elevation angles (Fig. 6). A clear seasonal cycle is observed for SCΝΟ2, with winter 

maxima and summertime minima (Fig. 6a). Winter versus summer shows 80% and 180% higher values 

for the urban and for the remote area (+1ο elevation angle), respectively. Reduced NO2 levels during 

summer can be attributed to: (a) lower anthropogenic NOx emissions during summer vacations 

(Kalabokas et al., 1999) mainly as result of reduced traffic, and enhanced anthropogenic emissions 

during winter due to fossil fuel burning for heating purposes, (b) the prevailing Etesian Northern winds 

encountered mainly during July and August (e.g. Pezzoli, 2005) characterising 54 out of the 62 days 

and leading to efficient removal of pollution from the Athens’ basin, (c) lower dispersion efficiency in 

winter due to near surface thermal inversion resulting in shallower boundary layer with high NO2 
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concentrations and (d) longer NO2 lifetime in winter due to decreased NO2 photolysis rate, along with 

reduced hydroxyl radical levels, which leads to reduced conversion of NO2 to HNO3.  

A clear seasonal variation is also observed for HCHO (Fig. 6b). The increased summer levels of SCHCHO 

are attributed to the photochemical production of HCHO. It has been previously estimated that the 

photochemical production of HCHO in Athens represents 83% of the measured formaldehyde during 

summer, while the corresponding ratio for winter is 33% (Bakeas et al., 2003). The average SCHCHO at 

+1ο elevation angle are 37% higher during summer months (June to August) compared to winter 

months (December to February), both for the urban and the remote direction. During summer, lower 

SCHCHO values are encountered in July and August. Although the solar irradiation is still high during 

these two months, the efficient ventilation by the strong Etesian Northern winds, which favors the 

effective dispersion of pollutants, along with lower primary HCHO emissions, can result in reduced 

HCHO levels. Similar seasonal variation of HCHO has been reported for urban areas in several studies 

(e.g. Tanner and Mong 1984, Ho et al., 2002, Possanzini et al., 1996). However, only sporadic 

measurements of HCHO have been reported for Athens in the past (Klemm et al., 1998, Amanatidis et 

al., 1997) and just two works which report on the seasonal variation (Kalabokas et al., 1997, Bakeas et 

al., 2003). In particular, Kalabokas et al. (1997) found no clear seasonal variation of HCHO in Athens, in 

agreement with the later observations of Bakeas et al. (2003). At first, the relatively small difference 

in SCHCHO values between remote and polluted areas in this study (Fig. 6b), suggests that the impact of 

direct anthropogenic sources on HCHO levels is small. However, after taking into account  the different 

photochemical production of HCHO in winter and summer (33% and 83% respectively), as calculated 

by Bakeas et al. (2003)  for distinguishing photochemical from anthropogenic HCHO production, a 

potential link between HCHO levels and anthropogenic sources can be deduced. More specifically, for 

the urban area the calculated average SCHCHO value attributed to non photochemical sources is 1.89 . 

1016 molec.cm-2 in winter and 0.65 . 1016 molec.cm-2 in summer. This indeed suggests the potential 

impact of anthropogenic sources on SCHCHO levels, reflecting the intensification of human activities 

during winter. 

A similar to HCHO seasonal pattern is also observed for CHOCHO (Fig 6c). CHOCHO is only produced by 

VOCs having at least 2C atoms, whereas HCHO is produced by the oxidation of methane as well by VOC 

having 2 or more carbons. They are both removed from the boundary layer and the lower troposphere 

by photolysis and reaction with OH. However, CHOCHO reacts with OH and is photolysed more rapidly 

than HCHO, thus it has shorter chemical lifetime.  Provided that the source of VOCs is at the surface 

and that the production of HCHO is dominated by VOCs, then both HCHO and CHOCHO have practically 

the same source, and their seasonal variability is likely to be similar close to source regions. However 

their horizontal and vertical distributions are expected to be different in a transported and chemically 

transformed pollution plume. The average SCCHOCHO densities are about 23% and 15% higher during 

summer compared to winter, for the urban and the remote area (+1ο elevation angle), respectively. 

CHOCHO presents a more distinct difference between the remote and the polluted direction compared 

to HCHO, which indicates a potentially stronger relation to direct anthropogenic sources. The link to 

direct anthropogenic sources is also supported by the smaller difference found between summer and 

winter months. 

The O4 seasonal variation is not so pronounced (Fig 6d). From February to April the difference between 

low and high elevation measurements is smaller indicating stronger extinction, which could be 

attributed to high aerosol load in the atmosphere. Stronger extinction is also reflected by the slightly 
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(approximately 10%) lower levels of SCO4 during these months. No considerable difference regarding 

the levels between remote and urban area is noted and this could be attributed to the fact that O4 

absorption depends on many factors (clouds, dust, visibility) apart from anthropogenic aerosols, which 

are characteristic of the urban area. Clouds and Saharan dust affect the remote and urban 

measurements almost in the same way, since most of the time their horizontal distribution is uniform. 

Additionally, the small difference could also be attributed to efficient aerosol transport from the city 

to the background areas throughout the day. 
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Figure 6. Monthly average SC densities for NO2 (a), HCHO (b), CHOCHO (c) and O4 (d) for all elevation angles for 

polluted (left column) and remote (central column) areas. The right column depicts the difference between the 

remote and the urban area. 

 

3.3.3 Cloud screening 

 

During the 1.5 year of MAX-DOAS observations, days with high cloud and aerosol load have occurred, 

possibly «contaminating» the obtained SC densities by influencing the atmospheric radiative transfer 

and thus affecting the analysis of the observations. To address this restriction for further analyses, 

meteorological observations from the National Observatory of Athens for cloud coverage were used 

to screen out cases with large cloudy cover. Overall, 30% of the measurements were removed by the 

cloud screening. Figure 7 shows the monthly means of SC densities for all four retrieved trace gases 

with and without cloud screening at the +1o elevation. 

In general, no significant differences are observed, suggesting that uncertainties in the following 

analyses for the +1o elevation due to cloud influences are small and do not affect the findings. This can 

be understood by the fact that most clouds are above the main light path of the 1° viewing direction 

which is nearly horizontally. Greater influence was found, as expected, during winter months. In 

general, for NO2 the mean difference for the urban area is 5%, for HCHO, CHOCHO and O4 the 

difference is 6%, 8% and 3%, respectively. No difference exceeding 20% was found, even during 

months with frequent heavy cloud conditions (November-December). Concluding, the effect of clouds 

on SC retrieved for the +1o elevation does not considerably alter the interpretation of the results. 

Therefore, the following analyses focus on +1o elevation measurements. 
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Figure 7. Monthly average SC densities for NO2 (a), HCHO (b), CHOCHO (c) and O4 (d) for the +1o elevation angle 

for urban (black lines) and remote (blue lines) areas with (dashed lines) and without (solid lines) cloud screening. 

 

3.3.4 Diurnal variation and weekend effect 

 

The mean diurnal course of the retrieved species SC densities at +1ο elevation angle was calculated 

separately for the cold (November-March) and the warm period (April-October). The mean daily 

temperature value of the cold and the warm period was 9.8 oC and 20.6 oC, respectively. The diurnal 

profiles were obtained by averaging data of 215 days for the warm period and of 265 days for the cold 

period. Additionally, taking into account that air pollution in Athens is influenced by wind conditions, 

we examine the effect of air masses originating from polluted (S-SW) and rural (N) areas to the MAX-

DOAS observations towards the urban and the remote area respectively. For that purpose, diurnal 

profiles were calculated separately considering data just for days when wind direction was between 

180o and 270o (S-SW) for the urban area and between 315o and 45o (N) for the remote area. This 

separation gives us more detailed information about the influence of the origin of the air masses on 

the MAX-DOAS observations. Local time (LT) is used for drawing conclusions about the effect of human 

activities on the results (cold period LT=UTC+2, warm period LT=UTC+3). 

The diurnal cycle of SCNO2 (Fig. 8) seems to be rather different between the cold and the warm period, 

with the main discrepancy found in the afternoon. In all cases, a morning maximum at around 10:00 

LT is observed due to increased traffic related NOx emissions (rush hours in Athens are estimated to 
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be from 08:00 LT until 11:00 LT, Katsoulis 1995, Kourtidis et al., 1999). The steady build up of NO2 starts 

with the beginning of the morning rush hour until noon. The diurnal maximum of NO2, emerging 2 

hours after the beginning of the traffic rush hour, is explained by NOx chemistry; vehicles emit NO 

which then reacts with ozone or peroxy radicals and produces NO2. Later in the day, the NO2 

dissociation due to photochemical processes (Boersma et al., 2008), along with the growth of the 

boundary layer, lead to NO2 decline. In the evening, a second maximum appears around 15:00 LT 

during winter, while in summer NO2 keeps reducing until late evening. This could be attributed to the 

different winter and summer boundary layer evolution, along with more intense photochemistry 

occurring during summer. In winter the photochemical processes start to decelerate soon after noon, 

while NOx is still being emitted, producing the second maximum of the day, both in the remote and in 

the urban area. It is worth noting that the warm and cold period diurnal cycles of SCNO2 exhibit the 

typical urban daily pattern (e.g. Bigi and Harrison 2010) and are in agreement with other in-situ 

measurements for Athens (e.g. Kalabokas and Bartzis 1998, Moussiopoulos et al., 1998, Rappenglück 

et al., 1998, Katsoulis 1995). Peaks are more distinct during weekdays compared to weekends, in both 

remote and urban area, and this is related to higher anthropogenic activity, mainly traffic. 

 

Figure 8. Average diurnal variation of SCNO2 densities, at +1ο elevation angle, for each period (warm and cold) for 

the observations towards the remote and the urban areas. The black and blue lines represent the weekdays and 

the weekends respectively. The solid lines represent the diurnal variation as obtained by averaging all data for 

the warm and the cold period separately. The dashed lines depict the result in diurnal variation considering data 

just for days when wind direction is between 180o and 270o for the urban area and between 315o and 45o for the 

remote area. The vertical lines represent the standard deviation of the variable for each point. To avoid busy 

graphs, only one part of the bar is presented, implying similar size in both sides. 
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Many factors such as hydrocarbons and VOCs emissions by motor vehicles, photo-oxidation of 

hydrocarbons as well as photolysis of HCHO could impact the observed HCHO diurnal course. The 

observations point out that during the cold and warm periods the diurnal patterns differ (Fig. 9). In the 

cold period, there is a small morning peak, indicative of the presence of anthropogenic sources 

(vehicular exhaust and central heating), and a broader afternoon peak in the urban area. Although the 

statistical significance of the morning peak cannot be supported due to the large error bars, it should 

be noted that its presence is repeated in both areas. The increase of HCHO begins much earlier in the 

cold (peak at 09:00 LT) than in the warm (peak at 11:00 LT) period in the urban area. This is possibly 

due to high ambient humidity during winter, which triggers the formation of HONO (heterogeneous 

hydrolysis of NO2 on aerosol surfaces) initiating urban photochemistry (Atkinson et al., 2000). During 

the warm period there is a maximum around noon and a steady decrease afterwards, especially in the 

remote area, suggesting that photochemistry plays a dominant role in HCHO production during 

summer. Regarding to the weekend effect on HCHO, there is almost no difference between weekdays 

and weekends, which is an indication of weak link to direct anthropogenic sources. The only exception 

to this is the winter morning maximum during weekdays, which is repeated in both site types. 

 

Figure 9. Average diurnal variation of SCHCHO densities, at +1ο elevation angle, for each period (warm and cold) 

for the observations towards remote and urban areas. The black and blue lines represent the weekdays and the 

weekends respectively. The solid lines represent the diurnal variation as obtained by averaging all data for the 

warm and the cold period separately. The dashed lines depict the result in diurnal variation considering data just 

for days when wind direction is between 180o and 270o for the urban area and between 315o and 45o for the 

remote area. The vertical lines represent the standard deviation for each point as described in Fig.7. 

 

SCCHOCHO increases rapidly shortly after sunrise both in the warm and in the cold period (Fig.10). This 

increase highlights intense VOC oxidation processes during morning hours. The persisting high 
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CHOCHO levels during the cold period, even after solar noon, reflect either a higher glyoxal production 

rate compared to the photochemical loss or a reversible partitioning into the aerosol phase (e.g. Knote 

et al., 2014). In contrast, during the warm period there is a clear maximum at 12:00 LT followed by a 

sharp decrease. This pattern reflects that CHOCHO photochemical loss begins to be dominant during 

the warm period at small SZAs and continues to be important for the rest of the day after solar noon 

(Volkamer 2005). No distinct difference is observed in the patterns between weekdays and weekends, 

with SCCHOCHO levels being slightly lower during winter weekends, while in summer the peak is more 

intense during weekdays. More detailed discussion about the weekend effect on the retrieved species 

is provided in the next two paragraphs. 

 

Figure 10. Average diurnal variation of SCCHOCHO densities, at +1ο elevation angle, for each period (warm and cold) 

for the observations towards remote and urban areas. The black and blue lines represent the weekdays and the 

weekends respectively. The solid lines represent the diurnal variation as obtained by averaging all data for the 

warm and the cold period separately. The dashed lines depict the result in diurnal variation considering data just 

for days when wind direction is between 180o and 270o for the urban area and between 315o and 45o for the 

remote area. The vertical lines represent the standard deviation for each point as described in Fig.7. 

 

The influence of the frequent strong northern winds (Etesian winds) blowing during July and August, 

dispersing the pollutants, is clearly seen in all cases. In the urban area, when these winds were 

excluded from the analysis and only the S-SW conditions were considered, the SC densities almost 

double for all trace gases, while the patterns remain the same. Similarly, in the remote direction, when 

the northern winds were the only ones to be considered in the analysis, the levels of the trace gases 

are significantly reduced. The case of HCHO during summer in the urban area where the diurnal 
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variation changes with wind direction is interesting, highlighting the dominant role of photochemistry 

in HCHO production (Fig.9 right top panel). The wind effect does not seem to be significant during 

winter. 

Monthly averaged SCNO2 density values were also calculated separately for weekdays and weekends 

(not shown here).  Higher values are observed during weekdays due to higher traffic emissions and 

this is in agreement with results reported in other studies for Athens (e.g. Kanakidou et al., 2011, 

Psiloglou et al., 2013). The average SCNO2 density values for the remote area for weekdays and 

weekends are 3.7 . 1016 and 2.5 . 1016 molec/cm2 respectively (32% difference). The corresponding 

values for the urban area are 7.7 . 1016 and 5.2 . 1016 molec.cm-2 (32% difference). The observed 

weekend effect is more pronounced during winter when weekdays exceed weekend’s levels by 30-

50%. Smaller difference is encountered during April–July and is more evident in the remote area.  

For HCHO and CHOCHO the weekend effect is not so pronounced. In particular, for HCHO the 

difference ranges between 3% and 17% for both site types while the corresponding values for CHOCHO 

are between 3% and 33%. However, there are some cases, in April and May, when the weekend values 

are much higher than during weekdays. For HCHO this difference is 20% for April and 25% for May, 

both in the remote and the urban area. The corresponding values for CHOCHO for the remote area are 

25% and 17% and for the urban area 8% and 10%. The results demonstrate similarities regarding the 

weekend effect on HCHO and CHOCHO. Assuming that the degree of difference between weekends 

and weekdays is an indicator of the impact of anthropogenic sources on the levels of certain pollutants 

(the greater the difference, the greater the impact), it can be deduced that HCHO and CHOCHO levels 

are linked in almost the same way to anthropogenic sources. 

 

3.3.5 Estimation of urban sources contribution 

 

To estimate the contribution of local NOx sources to the urban area’s NO2 levels, the SCNO2 density 

measurements at the +1o elevation over the remote area were subtracted from those of the urban 

area. The days were first divided into three characteristic time periods: i) morning (07:00-11:00 LT), ii) 

noon (11:00-14:00 LT) and iii) evening (14:00-18:00 LT). Before presenting the results, the limitations 

of this analysis are unfolded: (a) the remote area is also affected by urban pollution through short 

range transport patterns and (b) the light path for a given elevation angle is different for the urban and 

for the remote azimuthal viewing direction. In order to address the first limitation, we excluded from 

the analysis the days when western winds (225o-315o) with velocity greater than 3 m/s (light breeze 

wind threshold) were prevailing, conditions which favour the transport of polluted air masses from the 

urban to the remote area. As already shown in section 3.1, the O4 levels do not seem to vary 

significantly between the remote and the urban area, indicating similar light paths for these two 

azimuthal viewing directions and giving us the opportunity to keep on with the analysis despite the 

second limitation. 

The contribution of the urban NO2 sources is calculated to be around 45% and 60% during winter 

(November-March) and summer months (April-October) respectively and it does not seem to change 

significantly throughout the day (Table 3). Similar results are reported by Markakis et al., (2010), 

showing that in the urban environment of Athens 50% of the NOx emissions are due to road transport. 
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Their outcomes are based on an emission inventory developed using activity and statistical data from 

national sources. The urban NO2 sources seem to contribute more during summer and that could be 

attributed to frequent pollution episodes during the warm period due to high temperatures and 

intense photochemistry which lead to high ozone production which in turn converts more produced 

NO into NO2 in the urban area where high NO emissions are present. 

For HCHO the urban sources contribution is not so intense as in the NO2 case and seems to exhibit a 

diurnal variation with lower values in the morning and higher levels during noon and evening (Table 

3). More specifically, at the +1ο elevation angle, the morning contribution is around 5% and 15% for 

the rest of the day for both seasons. 

The urban CHOCHO sources contribution has been calculated to be around 25% in the morning and 

15% at noon and evening at the +1o elevation during the cold period. During the warm period, the 

contribution is 30% in the morning and noon and slightly lower (~20%) in the evening. The latter could 

be attributed to the CHOCHO photolytic loss which gains importance against CHOCHO production 

towards lower SZAs (Volkamer et al., 2005). It should be noted that the primary contribution of 

CHOCHO from local sources to the VOC levels at urban environments is not expected to be high in view 

of other possible sources (Volkamer et al., 2005). 

 

Table 3. Urban sources contribution for NO2, HCHO and CHOCHO. 

Urban sources contribution NO2 HCHO CHOCHO 

Winter 7:00-11:00LT (UTC+2) 0.46 0.05 0.24 

 12:00-14:00LT (UTC+2) 0.45 0.16 0.17 

 14:00-18:00LT (UTC+2) 0.41 0.17 0.16 

Summer 7:00-11:00LT (UTC+3) 0.57 0.02 0.30 

 12:00-14:00LT (UTC+3) 0.61 0.15 0.27 

 14:00-18:00LT (UTC+3) 0.60 0.17 0.22 
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3.3.6 Impact of local circulation patterns 

 

The influence of local and regional circulation patterns on the measured NO2, HCHO and CHOCHO 

levels over Athens basin is being investigated in this study by using wind speed and direction records 

from NOA’s meteorological station, collocated at MAX-DOAS installation location. The average daily 

wind vectors were computed from measurements obtained during daytime, and in particular during 

the same time span as MAX-DOAS’ measurements . 

The influence of the wind direction on the daily SCNO2 density values at +1ο elevation angle is presented 

separately for the urban and remote area (Fig. 11a-b). It is evident that N-NE winds are related to low 

NO2 slant column density values, mainly due to lack of pollution sources close to the Athens basin from 

this sector. The results are in agreement with past studies (e.g. Bakeas and Siskos 2002, Kassomenos 

et al., 1995), where the influence of Northern winds on the ventilation of the Athens area is mentioned. 

The maximum values of SCNO2 occur when the prevailing wind direction is from west. Westerly winds 

bring the urban emitted NO2 towards the MAX-DOAS installation in Penteli and at the same time they 

favor the accumulation of pollutants in the Athens basin due to the special topography of the area. 

Westerly winds also favor the transport of polluted air-masses from the industrial area (Elefsina) 

towards the Athens basin, through the existing passage between Parnitha and Aegaleo mountains. The 

impact of westerlies on pollution episodes has been highlighted in several studies (e.g. Bakeas and 

Siskos 2002, Rappenglück et al., 1998, Kallos et al., 1993). The SCNO2 density values in the urban area 

are less influenced by wind direction. This can be attributed to the continuous and intense emissions 

in the city centre due to traffic, resulting in more uniform NO2 spatial distribution compared to the 

remote areas. 

The retrieved SCHCHO amounts for the urban area show only weak dependance on the prevailing wind 

direction (Fig. 11c-d). In contrast, the same analysis for the remote area revealed enhanced SCHCHO 

amounts during westerlies, due to primary and secondary anthropogenic emissions from the city 

center. Lastly, the SCCHOCHO present a homogenous distribution of values for all directions except for 

westerlies suggesting formation pathways from anthropogenic precursors (e.g. acetylene, aromatics) 

(Fig. 11 e-f). 
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Figure 11. Daily SC density values for NO2 (a, b), HCHO (c, d) and CHOCHO (e, f) as a function of wind direction, 

for remote (right column) and urban (left column) directions. 

 

3.4    Summary and conclusions 

 

First results from MAX-DOAS measurements in Athens were presented covering a period of 18 months 

(Oct 2012-Mar 2014). Slant column (SC) densities of NO2, HCHO, CHOCHO and O4, have been retrieved, 

covering eight different azimuthal viewing directions, spread over the extended Athens agglomeration, 

and eight elevation angles. The slant column observations at low elevation angles provide important 

information for examining the horizontal spatial inhomogeneity of pollution levels in Athens basin. 

Although the light path is different for each azimuthal direction, the directions representing the 

remote and the urban area (‘W’ and ‘S’ respectively) are both pointing southwards, thus the difference 

is not significant. The calculation of airmass factors (AMF) and the further derivation of vertical column 

(VC) densities are beyond the scope of this study. VC densities as well as trace gases' profile 

information will be part of future work. 

The data was cloud screened, excluding heavy cloudy days, and only a small impact of clouds on the 1° 

elevation data was found. Thus the retrieved SC densities were used to investigate the temporal 
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variability (seasonal and diurnal) of the selected species. A clear NO2 seasonal variation is observed 

with winter maximum and summer minimum. For the polluted urban area, the average winter levels 

are about 145% higher than summer levels. Seasonal variation is also observed for HCHO and CHOCHO 

but with summer maximum due to photochemical production. 

The observed daily variability of the NO2 (morning maximum at 10:00 LT and a winter secondary 

evening peak at 15:00 LT) was attributed to anthropogenic emissions and photochemical sinks. 

Formaldehyde’s diurnal pattern is dominated by a broad afternoon peak during winter in the urban 

area, while during summer there is a morning maximum (12:00 LT) and a steady decrease then after. 

During winter the glyoxal’s diurnal pattern is characterised by a steady increase after sunshine reaching 

a maximum value at 14:00LT. In summer a strong maximum appears at noon followed by a sharp 

decrease. The results for HCHO and CHOCHO suggest a strong link to photochemistry and a weaker 

link to primary anthropogenic emissions. The influence of Etesians winds, dispersing the pollutants, is 

evident in all cases and highlights the dominant role of HCHO photochemical production.  

For NO2, a clear weekly pattern was found; 30% to 50% lower SCNO2 values recorded during weekends. 

This highlights the significant contribution of local anthropogenic emissions (mainly traffic) to the 

observed NO2 columns. The weekend effect is not so intense for HCHO and CHOCHO levels which are 

3%-17% and 3%-33%, respectively, lower during weekends. This is to be expected for VOCs which have 

significant biogenic sources. 

By subtracting the NO2 amounts of the remote area from the ones of the urban area, the NO2 

contribution from local urban emission sources was assessed. The contribution was found to be as 

large as 45% and 60% (during winter and summer respectively) at the +1o elevation angle with no 

distinct diurnal variability. The corresponding contribution of the urban HCHO sources is 5% in the 

morning and 15% during the rest of the day, for both seasons. The CHOCHO urban source contribution 

is 25-30% in the morning and 15-20% in the evening. 

The wind direction does not influence significantly the levels of SCHCHO and SCCHOCHO, especially in the 

urban area. The SCNO2 densities present lower values under N-NE winds, while westerlies result in 

elevated SCNO2 levels. This finding is explained by the local topography of Athens and the location of 

the main emission sources relative to the instrument. 

Concluding, our analysis of the automated multi-azimuth MAX-DOAS measurements over the Athens 

basin provided detailed temporal and spatial distributions of NO2, HCHO and CHOCHO for more than 

a year. They yield a consistent picture of the diurnal, weekly and seasonal variations of these species 

and their vertical and horizontal distribution around the measurement location. The temporal and 

spatial patterns point towards: (a) the dominance of anthropogenic sources on NOx levels, (b) the fact 

that the VOCs are largely secondary products having additional sources and (c) the significantly active 

role of photochemistry in Athens. Some of the findings though, need further analysis: formaldehyde’s 

and glyoxal’s significantly higher levels during weekends in April and May need to be investigated and 

checked for sampling effects. Future work will concentrate on applying profile inversions on the data 

set to investigate the vertical distribution of the trace gases in more detail. Furthermore, the SCO4 

measurements will be used to obtain quantitative information on the aerosol load and aerosol 

extinction profiles during cloud free time periods. 
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Chapter 4 

 

Retrieval and evaluation of tropospheric aerosol extinction 

profiles using MAX-DOAS measurements over Athens, Greece 
 

The vertical distribution of the suspended particles was retrieved for Athens for specific case studies 

using ground-based MAX-DOAS measurements. This is the first time that MAX-DOAS measurements 

are used for this purpose in the urban environment of Athens. The profiles were retrieved at 477 nm 

using O4 measurements (DSCDs) and applying the BOREAS algorithm, which is based on the SCIATRAN 

radiative transfer model and the iterative Tikhonov regularisation technique (Chapter 2.3). In order to 

evaluate the results, four case studies were selected and the MAX-DOAS profiles were compared to 

the corresponding profiles from lidar and the AOD from a solar photometer (CIMEL). Although the 

comparison is very important for the evaluation of the results, certain limitations should be taken into 

account due to the different operation principles, characteristics and measurement principles of each 

instrument. More specifically, (i) the measurements with the MAX-DOAS technique are representative 

of a wide area, which, while including the measurement areas of the other two instruments, is not 

limited to them. (ii) the MAX-DOAS retrievals are representative for 500-4000 m a.s.l., while the lidar 

profiles are valid for altitudes higher than 1000 m above the station and finally (iii) the AOD AERONET 

measurements describe the columnar aerosol properties representative of an area ranging from few 

up to 10 km radius above the Athens area, depending on solar elevation. Furthermore, (iv) the aerosol 

extinction profile from backscatter lidar measurements is of higher vertical resolution and is subjected 

to uncertainties, thus the comparison with MAX-DOAS is performed on a qualitative basis. Also, the (v) 

sun-photometer AOD observations probe the extinction in the full atmospheric column while MAX-

DOAS retrievals are sensitive only to the lowest kilometers, leading to differences in the presence of 

aerosol layers at altitudes above 4 km. 

Despite the limitations mentioned above, the retrieved profiles from the MAX-DOAS measurements 

are in very good agreement with the lidar profiles in terms of vertical distribution, with correlation 

coefficient (r) >0.90 in all cases. The FGE (fractional gross error) is satisfactory (0.20 <FGE <0.80) in all 

cases, demonstrating a good performance of the BOREAS algorithm. The underestimation by MAX-

DOAS at small relative azimuth angles can be attributed to the geometry of Mie scattering relatively 

to the location and viewing direction of MAX-DOAS, leading to MAX-DOAS failure to see part of the 

urban particulate pollution. Overall, the agreement between the two techniques is encouraging, 

suggesting that MAX-DOAS can accurately capture the vertical distribution of suspended particles. 

The MAX-DOAS AOD is in satisfactory agreement with the corresponding CIMEL measurements. The 

correlation coefficient ranges between 0.47 and 0.67 in three out of the four cases. MAX-DOAS appears 

to underestimate AOD in the presence of coarse particles and when measurements are performed at 

small relative azimuth angles between the sun and the instrument's viewing direction. Better 
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agreement is found when the measurements are performed in the morning hours when the relative 

azimuth angles are large. Overall, the average AOD difference between the two instruments is 0.03. 

Overall, the MAX-DOAS technique can be considered as a reliable method for measuring aerosol levels 

and their vertical distribution in the urban environment of Athens; new perspectives are opened up 

for assessing urban aerosol pollution on a long term-basis in Athens from continuous and 

uninterrupted MAX-DOAS measurements. 

The text of this study, published in the international peer-reviewed journal Atmospheric Measurement 

Techniques, is attached. 
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Abstract. In this study, we report on the retrieval of aerosol extinction profiles from ground-based 

scattered sunlight multi-axis differential optical absorption spectroscopy (MAX-DOAS) measurements, 

carried out at Athens, Greece. It is the first time that aerosol profiles are retrieved from MAX-DOAS 

measurements in Athens. The reported aerosol vertical distributions at 477 nm are derived from the 

oxygen dimer (O4) differential slant column density observations at different elevation angles by 

applying the BOREAS retrieval algorithm. Four case studies have been selected for validation purposes; 

the retrieved aerosol profiles and the corresponding aerosol optical depths (AODs) from the MAX-

DOAS are compared with lidar extinction profiles and with sun photometric measurements (AERONET 

observations), respectively. Despite the different approach of each method regarding the retrieval of 

the aerosol information, the comparison with the lidar measurements at 532 nm reveals a very good 

agreement in terms of vertical distribution, with r>0.90 in all cases. The AODs from the MAX-DOAS and 

the sun-photometer (the latter at 500 nm) show a satisfactory correlation (with 0.45 < r < 0.7 in three 

out of the four cases). The comparison indicates that the MAX-DOAS systematically underestimates 

the AOD in the cases of large particles (small Ångström exponent) and for measurements at small 

relative azimuthal angles between the viewing direction and the Sun. Better agreement is achieved in 

the morning, at large relative azimuthal angles. Overall, the aerosol profiles retrieved from MAX-DOAS 

measurements are of good quality; thus, new perspectives are opened up for assessing urban aerosol 

pollution on a long term-basis in Athens from continuous and uninterrupted MAX-DOAS 

measurements. 

 

4.1 Introduction 

 

Tropospheric aerosols originate from both natural and anthropogenic sources. The lifetime of aerosols 

in the troposphere ranges from a few days to a few weeks, depending on their size and meteorology 

(e.g. Pandis et al., 1995). They take part in atmospheric processes through (i) nucleation and 

interaction with clouds (e.g. Twomey et al., 1977; Rosenfeld et al, 2014), (ii) participation in chemical 

and photochemical reactions, by providing the required surface for heterogeneous reactions to take 

place (Andreae & Crutzen, 1997) and (iii) absorption and scattering of incoming solar and earth’s IR 

radiation, affecting atmospheric dynamics and stability (e.g. Dubovik et al., 2002) and the Earth’s 

climate (IPCC, 2001). Significant decrease of UV-Vis irradiance reaching the ground due to urban 

aerosol pollution has been reported in various cases (e.g. Zerefos et al., 2009; Chubarova et al., 2011). 

According to a survey conducted in 25 large European cities, Athens occupies the third position on 

European level in exceedances of particle pollution regulations (Pascal et al., 2013). Saharan dust 

transported from the African continent is the main natural source of tropospheric aerosols in Athens 

(e.g. Kanakidou et al., 2007; Gerasopoulos et al., 2011; Raptis et al., 2020), while common 

anthropogenic sources are traffic emission and domestic heating (Markakis et al, 2010; Gratsea et al., 

2017). Wildfires also contribute to the aerosol mixture in the area occasionally, either from local events 

(Amiridis et al., 2012) or by long-range transport (Papayannis et al.; 2009, Amiridis et al., 2011; Mona 

et al., 2012). Whereas emissions of most air pollutants, such as SO2, are expected to decrease by more 

than 80% until the end of the 21st century, the decrease of aerosol emissions is projected to be small 

(IPCC 2007) and thus aerosols may play an even more critical role in air quality in the future. Therefore, 

long-term continuous measurements, providing information on the spatial and temporal distribution 
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of aerosols, are of great importance to urban air pollution assessment and to the understanding of the 

aerosol contribution to Earth’s climate. The knowledge of the vertical distribution of aerosols is 

necessary for understanding the mechanisms underlying the formation and development of urban 

smog. 

Satellite, airborne and ground-based measurements are widely used to derive aerosol vertical profiles 

(e.g., Papayannis et al., 2005; Schmid et al., 2006; DeCarlo et al., 2008; Solanki and Singh, 2014); 

satellite measurements sometimes fail to be accurate in the lower atmosphere, while airborne 

measurements, although accurate in the lower atmosphere, are temporally restricted. In contrast, 

ground-based measurements can provide both a very good record of the lower troposphere and a 

satisfactory temporal resolution. However, since the ground-based profile measurements are mainly 

relying on lidar systems (e.g., the European Aerosol Research Lidar Network - EARLINET – within the 

European Research Infrastructure for the observation of Aerosol, Clouds and Trace Gases - ACTRIS), 

they are costly in terms of setup and operation. An additional option for ground-based observations is 

the MAX-DOAS technique, which has been gaining ground over the last years (e.g., Wittrock et al., 

2004; Heckel et al., 2005, Ma et al., 2013, Schreier et al., 2020) since it can provide low-cost, continuous 

and uninterrupted measurements without the need for absolute radiometric calibration. The MAX-

DOAS technique has also been shown to be very promising for the retrieval of aerosols’ vertical 

distribution (e.g., Sinreich et al., 2005; Lee et al., 2009; Clémer et al., 2010; Wagner et al., 2011). 

However, its sensitivity at higher altitudes is low and compared to the lidar technique, it provides 

profiles with much coarser vertical resolution. It also performs only daylight measurements, which can 

be considered as a limitation of this technique.  In some studies, the retrieved aerosol extinction 

profiles from MAX-DOAS measurements are compared to the corresponding profiles derived from lidar 

(e.g., Irie et al., 2008; Zieger et al., 2011; Bösch et al., 2018) or Aerosol Robotic Network (AERONET) 

based measurements (e.g. Wang et al., 2016). For the Athens area, although several studies have been 

published on aerosol extinction profiles from lidar measurements (e.g. Papayannis et al., 1998; 

Matthias et al., 2004; Papayannis et al., 2005), vertical trace gas and aerosol profile retrievals from 

MAX-DOAS have not been published so far. 

In the scope of this paper, a retrieval algorithm, recently developed by the Institute of Environmental 

Physics and Remote Sensing of University of Bremen (Bösch et al., 2018), is employed in order to obtain 

vertical distributions of aerosol extinction from O4 MAX-DOAS measurements over the urban 

environment of Athens. O4 is an atmospheric absorber with a known concentration profile, therefore 

measurements of the O4 column can be used to retrieve the aerosol induced light path changes 

(Wagner et al., 2004). 

For validation purposes the outcomes of our calculations are compared to established techniques; the 

retrieved profiles are compared to profiles from ground-based lidar measurements (EARLINET station) 

and the AOD to sun-photometer measurements (AERONET station). 

A description of the instruments used in this study (location, instrumentation and data retrieval) along 

with a brief description of the profile retrieval algorithm are given in section 2. In section 3, we present 

the derived aerosol vertical distributions for four selected case studies and we compare the MAX-DOAS 

aerosol extinction coefficient profiles and the AOD with lidar and sun-photometric measurements, 

respectively. The findings are summarised in section 4, where also the conclusions of this study are 

provided. 
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4.2 Methodology 

 

4.2.1 Location 

 

Four mountains surround the city of Athens, forming a basin that is open to the south and southwest. 

This special topography plays an essential role in the accumulation of atmospheric pollutants over the 

city under certain meteorological conditions (Kassomenos et al., 1995). Moreover, dust transport 

episodes from North Africa also contribute to the aerosol load of the city (e.g. Gerasopoulos et al., 

2009; Kosmopoulos et al., 2017). In general, the Athens area can be considered as an example of 

various aerosol types such as dust, local pollution, marine, biomass combustion and their mixtures 

(Soupiona et al., 2019). 

Figure 1 shows the Greater Athens area and the location of each instrument used in this study. The 

MAX-DOAS instrument is located at the premises of the National Observatory of Athens (NOA, 38.05ο 

N, 23.86ο E, 527m a.s.l), to the north of the city. No strong emission sources are present around the 

measurement area, which is considered as suburban background. The lidar system performs 

measurements at the National and Technical University of Athens (NTUA, 37.97 oN, 23.79 oE, 212m 

a.s.l.) and the site is considered as suburban background. The CIMEL sun-photometer is installed at the 

premises of NOA at Thissio hill (37° 58′ Ν, 23° 43′ E, 150m a.s.l.), which, despite being located in the 

city centre, is considered as urban background (Paraskevopoulou et al., 2015). Information about the 

instruments is provided in Table 1. 

 

4.2.2 Instrumentation and data retrieval 

 

4.2.2.1 MAX-DOAS 

 
The MAX-DOAS instrument employed in this study is part of the BREDOM network (Bremian DOAS 

network for atmospheric measurements, http://www.iup.uni-bremen.de/doas/groundbased_ 

data.htm) and has been operating continuously since October 2012. It comprises a grating 

spectrometer (LOT 260S, 600 l/mm ruled grating) connected via an optical fiber bundle to a computer-

controlled telescope unit. The spectrometer covers a spectral range from 330 to 500 nm with a spectral 

resolution of approximately 0.7 nm. The detector used is a CCD (Charge-Coupled Device) by Andor 

Technology, with 2048 x 512 pixel resolution, cooled to -40οC. 

The telescope performs intensity measurements at eight elevation angles (-1ο, 0ο, 1ο, 2ο, 4ο, 8ο, 15ο, 

30ο), as well as to the zenith. However, the current retrieval algorithm only considers upward viewing 

directions, excluding the -1ο and 0ο. With this choice, little information is available for the profile 

retrieval below the station altitude, therefore profiles are retrieved and presented only for altitudes 

above 500 m a.s.l. Measurements in eight azimuthal directions are performed, but in this study, only 

the S direction - pointing at 52.5ο (with respect to South) and associated to the urban atmospheric 

conditions of the city (Gratsea et al., 2016) - is considered (Fig. 1). The S direction also covers the sun-

photometer’s location and points close to the lidar’s measurement site. The duration of one full 

http://www.iup.uni-bremen.de/doas/groundbased_%20data.htm
http://www.iup.uni-bremen.de/doas/groundbased_%20data.htm
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scanning cycle (azimuthal and elevation scanning) is about 15 min, thus about 30 measurement cycles 

per day are available in winter and 45 in summer. 

The spectral measurements are analysed using the DOAS technique; the Beer-Lambert law is 

considered as the solution of the radiative transfer equation (Platt and Stutz, 2008) and the absorption 

spectrum is separated into broad and narrow spectral features that show low and high frequency 

variations, respectively, as a function of wavelength. The narrow spectral features correspond to the 

unique narrow-band absorption structures of the trace gases, while the broad ones represent the 

attenuation of solar radiation by scattering processes in the atmosphere as well as the continuum 

absorption by trace gases and the instrument. For the derivation of the slant column density (SCD, 

defined as the concentration of the absorber integrated along the light path), a polynomial accounting 

for the broad spectral features and the laboratory cross-sections of the retrieved species are fitted to 

the measured optical depth. To determine the optical depth, the logarithm of the ratio of the current 

horizon measurement (I) and the reference intensity (Io) is taken. 

The SCD of the oxygen dimer (O4), i.e. the slant optical thickness of the absorber divided by the 

absorption cross section, measured at different elevations is used as input to the retrieval algorithm 

for the calculation of the aerosol distribution. The slant column of the O4, a weak molecular absorber 

with a well-known vertical profile (the O4 concentration is proportional to the square of the O2), is 

almost linearly dependent on the average photon pathlengths (Pfeilsticker et al., 1997) and thus can 

be used as an indicator of the presence of clouds or aerosols in the atmosphere. The SCDO4 is calculated 

by fitting to the measured optical depth the laboratory spectrum of O4 (Hermans et al., 2003), NO2 

(Vandaele et al., 1998) and of O3 (Bogumil et al., 2000) and a polynomial of degree 4 which accounts 

for the broad spectral features. The fitting spectral window used is 425-490 nm. In order to retrieve 

the tropospheric SCO4, the zenith observation, corresponding to each measurement cycle, is used as 

the reference measurement Io, canceling in this way the Fraunhofer lines in the solar spectrum and the 

stratospheric contributions to the SCD. 

Tropospheric vertical column densities (VCD) of NO2, shown in section 3.1, can be derived by using air 

mass factors (AMF) calculated with the SCIATRAN radiative transfer model (Rozanov et al., 2000). To 

convert the differential tropospheric SCD to the corresponding tropospheric VCD, the differential AMF 

(𝐴𝑀𝐹𝛼 − 𝐴𝑀𝐹90𝑜) is required, namely the difference between the AMF at the same elevation α as the 

SCD measurement and the AMF at the zenith (Eq. 1). 

𝑉𝐶𝐷 =
𝑆𝐶𝐷𝛼−𝑆𝐶𝐷90𝑜

(𝐴𝑀𝐹𝛼−𝐴𝑀𝐹90𝑜)
          (1) 

The AMF https://www.atmos-chem-phys.net/4/955/2004/acp-4-955-2004.pdfdescribes the 

weighting of the absorption as a function of the relative azimuth and the solar zenith angle (SZA) for a 

given atmospheric profile and at a specific wavelength. 

https://www.atmos-chem-phys.net/4/955/2004/acp-4-955-2004.pdf


68 
 

 

Figure 1. Measurement sites and MAX-DOAS viewing direction (S). The distances between instruments are: 

MAX-DOAS - sun-photometer (CIMEL) 16 km and MAX-DOAS - lidar 13 km. © Google Earth 

 

Table 1. Instruments and data products used in the present study. 

Instrument Location Institute Products 

 

MAX-DOAS 

 

Penteli 

National Observatory 

of Athens (38.05οN, 

23.86οE, 527 m a.s.l) 

 

 

BREDOM network, Institute of 

Environmental Physics and Remote 

Sensing, University of Bremen 

 

SCDNO2, VCDNO2, aerosol extinction 

profile, AOD 

EOLE-LIDAR Zografou 

(37.97oN, 23.79oE, 

212 m a.s.l.) 

 

National Technical University of 

Athens, Laser Remote Sensing 

Laboratory (NTUA-LRSU) 

Aerosol backscatter profile, 

aerosol extinction profile, 

columnar AOD 

 

CIMEL 

Sun-Sky 

Radiometer 

Thissio 

(37.96°Ν, 23.72°E, 

150 m a.s.l.) 

National Observatory of Athens, 

Institute for Astronomy, 

Astrophysics Space Application & 

Remote Sensing (NOA-IAASARS) 

AOD, Inversion data products (ssa, 

asymmetry factor, refractive index, 

phase function, size distribution) 

 

4.2.2.2 EOLE lidar system 

The six-wavelength Raman-backscatter lidar system (EOLE) operates in Athens since February 2000 as 

part of the EARLINET network (Pappalardo et al., 2014). The system is designed following the optical 

set-up of a typical member station (Kokkalis 2017), meeting all the quality assurance requirements of 

the network. The emission unit is based on a pulsed Nd:YAG laser, emitting high energy pulses at 355, 

532 and 1064 nm with a repetition rate of 10 Hz. The optical receiver is based on a Cassegrainian 

telescope (600 mm focal length and a clear aperture diameter of 300 mm), directly coupled with an 

optical fiber, to the wavelength separation unit, detecting signals at 355, 387 (N2 Raman line of 
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355nm), 407 (H2O Raman line of 355nm), 532, 607 (N2 Raman line of the 532nm) and 1064 nm. For 

every measuring cycle 1000 lidar signal returns are stored (every  1̴.66). For each case presented in this 

study, we used hourly averaged profiles, which correspond to approximately 34 individual signal 

acquisitions (Kokkalis et al., 2012). 

During day time operation, the system is capable of providing aerosol backscatter profiles (𝛽𝑎𝑒𝑟) at 

355, 532 and 1064 nm, based on the standard backscatter lidar technique and employing the Klett 

inversion method (Klett, 1981). This technique assumes the existence of an aerosol-free region (e.g. 

upper troposphere) and requires an a-priori assumption of the lidar ratio value (the ratio of the 

extinction to backscatter coefficient, 𝑆𝑎𝑒𝑟). A variety of studies revealed a wide range for the lidar 

ratios, covering values from 20 to 100 sr (Ackermann, 1998; Mattis et al., 2004; Amiridis et al., 2005; 

Müller et al., 2007; Papayannis et al., 2008; Groß et al., 2011; Giannakaki et al., 2015). When the elastic 

backscatter lidar technique is used, the assumption of a constant lidar ratio value throughout the laser 

sounding range, becomes very critical when solving the lidar equation; in this case, the overall 

uncertainty, including both statistical and systematic errors, on the retrieved 𝛽𝑎𝑒𝑟values, is of the order 

of 20–30% (e.g. Rocadenbosch et al., 2010). In this study, the aerosol extinction profiles have been 

retrieved under the assumption of three lidar ratio values, 30, 50 and 70 (i.e. 50 ± 20 sr). This range is 

realistic for pollution and dust cases presented herein (Groß et al., 2013) and it is also in accordance 

with columnar lidar ratio values (interpolated to 532 nm) obtained by AERONET for the cases of this 

study, which vary from 48.8 ± 7.5 sr to 59.9 ± 12.1 sr. As a result of this variability (i.e. 50 ± 20 sr), the 

uncertainties introduced to the aerosol extinction profiles vary from 10 - 40%; the higher uncertainties 

appear at the upper atmospheric layers, where the signal-to-noise ratio of the system decreases. The 

corresponding uncertainties of the lidar-derived AOD values due to this assumption were estimated to 

be up to 11%. All the lidar profiles were obtained with the Single Calculus Chain (SCC) processing 

platform (D'Amico et al., 2016; Mattis et al., 2016), which is developed in the framework of EARLINET 

to ensure the high-quality products of the network, by implementing quality checks on both raw lidar 

data and final optical products. 

One of the lidar’s main limitations is the distance of full overlap between the laser beam and the 

receiver’s field of view, which makes it difficult for the instrument to obtain useful and accurate 

aerosol-related information below that height. Wandinger and Ansmann (2002) demonstrated that 

when not applying overlap correction in lidar signals, the retrieved aerosol extinction coefficient may 

take even non-physical negative values for heights up to the full overlap. The incomplete overlap effect 

can be solved by using Raman measurements under night-time conditions. In this study, only daytime 

measurements are used and therefore no overlap correction is applied on the signals. The geometrical 

configuration of EOLE results in full overlap distance of 500-800 m above ground (Kokkalis 2017). The 

aerosol extinction values below the 1000 m a.s.l. height are considered to be inside the overlap region 

and therefore were omitted from the extinction profile comparison. Nevertheless, in order to calculate 

the AOD from the lidar profiles, the lowermost trustworthy value of the extinction coefficient was 

assumed constant (height-independent). During daytime, the upper limit of the planetary boundary 

layer over Athens ranges between 1500 and 2100 m a.s.l. (Kokkalis et al. 2020), thus the minimum 

height of lidar profiles at 1000 m a.s.l. is well within the PBL. Our assumption of a well-mixed 

atmosphere below 1000 m a.s.l. - which means that a constant lidar ratio value is considered for this 

part of the atmosphere (Wandinger and Ansmann, 2002) - may lead to an underestimation of the AOD 

at the lowest troposphere, since the city is most probably an additional source of particles. This 

underestimation cannot be estimated because of the lidar overlap issue. 
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4.2.2.3 CIMEL sun-photometer 

The reported columnar aerosol optical properties have been retrieved by a CIMEL sun-photometer 

(Holben et al., 1998). The instrument is part of NASA’s global sun photometric network, AERONET, and 

performs automatic measurements of the direct solar radiance at the common wavelengths of 340, 

380, 440, 500, 675, 870, 940 and 1020 nm every 15 min and diffuse sky radiance at 440, 675, 870 and 

1020 nm.  These measurements are further used to provide both optical and microphysical aerosol 

properties in the atmospheric column (Dubovik et al., 2006). The CIMEL data used in this study are the 

cloud screened and quality assured level 2.0 data products, providing information about the columnar 

AOD and the Ångström exponent. The AOD uncertainty is <±0.02 for UV wavelengths and < ±0.01 for 

wavelengths larger than 440 nm (Eck et al., 1999). 

 

4.2.3 BOREAS profile retrieval algorithm 

 

The BRemen Optimal estimation REtrieval for Aerosol and trace gaseS (BOREAS) is an optimal 

estimation based profile retrieval algorithm developed at the Institute of Environmental Physics, 

University of Bremen (Bösch et al., 2018). It applies the optimal estimation technique for the retrieval 

of trace gas concentration profiles, while for our case - the aerosol retrievals - it uses an iterative 

Tikhonov regularization approach. The main concept of the algorithm for the aerosol retrieval is to 

minimize the difference between modeled and measured O4 slant optical depths by applying the 

iterative Tikhonov technique to varied aerosol extinction profiles. This method uses the difference of 

the slant optical depth from an a priori state to obtain information on the aerosol concentration that 

caused this difference through multiple iterations. Slant column densities of trace gases and O4 from 

MAX-DOAS measurements at different line of sight (LOS) directions, as well as climatology profile files 

are used as inputs. The BOREAS algorithm is based on the SCIATRAN radiative transfer model (Rozanov 

et al., 2005), which is used to calculate box-air-mass-factors (BAMF) and weighting functions, needed 

for the profile inversion. The BAMF - in contrast to the total AMF - is a function of altitude describing 

the sensitivity of measurements to the profile at different atmospheric height layers. The aerosol 

weighting function matrices express the sensitivity of the O4 measurements to changes in the aerosol 

extinction coefficient profile. For the radiative transfer model (RTM) calculations, scattered light in a 

spherical atmosphere (multiple scattering) and atmospheric profiles of pressure and temperature for 

Athens from the Atmospheric Science Radiosonde Archive of the University of Wyoming 

(http://weather.uwyo.edu/upperair/bufrraob.shtml) are considered. The instrument was set to 

station’s altitude and the surface was set at sea level. The aerosol inversion problem is expressed 

through the minimisation of Eq. (2): 

‖𝛥𝜏(𝜆, 𝜴) − 𝛥�̃�(𝜆, 𝜴,𝛮𝛼(𝑧)) − 𝑃(𝜆, 𝜴)‖
2
→ 𝑚𝑖𝑛                            (2) 

,where Δτ denotes the measured O4 differential slant optical thickness, 𝛥�̃� the simulated differential 

slant optical thickness, Ω the measurement geometry (LOS, SZA, relative azimuth) , 𝛮𝛼(𝑧) the a priori 

aerosol number concentration profile which is used as a starting point for the iterations and P a 

polynomial of lower order which accounts for the attenuation due to scattering processes. Since the 

relationship between the concentration profile and the O4 differential slant optical depth is not linear, 

http://weather.uwyo.edu/upperair/bufrraob.shtml


71 
 

the iterative Tikhonov regularisation technique, along with weighting function matrices, is used for the 

solution of the minimisation problem (Bösch et al., 2018). 

The uncertainty associated with each retrieved profile is computed by the algorithm. It is the sum of 

the noise and smoothing errors, which represent the impact of the measurements and of the a priori 

profile on the retrieved profile, respectively. These two errors have been calculated for each of our 

case studies separately and are presented in section 3.2. 

The temporal resolution of the measurements is about 15 minutes, which corresponds to the duration 

of one full scanning cycle through all directions over the city. The vertical sampling of the retrieved 

profile is 0.05 km, with the bottom layer considered at the sea level and the top layer at 4 km a.s.l. The 

AOD is calculated by integrating the BOREAS retrieved aerosol extinction coefficient vertically. More 

details about the values assigned to each parameter are given in section 3.2.  

 

4.3 Results and discussion 

 

4.3.1 Selected case studies 

 

The main objective of this study is to assess the retrieved aerosol profiles from MAX-DOAS 

measurements by comparing them with well established sun-photometric measurements (CIMEL) and 

lidar retrievals. Therefore, certain cases had to be selected with available and valid data from all three 

instruments. Additionally, the selected cases had to coincide with cloud-free days, as all of the used 

measurement techniques have more substantial uncertainties in the presence of clouds. During the 

period from January 2015 to June 2016, four cases were found to meet the above conditions, covering 

winter, summer and spring: i) 05 February 2015 under the influence of a weak dust event, ii) 09 July 

2015 with enhanced morning levels of NO2 for this season (Gratsea et al., 2016) iii) 10 July 2015 with 

typical levels of pollution and iv) 04 April 2016 with enhanced levels of NO2. In order to identify the 

sources of air masses reaching Athens on the specific dates, 4-day air mass back trajectories at different 

altitudes, calculated using the NOAA-HYSPLIT (Hybrid Single-Particle Lagrangian-Integrated Trajectory) 

model (Draxler and Hess, 1997) were used. Potential for Saharan Dust transport below 4 km, which is 

the highest point of our retrievals, was identified only for case (i) (Fig.2). In the rest of the cases, the 

air masses below 4 km originate from N/NE directions, and are thus not associated with dust aerosols. 

The NO2 levels, measured by MAX-DOAS and presented in Fig. 3, are used as an indicator for the 

pollution levels over the city. The mean diurnal NO2 DSCDs for winter and summer months, as reported 

by Gratsea et al. (2016), range from 6 ∙ 1016 to 9 ∙ 1016 and 5 ∙ 1016 to 11 ∙ 1016 molec∙cm-2, respectively. 

Thus, enhanced pollution levels are observed during the morning hours in cases (ii) and (iv). The 

absence of clouds is established using in-situ empirical meteorological observations from the 

monitoring station of the National Observatory of Athens at the centre of the city and is also verified 

by the MAX-DOAS retrieved O4 slant columns throughout the day. The above mentioned cases will 

henceforth be referred to as cases (i), (ii), (iii) and (iv), respectively and information about each case is 

summarised in Table 2. 
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Figure 2. Analytical backtrajectories for Athens as derived from NOAA-HYSPLIT model for the case studies (i) 

5Feb15 (top left panel), (ii) 9Jul15(top right panel, (iii) 10Jul15 (bottom left panel) and (iv) 4Apr16 (bottom right 

panel). 

 

Table 2. Information about the selected case studies. 

 case (i) case (ii) case (iii) case (iv) 

Date 5 Feb 15 9 Jul 15 10 Jul 15 4 Apr 16 

Atmospheric 
conditions 

weak dust event, 
low pollution 
levels 

high pollution 
levels in the 
morning 

typical pollution 
levels 

high pollution 
levels 

Air masses origin 
below 4 km 

S/SW N/NE N/NE N/NE 

 

 

4.3.2 Aerosol extinction vertical profile retrievals 

 

MAX-DOAS measurements and the BOREAS retrieval algorithm were used for the calculation of the 

diurnal aerosol extinction vertical distribution over the urban (S) area (Fig. 4) for the selected case 

studies and for altitudes 0.5-4 km a.s.l. Single scattering albedo (SSA) and phase functions are not 

retrieved in BOREAS and have to be prescribed. Therefore AERONET measurements are used for 

specifying SSA (ω) and asymmetry factor (g) values. However, ω and g were not available in AERONET 

data for case (iv), therefore in this case the algorithm was run using the Henyey-Greenstein phase 

function with the monthly mean of SSA (ω=0.91) and asymmetry factor (g=0.68) from the following 

year, as derived from the AERONET data (Table 3). Specifically for this case, sensitivity tests with 
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varying ω and g were carried out. It was found that the variability due to asymmetry factor is small and 

the impact of SSA negligible. A fixed surface albedo (α=0.15), based on a previous study for Athens 

(Psiloglou et al., 2009), was used in all cases. Table 3 summarises the parameter settings used for the 

BOREAS retrieval. 

 

Table 3. Settings used for the BOREAS retrieval. The mean daily value of each parameter (ω and g retrieved 
from AERONET) is mentioned for cases (i), (ii) and (iii). The mean monthly values of ω and g (provided from 
AERONET for April 2017) were used for case (iv), due to unavailable AERONET daily data around this date. 

 case (i) case (ii) case (iii) case (iv) 

Surface albedo 0.15 0.15 0.15 0.15 

Single scattering albedo (ω) 0.92 0.96 0.93 0.91 

Asymmetry factor (g) 0.78 0.65 0.68 0.68 

Tikhonov parameter 20 20 20 20 

 

 

Figure 3. Tropospheric retrievals of diurnal SCDNO2 (elevation angle +1o) from MAX-DOAS measurements for the 

four selected cases studies. The blue and the black curves correspond to the remote (W) and the urban (S) viewing 

direction, respectively. In the internal panels the corresponding tropospheric VCDNO2 are also shown. Please 

consider the different scale used in case (i). 

 

The results for case (i) reveal a significant variation of the aerosol distribution in the vertical direction. 

Although the maximum retrieved extinction values in this case reach almost 0.2 km-1 at 1.5 km height 

in the afternoon, persistent high values are displayed until around local noon (Fig. 4). The temporal 

variation of the vertical distribution can be attributed to changes in the prevailing wind speed and 

direction throughout the day; as recorded by NOA’s meteorological monitoring station at Thissio, the 

prevailing wind direction from 07:00UTC until 10:00UTC (LT=UTC+2 winter time and UTC+3 summer 

time) was from the south with speed from 1 to 4 m∙s-1, while easterly winds with speed reaching 10 

m∙s-1 started blowing at 11:00UTC, efficiently ventilating the Athens basin and removing the dust and 

atmospheric pollutants. As shown in previous works conducted in the area (e.g Fourtziou et al., 2017), 

wind speed below 3 m∙s-1 favours the accumulation of pollutants. 
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The two cases, (ii) and (iii), present an elevated aerosol layer extending up to 3 km between 10:00 and 

14:00UTC. Lidar retrievals also show an elevated extinction layer in both cases, as discussed in section 

3.3. However, the separation of the two layers could be an artifact which arises from the fact that the 

MAX-DOAS retrieval’s response to a box-like distribution (e.g. a well developed planetary boundary 

layer - PBL) leads to slight oscillations around this box due to the a priori smoothing. Both cases are 

related to weak prevailing winds (<4 m∙s-1), which favour the development of a vertically extended 

aerosol layer. The higher aerosol load in case (iii) is also corroborated by sun photometric 

measurements, which are presented and discussed in section 3.4. 

Low levels of aerosol extinction (less than 0.1 km-1) are present over the urban area throughout the 

whole day in case (iv). The highest values of the day (almost 0.14 km-1) are displayed up to 800 m.a.s.l. 

Given that the NO2 level, characteristic of anthropogenic pollution, is high during this day (Fig. 3), 

higher particle pollution levels would be expected. 

 

4.3.3 MAX-DOAS aerosol extinction profiles evaluation 

 

The BOREAS retrieved aerosol extinction profiles from the MAX-DOAS measurements at 477 nm, 

between 0.5 km (station’s elevation) and 4 km height, are compared with the lidar aerosol extinction 

coefficient measurements at 532 nm, between 1 and 4 km height, for the selected case studies (Fig. 

6). Representative morning and afternoon snapshots during each day have been chosen to be 

presented and discussed. The lack of morning profiles for some days is due to the absence of lidar data, 

thus, both morning and evening data is available only for cases (i) and (ii). The lidar profile presented 

in each figure is the result of the mean lidar signal, averaged between the starting and the ending time 

of the corresponding MAX-DOAS profiles. The uncertainty in the lidar extinction profiles increases 

substantially for altitudes below 1000 m.a.s.l. due to the loss of overlap between the telescope field 

of view and the laser beam (Wandinger and Ansmann, 2002; Kim et al., 2008, Papayiannis et al., 2008); 

hence the lidar data for altitudes below 1000 m a.s.l. is not presented and only measurements above 

1000 m a.s.l. are considered for the calculation of the correlation between the two instruments. 

Another point that has to be considered when comparing the results from the two instruments is that 

the lidar profiles are characterised by high vertical and temporal resolution and degradation to the 

sensitivity of the MAX-DOAS profiles is necessary in order to have a meaningful comparison to the 

MAX-DOAS data. According to the method described by Rodgers and Connor (2003), the degraded 

lidar profile xf can be estimated by applying the equation 

𝑥𝑓 = 𝑥𝑎 + 𝐴𝐾 ∙ (𝑥 − 𝑥𝑎)          

 (3) 

with 𝑥𝑎 being the a priori profile used in the algorithm calculations, x the initial lidar profile and AK the 

averaging kernel from the BOREAS retrieval. The averaging kernel (Fig. 5) denotes the sensitivity of the 

retrieved profile to the true atmospheric profile for each layer and in fact it represents the smoothing 

of the true profile in the retrieval. The lidar profile, degraded to 50 m vertical resolution, represents 

the MAX-DOAS profile that would have been retrieved, if the true extinction profile was x. Last, but 

not least, the horizontal distance (13 km) between the two measurement sites and the different 

operation principles of the two instruments should be noted. The lidar system retrieves information 
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from the air mass right above the measurement site, while MAX-DOAS probes air masses along the 

line of sight of the telescope pointing from the top of a hill towards the city centre; hence the retrieved 

aerosol profiles from the two instruments correspond to different air masses and are not expected to 

fully agree, especially when the aerosol pollution is not horizontally homogeneous over the Athens 

basin. Thus, the comparison is mainly focused on a qualitative basis. 

 

Figure 4. MAX-DOAS retrieved aerosol extinction vertical distributions (from instrument’s height up to 4 km 

a.s.l.) for the four case studies over the urban area (S). The spatial and vertical resolution of the retrievals is 50 

m and 15 min, respectively. 

 

Figure 5. Averaging kernels of the aerosol retrievals for the four case studies. For cases (i) and (ii), the left and 

right panel corresponds to the morning and afternoon profiles, respectively. The colour bar represents the height 

of the atmospheric layers. 

Each case is examined separately. Comparison information is given in the form of performance 

statistics - correlation coefficient (r), median lidar/MAX-DOAS ratio, root mean square error (RMSE) 

and fractional gross error (FGE) – and is shown in Table 4. This set of statistics has been chosen as 
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suitable to provide a detailed view of the algorithm performance; it has been proposed (Morris et al., 

2005) that a FGE less than or equal to 0.75 is a criterion to evaluate good performance of an algorithm, 

therefore, any FGE>0.75 is used as indicator of a relatively poor performance in this study. In order to 

perform the statisticals calculations we averaged the four MAX-DOAS profiles comprising each case. 

Thus, all performance statistics have been calculated using the temporally averaged MAX-DOAS profile 

for each case and the corresponding degraded lidar profile, so that both profiles are of the same 

temporal and vertical resolution. In all cases, 61 data points are used for the derivation of the statistics. 

The average smoothing and noise errors for the MAX-DOAS retrievals are given for each case study 

separately in Table 5. In all cases, the noise error ranges between about 1 and 5%. In cases (i)-mor, (ii) 

and (iii), the smoothing error is about 15%. The large smoothing errors in cases (i)-aft and (iv) are due 

to the very small extinction values at higher altitudes. 

 

Case study (i) - 5 February 15 

In case (i), the two instruments seem to be in excellent agreement in terms of correlation, with a very 

high correlation coefficient (r>0.95). In the afternoon, a peak in aerosol extinction (   ̴ 0.15 km-1) 

between 1 and 1.5 km is captured by both instruments. The large discrepancy between the original 

and the degraded lidar profile is attributed to the fact that the AKs of the afternoon retrievals illustrate 

low sensitivity of the retrieved profile to the true atmospheric profile for altitudes up to 2.5 km (Fig. 

5). 

It should be mentioned that this is the only case in the present study, where high aerosol load is found 

in the upper levels (free troposphere) in the original lidar profiles due to transboundary transport of 

aerosols at higher altitudes. The fact that, at these altitudes, the MAX-DOAS only agrees with the 

degraded lidar profiles (which means after including the AK information) suggests more significant 

errors in the a priori aerosol profiles and the reduced capacity of the MAX-DOAS to capture the 

characteristic inhomogeneity at higher atmospheric layers during aerosol transport episodes. 

Nevertheless, an overall satisfactory performance of the algorithm is indicated for the morning 

measurements by the FGE (0.31). 

 

Table 4. Quantitative performance statistics of MAX-DOAS aerosol extinction calculations (BOREAS algorithm) 
compared to lidar measurements. 

Performance 
Measure 

case (i)-mor case (i)-aft case (ii)-
mor 

case (ii)-aft case (iii) case (iv) 

r 0.97 0.96 0.92 0.95 0.97 0.90 
median ratio 
(lidar/MAXDOAS) 

 
1.37 

 
1.11 

 
0.91 

 
0.60 

 
0.99 

 
1.58 

RMSE (km-1) 0.03 0.03 0.02 0.04 0.01 0.02 
FGE 0.31 0.80 0.37 0.54 0.20 0.61 

 

 

Table 5. The MAX-DOAS average smoothing and noise errors (%) for each case study. 
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Uncertainties (%) case (i)-mor case (i)-aft case (ii)-mor case (ii)-aft case (iii) case (iv) 

smoothing error 15.59 90.52 16.69 13.61 17.46 53.65 
noise error 3.94 2.03 2.69 1.93 2.25 5.53 

 

Case study (ii) - 9 July 15 

The retrieved MAX-DOAS profiles agree quite well with the degraded lidar profiles; they both show an 

aerosol layer extending up to about 2.5 km and the correlation coefficient is very high (r ≈ 0.95), during 

both morning and afternoon measurements. In the afternoon, however, the MAX-DOAS 

measurements result in higher extinction levels by almost 65% compared to the degraded lidar profile. 

As shown in Fig. 6 (middle row panels), in this case MAX-DOAS tends to overestimate the lidar 

extinction levels mainly at higher altitudes, a fact that can be attributed to the smoothing effect of the 

retrieval procedure on the true profile; given that a MAX-DOAS profile algorithm cannot retrieve sharp 

edges, the underlying narrow high altitude enhancement in the afternoon propagates through the 

retrieval into a smoother and broader aerosol peak. The FGE, ranging from 0.35 to 0.55, indicates a 

good performance of the algorithm. 

 

Case study (iii) - 10 July 15 

The two instruments seem to correlate very well (r=0.97). The MAX-DOAS coincides well with the 

aerosol extinction levels from the degraded lidar profile; the lidar to MAX-DOAS ratio is equal to 0.99. 

Nevertheless, when the original lidar profile is considered, a clear discrepancy in the extinction levels 

is present; the lidar peak value (0.16 km-1) is enhanced by a factor of two. The discrepancy between 

the original and the degraded lidar profile results from the low sensitivity of the averaging kernels for 

heights up to about 2 km (Fig. 5, case (iii)), which plays significant role in the degradation (smoothing) 

of the lidar retrieval. The RMSE is small (0.01 km-1) and the low FGE (0.20) indicates good performance 

of the algorithm.  

 

Case study (iv) - 4 April 16 

The profiles resulting from both instruments display an aerosol layer extending from the lower 

atmospheric layers up to 1.5 km height. The MAX-DOAS and degraded lidar profile shapes are very 

similar and highly correlated (r=0.90). However, the MAX-DOAS underestimates by almost 30% the 

lidar aerosol extinction (median lidar/MAX-DOAS ratio=1.58). Although the correlation is high and the 

RMSE is small (0.02), the FGE (0.61) indicates a moderate performance of the algorithm for the specific 

case. This FGE value, however, results from the high median ratio of the two profiles, which in turn 

results from the low extinction levels, since the absolute difference between the two profiles is not 

that large. 

 

Overall, the correlation between lidar and MAX-DOAS measurements is very good (0.90 < r < 0.97) in 

all cases and a good agreement in the profile shape and altitude of the peak extinction level is also 

observed. The failure of the MAX-DOAS to capture clearly distinguished aerosol layers is attributed to 
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the smoothing effect due to the presence of a priori constraints during the retrieval procedure. The 

RMSE ranges from 0.01 to 0.04 km-1 in all cases. A high FGE (0.80) has been calculated only in the case 

of measurements at small relative azimuthal angles between the viewing direction and the Sun and in 

parallel presence of large particles. Due to the different operation principles of each instrument 

(active/passive remote sensing), the different wavelengths and the different air masses probed by each 

instrument, a full agreement in the derived profiles would not be expected. In particular, the lidar 

profiles represent the aerosols which are directly over the measurement site, whereas the MAX-DOAS 

profiles are representative of the atmosphere at a distance of several kilometres along the line of sight 

of the instrument. Another conclusion arising from these four cases is that the MAX-DOAS fails to 

detect part of the urban aerosol pollution when the pollution levels are low (e.g. case(iv)) and also fails 

to capture the inhomogeneity at higher altitudes in case of aerosol transport episodes. 
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Figure 6. Comparison of retrieved MAX-DOAS aerosol extinction profiles at 477 nm (multicoloured curves), lidar 
aerosol extinction coefficient vertical profile at 532 nm (black curve) and the corresponding degraded lidar profile 
(dashed black curve) for the selected case studies. The lidar profile used in each case is the average profile 
retrieved between the starting and the ending time of the MAX-DOAS retrievals and the light dashed black curves 
are the lidar-derived aerosol extinction uncertainty obtained by the lidar assumption of 50 ± 20 sr. The grey 
shaded area represents the corresponding MAX-DOAS uncertainty. 
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4.3.4 AOD evaluation 

 

In the previous section, lidar measurements were used for the evaluation of the aerosol extinction 

profiles obtained from MAX-DOAS. However, a conclusive evaluation of MAX-DOAS aerosol optical 

depth (AOD) cannot be done strictly with lidar-derived AOD values mainly due to the lidar blind range 

(overlap height), resulting in AOD underestimation. Therefore, in this section, we focus on the 

comparison between the retrieved AOD from MAX-DOAS measurements at 477 nm and from CIMEL 

measurements at two wavelengths (440 nm and 500 nm), during the aforementioned case studies (Fig. 

7). For the MAX-DOAS AOD calculation, the missing values in the extinction coefficient profiles below 

500 m are set to a constant value (equal to the retrieved value at 500 m). This assumes that the 

atmosphere is well-mixed below 500 m, which probably results in an underestimation of the calculated 

AOD in case of enhanced surface aerosol layer. When looking at the figures, one should consider that 

the CIMEL AOD uncertainty is estimated to be approximately 0.01 for wavelengths > 400 nm (Eck et 

al., 1999). The MAX-DOAS AOD uncertainties are shown in the figures. The Ångström exponent, 

derived from the CIMEL measurements (400 - 870 nm), is also taken into account, as a qualitative 

indicator of aerosol particle size, in order to investigate the origin of the aerosols (natural-dust or 

anthropogenic sources) and the performance of the MAX-DOAS retrievals for different aerosol types 

and sizes. An overview of the comparison statistics (described in section 3.3), representative of the 

degree of agreement between MAX-DOAS and CIMEL measurements at 500 nm, is presented in Table 

6. The calculations were made on hourly basis to achieve uniform results regarding the air masses. 

Although this section is focused on the comparison with the AOD from CIMEL, the AOD from lidar 

measurements (calculated by integrating the aerosol extinction coefficient from ground up to the 

identified reference height of 4 km a.s.l.) is also presented indicatively. Nevertheless, as a 

complementary analysis, the comparison between lidar and MAX-DOAS AOD for the common altitude 

(1-4 km) - along with the corresponding uncertainties - is presented in Table 7. 

 

Case study (i) - 5 February 15 

The very small Ångström exponent, ranging between 0.05 and 0.13 throughout the day, indicates the 

dominance of coarse particles in the aerosol distribution. Given the cloud-free sky conditions and the 

potential for dust transport found for this day by the NOAA-HYSPLIT (Fig. 2), these particles are 

probably associated with the presence of dust in the atmosphere. The correlation between the two 

instruments is moderate (r=0.47) and the calculated AOD levels from the MAX-DOAS measurements 

underestimate by about 20% the CIMEL measurements (median ratio CIMEL/MAX-DOAS = 1.22). The 

daily averaged AOD values are 0.33 (± 0.02)  and 0.39 (± 0.03)  for MAX-DOAS and CIMEL, respectively, 

and are much higher than the climatological monthly average value (0.27 ± 0.03) for February in 

Athens, as reported in Gerasopoulos et al. (2011).  The RMSE is 0.07, however the FGE, which is small 

(0.17) implies excellent performance of the algorithm. The moderate correlation results may arise from 

the fact that CIMEL performs direct sun measurements, whereas MAX-DOAS measurements - and the 

subsequent AOD retrieval - are performed at a fixed azimuthal direction. Thus, the CIMEL 

measurements are highly affected by variations in the temporal and spatial distribution of the aerosols. 

The AOD from the lidar measurements at 10:00 and 13:00UTC (0.37 and 0.35, respectively) coincides 

well both with CIMEL and MAX-DOAS measurements. 
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Case study (ii) - 9 July 15 

In this case, the large values of the Ångström exponent (α ≥ 2) are indicative of the presence of fine 

mode aerosols that are associated with urban pollution (Westphal and Toon, 1991, Eck et al., 1999, 

Gerasopoulos et al., 2011). The considerable levels of NO2 measured during this day (Fig. 3), indicate 

the presence of anthropogenic pollution. The two instruments are again moderately correlated 

(r=0.67), however if the afternoon measurements - after 16:00LT - are excluded, the correlation 

becomes very good (r=0.87). The median ratio (0.85) indicates that the MAX-DOAS overestimates the 

AOD levels measured by the CIMEL. However, the overestimation is more profound during the 

morning, while in the afternoon the MAX-DOAS slightly underestimates the measured AOD by about 

20%, a fact that can be attributed to inaccuracies in the radiative transfer calculation for the forward 

scattering geometry. The daily averaged AOD values are 0.20 and 0.19 for MAX-DOAS and CIMEL, 

respectively. The small values of both the RMSE (0.07) and the FGE (0.26) are indicators of very good 

performance of the algorithm. The gaps in the CIMEL data in this case, as well as in case (iii), are 

probably due to saturation of the instrument. The lidar AOD in this case (0.21 at 10:00UTC and 0.26 at 

13:00UTC) agrees well with the CIMEL measurements at 500 nm, but is lower than the AOD from the 

MAX-DOAS; the difference is more considerable in the afternoon. 

 

Case study (iii) - 10 July 15 

In the third case study, the measurements from the two instruments seem to be in better agreement 

during morning hours. Overall, the MAX-DOAS AOD levels coincide well with CIMEL (median 

CIMEL/MAX-DOAS ratio is 0.95), however the underestimation due to light scattering geometry after 

13:00UTC is about 35%. The moderate results with respect to correlation (r=0.53) are due to the large 

discrepancy between the two instruments during the afternoon. If only the measurements until 

13:00UTC are considered, the correlation is considerably improved (r=0.75). Despite the non-

satisfactory correlation, the calculated FGE (0.28) indicates a very good performance of the algorithm. 

The lidar-derived AOD in the afternoon is higher than the MAX-DOAS measurement. Unfortunately, no 

CIMEL or lidar data are available around noon in order to validate the aerosol plume captured by MAX-

DOAS. It should be noted, though, that case studies (ii) and (iii) (both summer days in July) exhibit the 

same diurnal pattern; lower values in the morning, steadily increasing throughout the day and then 

slightly declining in the afternoon. A similar diurnal AOD pattern was found for summer in Athens by 

Gerasopoulos et al., 2011 and this pattern has been associated with local urban or industrial sources 

(Smirnov et al., 2002). 
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Figure 7. AOD as derived from MAX-DOAS (black curve) and CIMEL at 440 nm and 500 nm (green and blue curve, 

respectively). The grey and the red square markers represent the Angström exponent derived from 400 and 870 

nm and the lidar derived AOD, respectively. The dashed black curves represent the MAX-DOAS AOD uncertainties. 

The scatter plots between hourly AOD calculated from MAX-DOAS measurements and hourly AOD from CIMEL at 

500 nm are shown in the internal panels; the red points correspond to measurements after 13:00UTC. Accordingly, 

yo is the linear regression equation with all the data points included and y1 is the linear regression equation when 

the data points after 13:00UTC have been excluded. The smaller blue points are the raw data points. The vertical 

red dashed line separates the measurement data before and after 13:00UTC 

 

Table 6. Quantitative performance statistics of MAX-DOAS AOD calculations (BOREAS algorithm) at 477 nm 
compared to CIMEL measurements at 500 nm . 

Performance 
Measure 

case (i) case (ii) case (iii) case (iv) 

r 0.47 0.67 0.53 -0.42 
median ratio 
(CIMEL/MAXDOAS) 

1.22 0.85 0.95 1.37 

RMSE 0.07 0.06 0.11 0.07 
FGE 0.17 0.26 0.28 0.40 
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Case study (iv) - 4 April 16 

The Ångstöm exponent in this case (α≈1) indicates the presence of coarse aerosols (radii≥0.5 μm) in 

the atmosphere (Westphal and Toon, 1991, Eck et al., 1999). The NOAA HYSPLIT backtrajectories show 

the potential for African dust transport to Athens, however, at higher altitudes of up to 5 km. 

Nevertheless, despite the presence of coarse particles, the AOD levels are low; the daily averaged AOD 

values are 0.13 and 0.19 for MAX-DOAS and CIMEL, respectively. The MAX-DOAS underestimates the 

AOD with respect to CIMEL by about 25% (and by 50% if only the afternoon measurements are 

considered), the RMSE is 0.07 and the FGE is 0.40, yet it seems that the two measurement techniques 

are not correlated (r=-0.42). However, the comparison in terms of correlation, results in better outputs 

if only the morning measurements are considered; in this case the correlation coefficient is 0.75. It 

seems that MAX-DOAS, in this case, fails to detect the accumulation of coarse particles. Nevertheless, 

the AOD lidar measurements agree very well with the MAX-DOAS measurements (Table 7). 

Overall, a systematic underestimation of the AOD, by 20 to 35%, by the MAX-DOAS is observed in the 

afternoon measurements, when the relative azimuthal angle between the MAX-DOAS viewing 

direction and the Sun is small. Better agreement is achieved at large relative azimuthal angles in the 

morning. This finding has also been reported by Frieß et al. (2016) when comparing different retrieval 

algorithms with sun photometer measurements. Considering that i) the sun-photometer is located 

downtown (150 m a.sl.), at lower altitude than the MAX-DOAS (527 m a.s.l.) and thus more sensitive 

to aerosols in the lower troposphere and ii) the absence of real measurements from MAX-DOAS for 

altitudes below 500 m a.s.l., an underestimation of the contribution of the urban pollution to the 

retrieved by MAX-DOAS AOD would be expected. Nevertheless, the MAX-DOAS seems to detect well 

the typical urban aerosols in the boundary layer; the mean AOD difference (CIMEL minus MAX-DOAS) 

of all the measurements is 0.03 with standard deviation 0.08. Furthermore, CIMEL is a direct sun 

photometer, which means that in each measurement different air masses are detected, while the 

MAX-DOAS always points at the same direction; this operational difference is reflected in the non-

satisfactory correlation. When fixed values of SSA and asymmetry factor (instead of AERONET data) 

are used by BOREAS, it seems that MAX-DOAS fails to detect accumulated coarse particles (e.g. case 

(iv)), leading to underestimation in case of small Ångström exponent values (< 1). Frieß et al. (2016) 

have also come to this conclusion during the CINDI-2 campaign. However, the underestimation could 

also be attributed to the high altitude aerosol layer detected by the lidar (Fig. 6); the MAX-DOAS’ 

sensitivity at higher altitudes is low and the calculated AOD is limited up to 4 km, while the AOD from 

CIMEL refers to the total atmospheric column. In addition, the presence of aerosol layers above 4 km 

that could contribute to the AOD was examined by using the lidar signals and no significant aerosol 

load was observed above this height. It should also be noted that the standard AERONET version 2 

algorithm uses an NO2 climatology with a spatial resolution much coarser than the area of the city of 

Athens (Giles et al., 2019), hence in certain cases the difference between the MAX-DOAS and the 

higher CIMEL AOD levels at 440 nm could result from additional NO2 content in the atmosphere, which 

is the case of highly polluted days. The lidar-derived AOD levels coincide well with the MAX-DOAS 

measurements. 
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Table 7. MAX-DOAS (477 nm) and lidar (532 nm) AOD calculations for the atmospheric layer 1-4 km. 

AOD (1-4 km) case (i)-mor case (i)-aft case (ii)-
mor 

case (ii)-aft case (iii) case (iv) 

lidar 0.24 ± 0.04 0.21 ± 0.03 0.13 ± 0.03 0.19 ± 0.03 0.19 ± 0.03 0.09 ± 0.01 
MAX-DOAS 0.16 ± 0.03 0.15 ± 0.06 0.18 ± 0.04 0.27 ± 0.05 0.19 ± 0.04 0.07 ± 0.03 

 

4.4 Summary and conclusions 

 

An assessment of the retrieval of aerosol extinction profiles and AOD from MAX-DOAS measurements 

is presented for the first time for the urban environment of Athens. The profiling results are compared 

to lidar extinction profiles and to AODs obtained from sun photometric measurements. The 

intercomparison results are very promising, showing that the MAX-DOAS measurements provide a 

good estimation of the aerosol vertical profile over Athens. Although this intercomparison is of great 

importance for the validation of the MAX-DOAS retrieval, the different operation, characteristics and 

measurement principles of each instrument, in addition to some comparison restrictions, have to be 

considered. 

Regarding the spatial characteristics, (i) the measurements with the MAX-DOAS technique represent 

an area that includes the AERONET and the lidar locations, but it is not limited to them. Regarding the 

vertical aerosol information, (ii) the MAX-DOAS retrievals are representative for 500-4000 m a.s.l., 

while the lidar profiles are valid for altitudes higher than 1000 m above the station and finally (iii) the 

AOD AERONET measurements describe the columnar aerosol properties representative of an area 

ranging from few up to 10 km radius above the Athens area, depending on solar elevation. Also, (iv) 

the sun-photometer AOD observations probe the extinction in the full atmospheric column while MAX-

DOAS retrievals are sensitive only to the lowest kilometers, leading to differences in the presence of 

aerosol layers at altitudes above 4 km. Nevertheless, despite the comparison restrictions and the 

differences of the three instruments, the comparison of the retrieved profiles and the AODs shows 

that the MAX-DOAS measurements bode well for the future of aerosol measurements and they are 

able to provide a good estimation of the aerosol vertical distribution over Athens. 

The vertical profiles retrieved by BOREAS profiling algorithm applied to the MAX-DOAS measurements 

are qualitatively in good agreement with the lidar profiles smoothed with the MAX-DOAS averaging 

kernels; there is good agreement in aerosol layer shape and aerosol extinction levels, except in cases 

of inhomogeneity at higher altitudes, characteristic of aerosol dust transport episodes. Very good 

correlation (r > 0.90) was found in all cases. A satisfactory fractional gross error (0.20 < FGE < 0.54) has 

been calculated in all cases with fine aerosol particles (urban pollution), indicating a good performance 

of the BOREAS profiling algorithm in these cases. In some cases, the observed underestimation of the 

aerosol extinction (by 20 to 35%) by the MAX-DOAS at small relative azimuth angles can be attributed 

to the geometry of Mie scattering in relation to the location and viewing geometry of MAX-DOAS, 

resulting in MAX-DOAS’ failure to detect part of the urban aerosol pollution. Overall, the agreement 

between the two instruments is encouraging, especially when considering the different nature of each 

technique and the different instrument locations, suggesting that the MAX-DOAS can accurately 

enough represent the aerosol vertical distribution. 
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The MAX-DOAS retrieved AODs show satisfactory agreement with the sun photometric 

measurements, in terms of AOD levels. The MAX-DOAS underestimates the AOD in the presence of 

coarse particles; CIMEL/MAX-DOAS ratio > 1 coincides with Ångström exponent values < 1. A 

systematic underestimation by MAX-DOAS is observed in the afternoon measurements due to MAX-

DOAS’ viewing geometry. Overall, the MAX-DOAS can be considered as an effective mean for 

measuring the aerosol levels in Athens; the average AOD difference of all measurements between the 

two instruments is 0.03. It is important to note that in Athens, a highly populated and polluted area, 

horizontal gradients, especially in anthropogenic aerosols, are very likely to occur, resulting in different 

air masses detected by each instrument and subsequently in discrepancies between MAX-DOAS and 

CIMEL measurements. 

This intercomparison is of great importance for the validation of the MAX-DOAS retrieval. Despite the 

already mentioned limitations due to different operation, characteristics and measurement principles 

of each instrument, this work demonstrates that the MAX-DOAS measurements in Athens and the 

BOREAS algorithm can provide a good estimation of the aerosol vertical structure of the urban 

atmosphere, on a continuous and long-term basis, offering a reliable data set for scientific studies. 

There is certainly more work to be conducted in future studies in order to understand the sensitivity 

of the MAX-DOAS aerosol measurements based on different aspects of urban pollution evolution and 

long range transported aerosols. 

Data availability 

All data sets used and produced for the purposes of this work are freely available and can be requested 

from the corresponding author. 

Author contribution 

MG, PK and AR conceived the presented idea. MG performed the analysis and prepared the 

manuscript. TB developed the profile retrieval algorithm and provided guidance to MG on the 

algorithm calculations and parameterization. AR provided guidance to MG on MAX-DOAS data retrieval 

and profile calculations. MG designed the figures with support from PK and TB. AR and SK advised MG 

on the results interpretation. PK, AP and MM provided the lidar data. VA provided the sun-photometer 

measurements. AT made comments on the sun-photometer/max-doas comparison. AR, EG, SK, NM 

and MV provided critical feedback. All authors provided comments that helped shape the manuscript. 

Competing interests 

Andreas Richter and Vassilis Amiridis are members of the editorial board of the journal. 

Acknowledgments 

We acknowledge support of this work by the project ‘‘PANhellenic infrastructure for Atmospheric 

Composition and climatE change” (MIS 5021516), which is implemented under the Action 

‘‘Reinforcement of the Research and Innovation Infrastructure”, funded by the Operational 

Programme ‘‘Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020) and co-financed 

by Greece and the European Union (European Regional Development Fund). 

 



86 
 

Chapter 5 

 

The combined effect of reduced fossil fuel consumption and 

increasing biomass combustion on Athens’ air quality, as inferred 

from long term CO measurements 

To evaluate the role of increasing biomass combustion emissions and the reduced use of fossil fuel as 

a result of the economic recession in Greece, carbon dioxide (CO) atmospheric concentrations from 

five stations of the National Air Pollution Monitoring Network of the Ministry of Environment in 

Athens, spanning the period 2000-2015, in conjuction with black carbon (BC) concentrations from the 

NOA (National Observatory of Athens) station at Thissio were analysed. The contribution of different 

sources to the diurnal cycle of these pollutants is evident and is reflected in two peak concentrations: 

one morning peak (09:00 LT) attributed to vehicle traffic and one afternoon peak (22:00 LT) attributed 

both to fossil fuel combustion (traffic plus central heating) and biomass combustion. 

The interannual changes in the relative contribution of biomass and fossil fuel combustion were 

estimated through the calculation of morning (06:00-10:00 LT) and afternoon (16:00-05:00 LT) 

integrals of CO concentrations for the last 15 years. The results of this analysis demonstrated that: 

i) CO concentrations during morning rush hours have been steadily declining over the years (total 

reduction of around 50% since 2000) and during all seasons. This demonstrates the decline in fossil 

fuel use over the last 15 years, which can be attributed to the gradual renewal of the vehicle fleet 

(along with other measures adopted under European legislation towards reducing emissions) and to 

reduced anthropogenic activities in the most recent years as a response to the financial crisis. 

(ii) The impact of biomass burning becomes dominant during winter months since 2011, when the 

economic crisis affected the price of oil: an increase of 23%-78% (depending on the measurement site) 

in the winter afternoon integrals since 2012, provides evidence of the significant contribution of 

biomass combustion, which has prevailed over fossil fuel for domestic heating. 

In addition, CO emitted by wood burning was found to contribute almost 50% to the total CO emissions 

during night time (16:00-5:00), suggesting that emissions from biomass combustion have gained an 

increasing role in atmospheric pollution levels in Athens. 

Overall, it is deduced that the shift of Athens’ habitants to wood burning, as major fuel for heating 

purposes, has significant impact on Athens’ air quality (as revealed by the CO levels), which is to the 

opposite direction of the impact from reduced fossil fuel consumption. 

The importance of this study lies on the fact that it quantifies the diachronic changes in air pollution in 

Athens and associates it with several socioeconomic factors (e.g. measures, economic crisis, 

behavioural changes), while it can serve as reference in the future for assessing and evaluating 

expected mitigation measures.  
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The text of this study, published in the international peer-reviewed journal Science of the Total 

Environment, is attached. 
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Abstract. To evaluate the role of biomass burning emissions, and in particular of residential wood 

heating, as a result of the economic recession in Greece, carbon monoxide (CO) atmospheric 

concentrations from five (5) stations of the National Air Pollution Monitoring Network in Athens, 

spanning the period 2000-2015, in conjunction with black carbon (BC) concentrations from the NOA 

(National Observatory of Athens) station at Thissio were analysed. The contribution of the different 

sources to the diurnal cycle of these two pollutants is clear, resulting to a morning peak, mainly due to 

traffic, and a late evening peak attributed both to fossil fuel (traffic plus central heating) and biomass 

combustion. Calculated morning and evening integrals of CO peaks, for the investigated period, show 

consistent seasonal modulations, characterised by low summer and high winter values. The summer 

and winter morning CO peak integrals demonstrate an almost constant decreasing trend of CO 

concentrations over time (by almost 50% since 2000), attributed to the renewal of passenger car fleet 

and to reduced anthropogenic activities during the last years. On the other hand, an increase of 23%-

78% (depending on the monitoring site) in the winter evening integrals since 2012, provides evidence 

of the significant contribution of biomass combustion, which has prevailed over fossil fuel for domestic 

heating. CO emitted by wood burning was found to contribute almost 50% to the total CO emissions 

during night time (16:00-5:00), suggesting that emissions from biomass combustion have gained an 

increasing role in atmospheric pollution levels in Athens. 

 

5.1    Introduction 

 

The economic recession that has engulfed Europe since 2008 had great impact on air quality in several 

European countries. The impact on air quality has been evaluated in several studies using in-situ (e.g. 

Cusack et al., 2013 and Lyamani et al., 2011) and satellite measurements (Castellanos and Boersma, 

2012), revealing significant reduction of air pollutants attributed to reduced fuel consumption. The 

subsequent reduction of industrial activities and traffic emissions resulted in pollution reduction, while 

on the other hand, the extended use of biomass instead of oil for domestic heating, have resulted in 

severe smog episodes during winter (e.g Puxbaum et al. 2007;  Favez et al., 2009 and references 

therein). 

In Greece, the economic recession has vastly affected the general productivity, inducing changes in the 

field of air pollution, mainly in large cities. It has also led to changes in consumers’ behaviour regarding 

the level and type of fuel consumption. For Athens in particular, Vrekoussis et al. (2013), using satellite 

observations, showed a 30-40% reduction in NO2 tropospheric columns since 2008. Since 2011, when 

the economic crisis in Greece affected the price of oil, a great part of the population of Athens have 

been gradually relying on the use of wood stoves and fireplaces during winter months, as primary 

domestic heating devices. In addition, the use of biomass as fuel for central heating in Athens became 

legal in 2011, according to ministerial decision. The most recent survey from the Hellenic Statistical 

Authority conducted in 2011-12, reported that the main sources of heating in Greece are: fossil fuel 

(oil, 64%), biomass (12%), electricity (12%) and  natural gas (9%). Additionally, 32% of those who use 

fossil fuel, they also burn wood in fireplaces. Fireplaces exist mainly in new buildings (constructed after 

2000), the geographical distribution of which is mainly in Athens' northern and southern suburbs. 

However, wood stoves are used extensively in all areas (especially in poorer parts of the city), where 
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the wood quality has been widely questioned (e.g. furniture). The smoke from wood burning during 

night time in combination with Athens’ special topography (surrounded by three mountains to the 

North, West and Northeast favoring the accumulation of atmospheric pollutants) and shallow 

nocturnal atmospheric boundary layer (Kallos et al., 1993, Kassomenos et al., 1995, Fourtziou et al., 

2016) gave rise to severe smog episodes. Similar episodes due to biomass burning have also been 

reported in the second most populated city of Greece, Thessaloniki (Saffari et al., 2013). Such smog 

episodes may have severe health impacts on population as it has been revealed by the relationship 

between human lung cancer and the long-term high concentrations of certain pollutants abundant in 

smog (Beeson et al., 1998). Air pollution in general is a major environmental risk, affecting human 

health (e.g. Voutsa et al., 2015, Dimitriou et al., 2013, Kampa and Castanas 2008). 

To track biomass burning activities, several tracers have been introduced. Fourtziou et al. (2016) 

evaluated a number of them for the case of Athens, including black carbon (BC) and carbon monoxide 

(CO). BC consists of pure carbon in several linked forms and it is formed through the incomplete 

combustion of fossil fuels, biofuel and biomass. It is a strong absorber of visible solar radiation in the 

atmosphere and therefore its concentration and distribution in the atmosphere has a positive impact 

on the radiation budget. Its lifetime in the atmosphere is several days to weeks. CO is produced by 

partial oxidation of hydrocarbons and its significant role in troposheric chemistry makes it an important 

trace gas of the atmosphere (Crutzen and Zimmermann, 1991). CO and especially BC are good 

indicators for combustion processes (e.g. Saurer et al. 2009). In the urban environment of Athens the 

main sources of CO and BC are traffic (Chaloulakou et al., 2003) and more recently biomass burning 

(Paraskevopoulou et al., 2014). An emission inventory constructed for Greece and the Greater Athens 

Area by Fameli and Assimakopoulos (2016) showed that regarding residential emissions, 67% of the 

emitted CO in Greece originates from fireplaces.  

Overall, Athens is a megacity characterised by great abundance of atmospheric pollutants and frequent 

pollution episodes. The atmospheric environment of Athens has been the subject of several studies 

(e.g. Ziomas et al., 1998, Kalabokas et al., 1999) throughout time. Vehicle exhausts, industry and 

central heating during winter months are the main sources of air pollution in the city (Lalas et al., 1982). 

Reduction of pollution has been reported during 1984-1993 due to measures adopted for improving 

city’s air quality (Fenger et al., 2013) and a following stabilisation until 2008, when the global economic 

crisis arose. The latter induced on one hand cut down of industrial activities and vehicle's use and on 

the other hand an increase of residential wood burning.  

To our knowledge, the relative contribution ratio of wood burning and fossil fuel combustion to 

Athens’ air quality is not known. In this work we used long-term CO measurements from three urban, 

two urban background and one suburban station in Athens, to access the impact of biomass burning 

and to relate it with the evolution of air quality and the economic recession in Greece. In addition 

simultaneous CO and BC measurements were performed at an urban background station during two 

winters period (2012-2013 and 2014-2015) to validate our use of CO as an efficient wood burning 

tracer.  Section 2 provides a short description of the measurement sites and the instruments used. 

Section 3 presents the results of the statistical analysis including wood burning episodes identification, 

measurement sites intercomparison and assessment of the interannual variability. The development 
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of a simple algorithm for distinguishing CO emitted from wood burning and fossil fuel combustion is 

also described. Finally, in section 4 the main conclusions are presented. 

 

5.2    Methodology 

 

5.2.1 Sampling 

 

Data used in this study were obtained from in-situ measurements of the National Observatory of 

Athens (NOA) at Thissio station (37ο 58’ Ν, 23ο 43’ E) and five more stations - Marousi (38ο 01’ Ν, 23ο 

47’ Ε), N.Smyrni (37ο 55’ Ν, 23ο 42’ Ε) , Athinas (37ο 58’ Ν, 23ο 43’ E), Geoponiki (37ο 59’Ν, 23ο 42’Ε) and 

Piraeus (37ο 56’Ν, 23ο 43’Ε) - of the National Air Pollution Monitoring Network (NAPMN), which is part 

of the Ministry of Environment and Energy network. Athinas, is located in the centre of the city near 

to a busy road and it is characterized as an urban traffic station. Marousi and N.Smyrni are urban 

background stations and are located in the northeast and south area of Athens, respectively (Fig. 1). 

Geoponiki is an industrial-suburban station and Piraeus (port) is in the south and is an urban traffic 

station. 

Thissio sampling site is located on top of a hill in the historic centre of Athens, surrounded mostly by a 

pedestrian zone and some densely populated neighbourhoods, and it is considered as urban 

background station reflecting the average pollution of the city (Paraskevopoulou et al., 2015). The 

major sources of air pollution affecting the site are expected to be vehicular emissions and residential 

heating. In general, several particulate and gaseous components are being continuously monitored 

since December 2013 at Thissio station during intensive campaigns in winter, either by online in-situ 

monitoring or by sampling and subsequent chemical analysis at the laboratory (e.g. Fourtziou et al., 

2017). Each of the intensive campaigns (winter 2013-2014 and 2014-2015) lasted for a period of 

approximately two months, from mid-December until mid-February.  

BC measurements at Thissio station were obtained using a portable Aethalometer (AE-42, Magee 

Scientific) operating at 7 wavelengths (370, 470, 520, 590, 660, 880 and 950 nm) and a Multi Angle 

Absorption Photometer (MAAP 5012 Thermo company). CO was monitored by a Horiba APMA-360 

series automatic gas analyser (scale: 0-10 ppmv, lower detectable limit: 0.2 ppmv, precision: ±0.2 

ppmv). The NAPMN network consists of 15 stations in Athens area providing data of atmospheric 

pollutant concentrations since 1983. CO is measured at five NAPMN stations and is determined using 

a Horiba APMA-360 series automatic gas analysers (NDIR technique, scale: 0-20 ppmv, lower 

detectable limit: 0.05 ppmv). The CO analysers provide 1-min concentrations. In situ calibration of 

automatic analyzers is carried out on a monthly basis using a dynamic dilution system, while 

intermediate checks are performed according to EN 14626 and EN 14211. The mass flow controllers 

of the dynamic dilution system are calibrated every year at the premises of the Ministry of the 

Environment & Energy in agreement with the quality assurance programmes of the National Reference 

Laboratory for Air Quality. The linearity, zero drift and repeatability are main parameters, among 
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others, that are checked for all analysers according to the relevant EN standards. CO cylinders are used 

for the in situ calibration of the gas analysers. These cylinders have been initially checked by a static 

dilution system in agreement with the National Reference Laboratory for Air Quality. The Laboratory 

of Air Quality is accredited according to EN ISO 17025, inter alia, for the performance of calibration of 

gas flow and determination of the composition of gas mixtures of CO using the static volumetric 

method. Meteorological data from NOA’s station at Thissio was additionally retrieved. 

 

Figure 1. Map of the Athens area. Locations of the NAPMN monitoring sites and Thissio station. The Greater Area 

of Athens is marked. 

 

5.2.2 Data analysis 

 

Data sets of 1-hour averaged CO concentrations for the time period 2000-2015 were used for the 

analysis. Continuous BC measurements were performed at Thissio station from December 2013 to 

February 2014 and from November 2014 to February 2015. To discriminate between BC associated 

with fossil fuel (BCff) and wood burning (BCwb) processes, a technique and corrections for multiple 

scattering and shadowing effects - as described in previous works (Sciare et al., 2011; Favez et al., 2010, 

Collaud Coen et al., 2010, Weingartner et al., 2003) has been applied.  
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5.3    Results and discussion 

 

5.3.1 Biomass burning episodes identification 

 

Winter time (November 2014 – February 2015) concentrations of CO, BC and BCwb measured at the 

Thissio station are presented in Figure 2, where severe spikes can be clearly seen. High values of BC, 

coinciding with BCwb peaks, have been recorded during night time reaching in some cases 18 μg/m3 

mass concentrations. Minimum values are recorded before sunrise. In similar studies conducted for 

urban areas in Canada and Beijing, hourly BC concentrations varied from 0.1μg/m3 to 7μg/m3 and from 

2.7 μg/m3 to 6.1 μg/m3, respectively (Sharma et al., 2002 and Wang et al., 2009). In Paris, biomass 

combustion has been estimated to contribute almost 20% of the total BC mass, at a representative for 

particulate pollution station at the centre of Paris (Crippa et al., 2013).  A study conducted at an urban 

background station in Athens from 2008 to 2013 reveals an elevation of elemental carbon (EC) in the 

PM2.5 fraction since 2011, reaching maximum daily concentrations higher than 3 μg/m3 

(Paraskevopoulou et al., 2014). Florou et al. (2016), report that domestic wood burning in Athens is in 

general a more significant organic aerosol (OA) source compared to traffic accounting for almost 40% 

of the OA versus 10% of the traffic. Finally, Fourtziou et al. (2016) show that during biomass burning 

episodes PM1 is consisted mainly of OA (more than 80%). 

An obvious coincidence of BC and CO peaks can be seen in Figure 2. CO concentrations range from 200 

to 3500 ppb. The 8-hour limit value for CO, 10 mg m-3 (~ 8000 ppb), has not been exceeded (Table 1). 

The peak values for both BC and CO appear in late evening and night when the use of fireplaces and 

wood stoves for heating purposes is more intense. 

 

Table 1. BC and CO basic statistics (hourly resolution) from November 2014 until February 2015. The 

corresponding values for winter 2013-14 are also reported in brackets. 

 Average Median Minimum Maximunm 

BC (μg/μ3) 2.95 ± 3.25 (2.93 ± 3.28) 2.05 (1.60) 0.09 (0.18) 18.09 (26.84) 

CO (ppb) 556 ± 525 (606 ± 609) 368 (340) 106 (97) 4326 (3544) 
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 Figure 2.Time series of 1-hour averaged concentrations of CO (red line) and BC (black line, MAAP 5012) (upper 

panel) and BCwb (lower panel, AE-42) at Thissio monitoring station. 

 

To follow the related to biomass burning, late evening buildup of CO and BC, during the transition from 

autumn to winter and the gradual restoration of normal concentrations towards spring, the mean 

diurnal cycles, calculated for each winter month separately at Thissio station, are used. (Fig.3a & 3b). 

The diurnal variation of both species depicts two characteristic peaks: one in the morning (around 

09:00 LT) which is due to traffic (morning rush hour) and the second one in the evening (around 22:00 

LT) which is mainly attributed to wood burning. The morning peak is in consistency with other studies 

which have shown that the morning rush hours in Athens are from 8:00 LT until 11:00 LT (Katsoulis 

1996, Kourtidis et al., 1999). Both CO and BC start building up at 06:00 LT reaching a maximum at 09:00 

LT and then they decrease towards noon. Thereafter, low values are maintained until 16:00 LT when 

they start building up again reaching a maximum at 22:00 LT. The slow decrease after midnight, when 

wood burning emissions are expected to be lower, could be attributed to the poor ventilation of the 

Athens basin during night time, in combination with a shallow nocturnal boundary layer (Kassomenos 

et al., 1995), leading to entrapment of pollution.  
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Figure 3. Mean diurnal variation per month for CO (a), BC (b) and BCwb (c) concentration measurements at Thissio 

station. 

 

Studies focusing on wood burning in Athens have showed that smog episodes are related to low wind 

speed, absence of precipitation (Fourtziou et al., 2016) and low nocturnal mixing layer height 

(Gerasopoulos et al., 2016). In this study, the influence of the meteorological conditions and the 
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the particular period covered in Fig. 2. Wind speed and wind direction data, from the meteorological 

station at Thissio, are used and presented in Fig.4. High BC concentrations are encountered during low 

wind speed conditions (u < 3 m/s), both during day time and night time, highlighting the important 

role of ventilation and internal city air mass transport patterns to air quality. During evening and night 

time (17:00-04:00LT) BC concentrations exceed daytime concentrations and this finding does not 

depend on the direction of the air masses under low speed conditions. 

The CO and BC morning peaks in December and January are almost 50% higher compared to 

November’s and February’s peak. The evening peaks in November, December and January are 

increased by a factor of 2 compared to February. Although November also exhibits significant BC 

concentrations, December and January are colder months (mean temperatures 12.7 οC and 9.9 οC, 

respectively) compared to November (14.9οC) and subsequently more representative of wintertime 

conditions. The high peaks in January are probably linked to extensive periods of stationary 

anticyclonic conditions, usually occurring in Athens during January (Van Dop & Kallos, 2012), leading 

to poor dispersion conditions. Indeed, according to surface analysis charts from UKMO (United 

Kingdom Met Office, www.metoffice.gov.uk),  until at least January 21st the peaks are linked to 

anticyclonic conditions.  

The BCwb concentration shows a characteristic diurnal variability (Fig. 3c). In contrast to CO and BC, the 

diurnal variation of BCwb depicts only one peak at around 22:00 LT (which coincides with the evening 

peak of CO and BC), due to biomass combustion emissions during night time. The peaks in December 

and January are, just like in the CO and BC case, increased by a factor of 2 compared to February and 

March. 

Considering the above findings, it can be deduced that smog episodes are more intense and frequent 

during December and January; therefore these two months are hereafter considered as the typical 

winter months for the analysis following in the next sections. 
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Figure 4. Hourly BC concentration values as a function of wind direction and wind speed for 17:00-04:00LT (a) 

and 05:00-16:00LT (b). White spots represent the mean wind speed per direction. 

 

5.3.2 Contribution of biomass burning to evening CO concentrations 

 

The contribution of wood burning to air pollution loads could be assessed by distinguishing the sources 

(fossil fuel versus wood burning) which contribute to the CO load in the atmosphere. Although the 

wood burning contribution to BC concentrations (particulate matter pollutant) has already been 

calculated, as discussed in section 2.2, there is no direct way to distinguish CO sources from the existing 

measurements. An indirect method is proposed here, to enable an overview of the contribution of the 

different sources to CO as well.  

Making the assumption that the influence of wood burning in the atmosphere during morning hours 

is insignificant, we considered that the recorded CO morning values are attributed entirely to fossil 

fuel burning. Linear regression analysis is applied on CO and BCff morning (07:00-10:00) data for the 
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period December 2014-February 2015 (Fig. 5 a), revealing a significant correlation (R2=0.89, N=336). 

The regression equation (y=241.6(±3.6)x, setting y-intercept=0) is then applied to evening BCff data 

(21:00-00:00 LT) calculating in that way the evening COff (Carbon Monoxide from fossil fuel 

combustion). Subtracting the calculated COff from the measured CO, CO emitted by wood burning 

(COwb) is finally obtained. A qualitative validation of the obtained COwb is performed using the BCwb 

measurements (Fig. 5 b). The results indicate a significant correlation (R2=0.76, 

y=(72.0±2.9)x+170(±14)).  

This analysis reveals a contribution of COwb to the total CO up to approximately 50% on average during 

night (21:00-00:00 LT), showing once more the increasing role of the biomass combustion in the levels 

and diurnal variability of pollutants in Athens. 

 

Figure 5. Scatter plot between BCff and CO morning (07:00 – 10:00) measurements at Thissio station for the period 

December 2014-February 2015 (left panel). Scatter plot between calculated BCwb evening (21:00-00:00) 

measurements and calculated COwb for the same time period (right panel).  

 

Given that CO and BC at Thissio station are very well correlated (R2=0.94, N=2756), we have focused 

on CO measurements in order to study the trends during the last 15 years. CO is also well correlated 

with BCwb (R2=0.80, N=1169). CO is a good indicator for traffic emissions during morning hours and also 

a good indicator for both fossil fuel and biomass burning during night time. In this study, CO has been 

chosen over BC for the analysis, due to the long-term availability of its monitoring in Athens. 
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5.3.3 Comparison of CO measurements: site representativeness 

 

Data from the Thissio station has been analysed and presented so far. Hence, it is important to examine 

whether the specific monitoring station can be considered as representative of the air quality in 

Athens. 

For this, the CO measurements at Thissio station were compared to observations from NAPMN stations 

(Marousi, N.Smyrni, Athinas, Geoponiki, Piraeus), during one winter period (2013-2014). Indicatively, 

the scatter plot of CO concentrations at Thissio versus Athinas, for the period December 2013-January 

2014, is shown in Fig. 6. Athinas and Thissio measurements are significantly correlated (R2=0.78, 

N=1077), which is expected given the vicinity of the two sites. However, CO concentrations observed 

at Athinas, compared to Thissio station, are higher by almost a factor of 2, which is explained by the 

type of the sites (Athinas-urban traffic, Thissio-central but away from immediate exposure to traffic 

sources). Similarly, Marousi and N.Smyrni CO measurements are also significantly correlated with 

Thissio (R2=0.63, N=1076 and R2=0.76, N=1077, respectively) and the recorded concentrations are 

correspondingly 55% and 75% higher than the measurements at Thissio. The correlation is also 

significant for Geoponiki and Piraeus (R2= 0.58, N=1074 and R2=0.59, N=1075, respectively) with 65% 

and 120% higher CO concentrations, respectively, when compared to Thissio. The correlation 

coefficients (R) between CO measurements in all stations are shown in Table 2. The high correlation 

between the five NAPMN sites and Thissio, as well as the relative difference in absolute levels, support 

the characterisation of Thissio as an urban background site, non-intensively affected by local traffic.  

 

Figure 6. Scatter plot between CO measurements at Thissio station and CO measurements at Athinas station, 

for winter (December-January) 2013-14. 
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Table 2. Correlation matrix of CO for all monitoring stations. 

Monitoring 

stations 

Thissio Athinas Marousi N.Smyrni Geoponiki Piraeus 

Thissio  0.882 0.791 0.875 0.759 0.766 

Athinas 0.882  0.758 0.805 0.743 0.808 

Marousi 0.791 0.758  0.745 0.755 0.678 

N.Smyrni 0.875 0.805 0.745  0.727 0.753 

Geoponiki 0.759 0.743 0.755 0.727  0.754 

Piraeus 0.766 0.808 0.678 0.753 0.754  

 

5.3.4 Analysis of interannual variability 

 

For achieving interpretable results for the CO trend during the last 15 years and for estimating the 

effect of the wood burning on this trend, the integrals of the morning and evening peaks for each day 

and for each season separately were calculated. The integrals are calculated between 06:00 LT and 

10:00 LT in the morning and 16:00 LT and 05:00 LT in the evening. The area below the peak, defined 

by these two points and the x-axis, is considered as background value and is subtracted (Fig. 7). The 

mean integrals for winter (December-January) and summer months (July-August) for the five NAPMN 

stations representing urban and urban background environment, are presented in Figure 8. 

 

Figure 7. CO winter (December 2012 - January 2013) diurnal variability for N.Smyrni station. The calculated 

morning integral (dark grey) and evening integral (light grey) are here shown as a typical example of the 

methodology followed. 
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During summer, CO is released into the atmosphere of Athens mainly via fossil fuel combustion 

processes (e.g. vehicle exhausts). The low summer values (Fig. 8 a) are attributed to photochemistry 

(oxidation by OH radicals), reduced traffic (vacation period) and more efficient dispersion of the 

pollutants due to deep mixing heights and strong thermal circulations that lead to better ventilation 

conditions (Kassomenos et al. 1995). Winter morning values are enhanced by a factor of 3 (Fig. 8 c) 

compared to summer and this can be attributed to i) the extensive use of central heating, ii) decreased 

photochemistry, iii) shallower boundary layer and iv) poor dispersion due to stationary conditions. 

The gradual decrease over the years, both in winter and summer morning peak integrals, is most likely 

resulting from the gradual replacement of old vehicles with new ones (catalytic converters), along with 

the economic recession starting in 2008. Fameli and Assimakopoulos (2016) estimated that CO traffic 

emissions were decreased by 40% during the period 2006-2012. In this study, the winter morning 

integrals are approximately 50% decreased during the period 2000-2010 and from 2010 on, no further 

decrease is observed. Low integral values are also observed in the summer evening peaks (Fig. 8 b), 

along with a gradual decrease over the years, once more attributed to reduced traffic and depollution 

strategies. Since 2012, biomass burning has prevailed over fossil fuel for domestic heating purposes 

and this can be clearly seen in the winter evening integrals (Fig. 8 d). The increasing over time values 

of the winter evening integrals of CO, during this period, indicates a dominant influence of wood 

burning during nighttime in all five stations. This is also supported by the fact that the more recent 

winter months were not characterised by lower temperature values compared to previous years. More 

specifically, the mean winter temperature, for the months considered in this analysis, is 10.5οC for the 

period 2000-2011 and 10.7οC for the rest of the time period. The mean value (7.3) of the winter evening 

integrals at Athinas station during the last 4 years is 78% higher than the mean value (4.1) of the 

previous years. The corresponding percentages for Marousi, N.Smyrni, Geoponiki and Piraeus are 59% 

(8.9 versus 5.6 mean value), 37% (8.2 vs 6.0 mean value), 37% (7.0 vs 5.1 mean value) and 23% (5.4 vs 

4.4 mean value) respectively.  

 

Figure 8. Mean integrals of the morning and evening CO peaks for summer (top panels) and winter months 

(bottom panels) calculated for Marousi (black line), N.Smyrni (light grey line), Athinas (red line), Geoponiki (green 

line) and Piraeus (blue line) stations (please consider the different scale used in each case). The dark grey curve 
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corresponds to the mean value of all five stations and the grey shaded area represents the standard deviation (1 

σ). In the internal panels in (a), (b) and (c) the mean value is reproduced in different scale to highlight the existing 

trend over time. 

 

In order to highlight the relative competition between the reduction of CO due to traffic and its late 

evening increase due to wood burning, we have calculated the ratio of COev/COmor using the peak value 

at 09:00 LT for COmor and the peak value at 22:00 LT for COev. In Figure 9, the interannual trend of the 

mean ratio of COev/COmor for wintertime is presented. The ratio subtracts the influence of fossil fuel 

and what it remains mainly highlights the impact of wood burning. The mean ratio was calculated from 

the daily ratios. Since the COev peak is mostly controlled by changes in wood burning, while the morning 

peak is due to traffic emissions (traffic rush hour), the ratio of COev/COmor actually subtracts the 

influence of fossil fuel and thus it could serve as an additional good indicator of the increasing 

importance of wood burning in Athens.  

The increase of biomass burning during evening and night time since 2012 (along with the stabilisation 

of morning CO values during the same period) leads to a gradual enhancement of the COev/COmor ratio. 

The increase is more obvious at the urban background stations: 41% (mean ratio=1.61 until 2012 & 

2.27 from 2012 on) and 33% (mean ratio=1.45 until 2012 & 1.93 from 2012 on) for Marousi and 

N.Smyrni stations, respectively. However, at Athinas monitoring station, the increased biomass 

combustion is partly counterbalanced by the generally elevated traffic emissions, resulting in slighter 

increase (22%) of the COev/COmor ratio (mean ratio=0.98 until 2012 & 1.20 from 2012 on). These results 

demonstrate once more the increasing role of biomass combustion in the air quality of Athens’ basin. 

 

Figure 9. Mean annual evolution of the COev/COmor ratio in winter for Marousi (black line), N.Smyrni (grey line) , 

Athinas (red line), Geoponiki (green line) and Piraeus (blue line) stations. The dark grey curve corresponds to the 

mean value of all five stations and the grey shaded area on either side of the mean curve represents the standard 

deviation (1 σ). 
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5.4    Summary and conclusions 

 

15 years of surface CO observations from five monitoring stations in Athens, along with simultaneous 

BC and CO measurements during two intense winter campaigns (Dec 13-Feb 14 & Dec14-Feb15) at 

Thissio station (urban station), were analysed in this study, in an attempt to shed light on the relative 

contribution of biomass burning versus  fossil fuel combustion in Athens’ air quality and to reveal the 

enhancement of wood burning during the more recent years of the economic crisis in Greece. 

Both CO and BC follow identical diurnal patterns characterised by two distinct peaks: a morning peak 

(around 09:00 LT) attributed to the traffic rush hour and an evening peak (around 22:00 LT) consistent 

with the increased contribution of biomass combustion during night time. The deconvolution of BC to 

its components, namely wood burning (BCwb) and fossil fuel combustion (BCff), allows us to understand 

the current contributions of the two processes in BC levels. However, since BC measurements are 

available only during the last years, the aforementioned relation between BC and CO, was used to go 

back in time. 

The interannual changes of the relevant contribution of wood burning and fossil fuel combustion were 

revealed via calculation of morning (06:00-10:00 LT) and evening (16:00-05:00 LT) integrals of the CO 

concentrations for the last 15 years. The results of this analysis demonstrate that: 

(i) CO concentrations during the morning traffic peak decrease constantly over time (by almost 50% 

since 2000) and during both seasons (summer, winter). This reflects the decrease of fossil fuel 

combustion during the last 15 years, which can be attributed both to the gradual renewal of the 

vehicles fleet (or other countermeasures adopted to achieve EU cut of pollutant emissions), and to the 

economic crisis during the last years. The latter has been evidenced in Greece as a general cut down 

on industrial activity and vehicles use.  

(ii) The impact of biomass burning becomes dominant during winter since 2011, when the price of oil 

was affected by the financial crisis. This is evident by the respective significant increase of winter 

evening CO integrals. The competition between activities cut down due to the crisis and the increase 

of wood burning use is shown via the ratio between evening CO peak values to morning values, which 

has been constantly increasing during the last four years (41% increase at urban background stations). 

The decomposition of CO to COwb and COff, showed that COwb contribution is about 50% during night 

time (21:00-00:00 LT), suggesting that emissions from biomass combustion have indeed gained an 

increasing role in night time atmospheric pollution levels in Athens. 

Overall, it is deduced that the shift of Athens’ habitants to wood burning, as major fuel for heating 

purposes, has significant impact on Athens’ air quality (as revealed by the CO levels), which is to the 

opposite direction of the impact from reduced fossil fuel consumption. The importance of this study 

lies on the fact that it quantifies the diachronic changes in air pollution in Athens and links it with 

several socioeconomic factors (e.g. measures, economic crisis, behavioural changes), while it can serve 

as reference in the future for assessing and evaluating expected mitigation measures. The intensive 

campaigns that have taken place in Athens during the last few winters provide significant information 
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and details about the physical and chemical characteristics of wood burning in Athens, and will support 

the increasing evidence of the impacts of residential wood burning not only in Greece but also in 

Europe as a whole. 
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Chapter 6 

 

Conclusions 

Photochemical smog and smog formed under strong stationary emissions during evening hours, are 

the most common air pollution phenomena in the urban environment of Athens. In order to study the 

smog phenomena and apply appropriate measures to minimise them, regular monitoring and studying 

of the spatio-temporal variability of air pollutants is required. For this purpose, ground-based remote 

sensing methods were used, mainly the MAX-DOAS technique, which fills the gap between the local 

character of in-situ measurements and the small spatial analysis of satellite measurements. 

Additionally, the telescope's multiple viewing directions made it possible to study both the horizontal 

and vertical distribution of the pollutants under study. This technique has the advantage of 

continuously recording absorption spectra resulting in the acquisition of long-term data series, which 

are necessary for observing the evolution over time of the atmosphere, as well as evaluating the results 

of the measures taken from time to time to improve air quality. Lidar active remote sensing system - 

part of the EARLINET network - and the CIMEL photometer - part of NASA's AERONET network - were 

used for auxiliary measurements. However, since the MAX-DOAS system is unable to perform 

measurements after sunset, it was deemed necessary to use in-situ measurements (intensive 

experimental campaigns of NOA and long-term measurements from the monitoring station network 

of the Ministry of Environment), in order to study the increased biomass combustion, which is the main 

reason for the frequent smog episodes at nights. This phenomenon has a strong presence from 2011 

onwards, when the Greek economic crisis began. 

The compounds used in the present work as indicators for the study of the urban smog are nitrogen 

dioxide, formaldehyde, glyoxal, particulate matter, black carbon and carbon monoxide. 

During the first MAX-DOAS measurements in Athens, the slant column densities (SCDs) of NO2, HCHO, 

CHOCHO and O4 were calculated for eight elevation angles and for eight different azimuth viewing 

directions, covering the entire area of Athens. The measurements at low elevation angles, 

characterised by high sensitivity to the concentration of absorbing trace species close to the surface, 

provided important information for the study of the horizontal distribution of atmospheric pollutants 

in Attica. Overall, the spatio-temporal distribution of NO2, HCHO and CHOCHO was captured, reaching 

the following conclusions: 

❖ On a seasonal and daily basis, the study of NO2 SCDs showed a clear seasonal variation, with 

145% higher levels during winter compared to the summer levels, and also, a clear diurnal 

cycle with a morning and an afternoon peak. Moreover, reduced levels by 30-50% were 

recorded during weekends. These time variations are related to anthropogenic NO2 emissions. 

The corresponding analyss for formaldehyde and glyoxal also resulted in seasonal variation 

with the difference that the maximum values appear in the summer months, due to the 

photochemical formation of the specific trace gases. The diurnal cycle of formaldehyde during 

summer is characterized by a peak at 12:00LT, as a result of photochemical activity, and during 
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winter by a wide afternoon peak only in the urban areas of Athens, which implies a relation to 

anthropogenic activities. Glyoxal also presents a peak at 12: 00LT in the summer and a gradual 

increase starting in the morning until 14:00LT in winter. These observations are related to 

photochemical processes. During weekends, formaldehyde and glyoxal levels are reduced by 

3-17% and 3-33%, respectively, a result that is expected for VOCs with significant biogenic 

emissions. Additional analyses confirmed the effect of the Etesian winds on the levels of 

atmospheric pollutants by efficiently removing them. The dominant role of photochemistry 

during summer months was highlighted. 

❖ The contribution of local urban emissions to the total NO2 levels in the urban area of Athens 

was found to be 45% and 60% for winter and summer respectively, without significant daily 

variation. The contribution of urban HCHO sources is 5% in the morning and 15% during the 

rest of the day. The corresponding contribution of CHOCHO is 25-30% in the morning and 15-

20% in the afternoon. Therefore, the presence of NO2 in the atmosphere of the urban area of 

Athens is more related to anthropogenic activities and fossil fuel combustion, compared to 

hydrocarbons such as formaldehyde and glyoxal. 

 

❖ Wind direction was not found to significantly affect SCHCHO and SCCHOCHO levels in the urban 

area. On the contrary, lower levels of SCNO2 were recorded when north-northeast winds 

prevailed and higher values under westerly winds. These findings can be attributed to the 

topography of the city and the emission sources of the pollutants in relation to the instrument 

location. 

 

To sum up, the spatio-temporal distribution of the studied pollutants demonstrated (i) the dominant 

role of anthropogenic sources on NO2 levels, (ii) the significantly active role of photochemistry in 

Athens and (iii) the fact that HCHO and CHOCHO levels in Athens are mainly determined by 

photochemical processes. 

Regarding the retrieval and evaluation of the vertical distribution of tropospheric aerosols using MAX-

DOAS measurements, it is the first time that this takes place in Athens. Therefore, the study focuses 

primarily on evaluating the results and secondarily on their interpretation. The profile retrieval for four 

selected case studies, was based on O4 MAX-DOAS measurements and the BOREAS retrieval algorithm, 

developed in the frame of the SCIATRAN radiative transfer model using the Tikhonov iterative 

regularization technique. For the evaluation of the results, lidar and CIMEL measurements were used. 

Due to the different operation principles of each instrument and the different air masses probed by 

each instrument, a full agreement between the measurements are not expected. 

Overall, the following conclusions can be drawn: 

❖ The vertical profiles retrieved from the MAX-DOAS measurements are qualitatively in good 

agreement with the lidar profiles. A very good correlation (r> 0.90) was found indicating a good 

agreement in aerosol layer shape. Regarding the aerosol extinction levels, MAX-DOAS 

performs well in presence of fine particles; however, it fails to detect part of the urban aerosol 

pollution at small relative azimuth angles (underestimation by 20 to 35%). Furthermore, in 

case of dust transport, it does not adequately capture the spatial inhomogeneity at high 

altitudes. 
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❖ The MAX-DOAS retrieved AODs is in good agreement with the corresponding measurements 

of the CIMEL photometer, both in terms of levels and variation, and seems to capture quite 

satisfactorily the urban particulate pollution in the lower layers of the atmosphere. MAX-DOAS 

underestimates the AOD in the presence of coarse particles (Angström coefficient <1), as well 

as in the afternoon measurements, due to MAX-DOAS’ viewing geometry. 

Summarising, it has been shown that the MAX-DOAS measurements in Athens and the BOREAS 

algorithm can provide a good estimation of the AOD and the vertical structure of the aerosols on a 

continuous and long-term basis, offering new perspectives for continuous and reliable datasets in 

Athens. Although there is certainly more work to be conducted in future studies in order to understand 

the sensitivity of the MAX-DOAS aerosol measurements, this study could be treated as a reference 

point for MAX-DOAS ability to record urban particulate pollution in Athens. 

In order to study the industrial smog evolution related to the intensification of biomass combustion in 

recent years, an attempt was made to quantify the relative contribution of biomass combustion versus  

fossil fuel combustion in Athens’ air quality and to reveal the enhancement of wood burning during 

the more recent years of the economic crisis in Greece. Long-term in-situ CO measurements from five 

monitoring stations in Athens, along with simultaneous BC and CO measurements during two intense 

winter campaigns carried out at the Thissio station, were used. The analyses came to the following 

conclusions: 

 

❖ Both CO and BC follow identical diurnal patterns characterised by two distinct peaks (a 

morning peak at 09:00 LT and an evening peak at 22:00 LT during wintertime). Therefore, both 

of these compounds can be used alternatively or in addition to each other to study the 

industrial smog. 

 

❖ CO concentrations during the morning traffic peak have decreased by almost 50% since 2000, 

as a consequence of the gradual renewal of the vehicles fleet, as well as the economic crisis 

during the last years, which has led to a reduced industrial activity and vehicles use. 

 

❖ The impact of biomass burning becomes dominant during winter since 2011, when the price 

of oil was affected by the financial crisis. This is evident by the respective significant increase 

of winter evening CO levels and the almost 40% increase of the evening to morning CO 

concentration ratio during 2011-2015. 

 

❖ The decomposition of CO to CO emitted from wood burning and CO emitted from fossil fuel 

combustion, indicated the increased contribution of wood burning emissions to the 

atmospheric pollution levels in Athens; the contribution was found about 50% during night 

time (21:00-00:00 LT). 

 

Overall, it is deduced that the shift of Athens’ habitants to wood burning, as major fuel for heating 

purposes, has had a significant negative impact on Athens’ air quality. This finding is towards the 
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opposite direction of the improvement since the beginning of the economic crisis, which had led to 

reduced fossil fuel consumption and thus, to reduced anthropogenic emissions. The importance of the 

results lies on the fact that it quantifies the diachronic changes in air pollution in Athens and links it 

with socioeconomic factors, such as the economic crisis, environmental measures and behavioural 

changes. The present study can serve as reference in the future for assessing and evaluating the 

effectiveness of air pollution mitigation measures to be implemented. 

The MAX-DOAS instrument provides a unique opportunity for stand-alone routine measurements to 

study the spatiotemporal variability of aerosols and certain trace gases affecting urban 

photochemistry. The position of the instrument at an elevated (500 m a.s.l.) station, scanning a 5-

million population city is challenging in terms of the retrieval processes, but also provides a unique 

opportunity for a spatiotemporal characterization of the area. A network combining the MAX-DOAS 

instrument with other instruments (sun-photometric, lidar, in situ) at different city locations can 

provide the opportunity for a well-determined 4D characterization of the urban air pollution along 

with linked implications to photochemistry, health and emission policies. The western countries have 

raised awareness to the local authorities to reduce emissions and control the pollution and in this 

frame, such a network could be of substantial importance. 
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