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                                                         ABSTRACT 

 

 

SOURCE APPORTIONMENT OF VOLATILE ORGANIC COMPOUNDS 

IN 

ANKARA ATMOSPHERE 

 

 

 

Uzunpınar, Elif Sena 

M.S., Department of Environmental Engineering 

Supervisor: Prof. Dr. İpek İmamoğlu 

Co-Supervisor: Prof. Dr. Gürdal Tuncel 

 

July 2015, 132 pages 

 

In this study, ambient concentrations of volatile organic compounds (VOCs) of 

Photochemical Assessment Monitoring Stations (PAMS) in Ankara atmosphere were 

measured to determine the current level and sources of these compounds. Sampling 

was performed at METU Department of Environmental Engineering from January, 

2014 to December, 2014 with stainless-steel canisters. Mean VOC concentrations 

ranged between 0.04 µg m-3 (cis-2-pentene) and 10.30 µg m-3 (toluene) with average 

benzene concentration of 1.49 µg m-3. The annual limit of 5 µg m-3 for benzene was 

exceeded nine times during the sampling period. 

Four-stage comparison was applied to measured concentrations with: (i) Ankara city 

center, (ii) previous studies at METU, (iii) other cities in Turkey and (iv) other cities 

around the world. Evaluations yielded comparatively lower concentrations with 

Ankara city center, Turkey and the world. METU comparison revealed an increase in 

VOC concentrations due to increase in campus traffic. Investigation of diurnal, 

weekday/weekend and seasonal variations showed that the traffic is the dominant  
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pattern in the campus. Effect of meteorological parameters, such as temperature, 

mixing height and wind speed, on the measured concentrations were also examined.  

Application of Factor Analysis yielded nine factors under four components with 

contributions given in paranthesis; (1) transportation: gasoline vehicle exhaust 

emissions, evaporative losses from gasoline vehicles, gasoline evaporation in gas 

stations and diesel emissions (60%), (2) industrial emissions: industrial evaporation 

and industrial application (8%), (3) solvent emissions: surface coatings and second 

solvent use (8%) and (4) asphalt application (3.5%). 

 

Key words: VOC, PAMS, Canister, Source apportionment, Factor Analysis (FA).
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                                                          ÖZ 

 

 

ANKARA’DA UÇUCU ORGANİK BİLEŞİKLER İÇİN KAYNAK 

BELİRLEME ÇALIŞMASI 

 

 

 

Uzunpınar, Elif Sena 

Yüksek Lisans, Çevre Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. İpek İmamoğlu 

Ortak Tez Yöneticisi: Prof. Dr. Gürdal Tuncel 

 

Temmuz 2015, 132 sayfa 

 

Bu çalışmada, Ankara atmosferindeki Uçucu Organik Bileşik (UOB) kaynaklarını ve 

kaynakların konsantrasyonlara katkılarını belirlemek amacıyla PAMS bileşikleri 

ölçülmüştür. Ölçümler Ocak, 2014 – Aralık, 2014 tarihleri arasında ODTÜ – Çevre 

Mühendisliği Bölümü’nde kanister örneklemesi ile yapılmıştır.  

Ortalama UOB konsantrasyonları 0.04 µg m-3 (cis-2-penten) ve 10.30 µg m-3 (tolüen) 

arasında değişmekte olup, ortalama benzene bileşiği konsantrasyonu 1.49 µg m-3 

olarak ölçülmüştür. Benzen için belirlenen 5 µg m-3 limit değer örnekleme süresince 9 

kere aşılmıştır.  

Ölçülen UOB konsantrasyonlarına dört aşamalı bir karşılaştırma uygulanmıştır: (i) 

Ankara şehir merkezi, (ii) ODTÜ kampüsünde yapılan önceki çalışmalar, (iii) Türkiye 

ve (iv) dünyanın farklı şehirlerinde yapılan çalışmalar. Bu çalışmada elde edilen 

sonuçların Ankara şehir merkezi ve Türkiye ve dünyadaki farklı şehirlerinde ölçülen 

konsantrasyonlardan düşük olduğu, ODTÜ’de yapılan önceki çalışmalara göre ise 

arttığı gözlenmiştir. Bu durum kampüs içindeki trafik yoğunluğunda meydana gelen 

artış ile açıklanmıştır.
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Ölçülen UOB’lerin gün içi, haftaiçi/haftasonu ve mevsimsel değişimleri incelenmiş ve 

eğilimin trafik kaynağı doğrultusunda olduğu görülmüştür. Sıcaklık, karışım 

yüksekliği ve rüzgar hızı gibi meteorolojik parametrelerin ölçülen konsantrasyonlar 

üzerindeki etkileri ayrıca incelenmiştir.   

Faktör Analizi uygulaması, dört ana başlık altında toplanan dokuz adet kaynak ortaya 

çıkarmıştır. Elde edilen kaynaklar şu şekilde gruplandırabilir: (1) ulaşım: benzin 

motorlu araç emisyonu, benzin motorlu araç kaynaklı evaporasyon, benzin 

istasyonlarından kaynaklı evaporasyon ve dizel emisyonları (%60), endüstriyel 

emisyonlar: endüstriyel evaporasyon ve endüstriyel uygulamalar (%8), solvent 

emisyonu: yüzey kaplama ve ikinci bir solvent kullanımı (%8) ve (4) asfalt 

uygulamaları (%3.5).  

 

Anahtar Kelimeler: UOB, PAMS, Kanister, Kaynak belirleme, Faktör Analizi (FA).  
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CHAPTER 1 

 

 

     INTRODUCTION 

 

 

 

Volatile organic compounds (VOCs) are defined as “any compound of carbon, 

excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or 

carbonates, ammonium carbonate, which participates in atmospheric photochemical 

reactions” by U.S. Environmental Protection Agency (U.S.EPA). European 

Commission (EC) definition, however, excludes also methane and nitrogen oxides 

from the VOCs.  

VOCs are emitted to the atmosphere from various biogenic (vegetation, oceans, soils 

etc.) and anthropogenic (motor vehicles, agriculture, industry etc.) sources and have 

major effects on human health, vegetation and atmospheric chemistry. Therefore, 

determination and quantification of VOCs in the atmosphere is of concern. 

1.1 Aim of the Study 

The aims of this study are; 

 to determine the concentrations of a predetermined set of VOCs in Ankara 

atmosphere, 

 to see the variations in VOC concentrations and source contributions within 

12-year period based on previous studies conducted at the same location 

 to determine the sources of these VOCs and their contributions using Factor 

analysis (FA), 

 to compare the results with regulatory requirements and necessary 

environmental control measures. 
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1.2 Layout of the Study 

In Chapter 2, general characteristics and groups of VOCs are explained. Information 

on the different sources of emission, effects on human health, vegetation and 

atmospheric chemistry and the removal mechanisms of VOCs are provided. Moreover, 

national and international regulations on the management of VOCs are presented. 

Finally, receptor modelling methodology and its applications are mentioned briefly. 

In Chapter 3, sampling location is introduced, sampling and analysis methodologies 

are explained and quality assurance - quality control (QA-QC) studies are presented in 

detail. Source apportionment of VOCs with Factor Analysis (FA) and the application 

of the model to the data obtained in this study is explained 

In Chapter 4, meteorological parameters that affected the results of the study are 

explained and the results are examined statistically. Moreover, measured 

concentrations are compared with previous studies in METU, in Ankara, and in various 

cities in Turkey and the world. Results of FA application and extracted factors are 

discussed in detail. 

In Chapter 5, a brief overview of this study is provided. Results of the study are listed 

and key outcomes that are obtained are explained. Problems that were encountered 

during this study and suggestions regarding how to manage these problems are offered 

as they may provide guidance for future studies.  

This study was conducted as a part of TÜBİTAK project 112Y036 on increasing the 

number of source categories which can be determined by source apportionment studies 

with the use of different natural tracers.  
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CHAPTER 2 

 

 

  LITERATURE REVIEW 

 

 

 

2.1 Volatile Organic Compounds (VOCs) 

Volatile organic compounds (VOCs) have been defined differently by different 

groups and organizations. U.S.EPA defines VOCs as any compound containing 

carbon and that has a role in atmospheric photochemical reactions, except carbon 

monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates, and 

ammonium carbonate (U.S.EPA, 2009a). A more detailed definition is given in 

U.S.EPA Method TO-15 as “organic compounds having a vapor pressure greater than 

10-1 Torr at 25oC and 760 mm Hg” (U.S.EPA, 1999b).  

European Commission defines the VOCs as organic compounds, except methane, that 

are emitted by both anthropogenic and biogenic sources and generate photochemical 

oxidants with nitrogen oxides in the presence of sunlight in Directive 2008/50/EC 

(European Commission, 2008). A definition of European Commission that is similar 

to Method TO-15 of U.S.EPA states that organic compounds should have an initial 

boiling point of less than or equal to 250oC at a standard pressure of 101,3 kPa to be 

considered as VOCs (European Commission, 2004).  

Considering the definitions provided by these two organizations, VOCs consist of a 

wide range of chemical groups. However, according to Derwent (1995), many of the 

important groups would be ruled out if the limits were adopted strictly. Therefore, it is 

necessary to give the different definitions and terms which are being used in the 

literature and specify the groups of organic compounds that are considered as VOCs.   

According to Watson et al. (2001), there are nine terms that are commonly used in the 

literature to describe the different types of the atmospheric organic chemicals. Those 

terms include reactive organic gases (ROG), total organic gases (TOG), PAMS target 
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hydrocarbons, non-methane hydrocarbons, heavy hydrocarbons, carbonyl compounds, 

non-methane organic gases, semi-volatile organic compounds and volatile organic 

compounds (VOCs). Reactive organic gases (ROG) are defined as compounds with 

half-life of less than 30 days in the atmosphere due to their reactions with chemicals 

such as hydroxyl radicals and form ozone and secondary organic aerosols. Total 

organic gases (TOG) can be either with or without the hydroxyl reactivity and are 

composed of ROG, methane and halocarbons. PAMS target hydrocarbons includes 

fifty-five target hydrocarbons and non-methane organic compounds (NMOC) which 

are required by U.S. EPA to be measured at photochemical assessment monitoring 

stations. Non-methane hydrocarbons (NMHC or light hydrocarbons) are composed of 

C2 – C12, hence light, hydrocarbons and exclude carbonyl compounds, halocarbons, 

carbon dioxide and carbon monoxide. NMHC are commonly measured in order to 

quantify ozone precursors. Heavy hydrocarbons, on the other hand, include 

hydrocarbons with carbon number ranging from ten to twenty and are sometimes 

referred to as “semi-volatile” compounds due to both gas and particle characteristics 

of > C15 hydrocarbons.  Carbonyl compounds are defined as C1 – C7 oxygenated 

compounds and include aldehydes and ketones. Non-methane organic gases (NMOG) 

are NMHC and carbonyls. Semi-volatile organic compounds (SVOC) are composed of 

both particles and gases that can be collected on filters and adsorbents. This group 

includes polycyclic aromatic hydrocarbons (PAHs), methoxyphenols, lactones, 

pesticides and other polar and non-polar organic compounds. Finally, volatile organic 

compounds (VOCs) consist of NMHC, heavy hydrocarbons, carbonyls and 

halocarbons and generally have carbon number less than twenty.  

Although VOCs are described to include NMHC, heavy hydrocarbons, carbonyls and 

halocarbons, VOCs term will stand for only PAMS target hydrocarbons, which include 

alkanes (paraffins), alkenes (olefins), alkynes and aromatic VOCs, throughout this 

thesis.  

2.2 Emission of VOCs 

There is no single source for volatile organic compounds. VOCs are released into the 

atmosphere from numerous different sources. These sources can be grouped into two 

as biogenic (naturally occurring) and anthropogenic (resulting from human actions) 

sources. 
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2.2.1 Emissions from Biogenic Sources 

Volatile organic compounds are emitted in large amounts from biogenic sources, 

which comprises a significant portion of the total VOC emissions. According to 

Atkinson (2003), emissions of biogenic volatile organic compounds (BVOCs) are 

almost ten times higher than anthropogenic ones on a global scale. It is also estimated 

that 1150 TgC of BVOCs are emitted worldwide per year (Guenther et al., 1995).  

Emission of these compounds generally occurs from vegetation, oceans, fresh water 

bodies, soil, sediments and decomposition of organic materials (Williams and 

Koppmann, 2007; Zemankova and Brechler, 2010).  

BVOCs are grouped as isoprenes, monoterpenes, other reactive VOC and other VOC 

by Guenther (1995). BVOCs have a quite short atmospheric lifetime. Lifetimes range 

from minutes to days depending on the compound and reacting species in the 

atmosphere. Isoprene, the most studied compound among BVOCs, has a life-time of 

1-2 hours in the atmosphere (Guenther et al., 1995; Williams and Koppmann, 2007).  

2.2.2 Emissions from Anthropogenic Sources 

As it was stated before, anthropogenic sources of VOCs are any action, which is not 

occurring naturally but due to human activities that produces volatile organic 

compound emissions as a result of these actions. According to Emission Database for 

Global Atmospheric Research (EDGAR) dataset, 0.16 Gtonnes of NMVOC per year 

was released from anthropogenic sources in 2008 (EDGAR, 2011). Derwent (1995) 

classifies anthropogenic sources of VOCs as; 

 Motor vehicle exhausts 

 Evaporation of petrol and petrol vapors from motor cars 

 Industrial processes  

 Oil refining 

 Petrol storage and distribution 

 Landfilled wastes 

 Food manufacture 

 Agriculture 
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Among these sources, motor vehicle exhaust, i.e. traffic, is the most important 

emission source in urban areas in industrialized countries (Han and Naeher, 2006). 

This type of emission mostly occurs due to incomplete combustion of fuels and 

increases as the reactions become more incomplete (Obermeier, 1999). Factors like 

fuel type, vehicle speed, motor load and ambient air temperature  also have an effect 

on VOC emissions and emission composition from motor vehicles (Obermeier, 1999). 

Emissions from passenger cars using gasoline fuel with and without three-way 

catalysts are estimated, respectively, to be 0.68 and 18.92 g HC/kg fuel, whereas for 

diesel engines emission amount is 1.32 g HC/kg of fuel (Williams and Koppmann, 

2007).  

Evaporation of petrol and petrol vapors is also a motor vehicle source of VOCs and 

mostly occurs during filling of the gas tanks. Amount of VOC emissions from this 

source has been measured as 0.75 g/cm3 (Kountouriotis et al., 2014). Emissions are 

composed of light hydrocarbons and are affected by the volatility of the fuel, ambient 

air temperatures and vehicle characteristics (Kuntasal, 2005).  

Industrial processes are another major contributor to anthropogenic volatile organic 

compounds emissions. 27 Tg/year of VOC emissions are produced globally due to 

industrial use of solvents  in different areas such as paints, adhesives, consumer goods 

and ink (Williams and Koppmann, 2007).  

VOC emissions from waste management techniques such as landfilling or incineration 

are relatively low compared to other emission sources. According to the EDGAR 

dataset, agricultural waste burning emits 4.09 Mtonnes of NMVOC/yr. This makes up 

the 2.55% of total emissions.  

 

2.3 Effect of VOCs 

2.3.1 Effects of VOCs on Human Health 

Air pollution is defined as the contamination of indoor and outdoor environment due 

to changes caused in the natural state of the atmosphere with chemical, physical and 

biological factors (WHO, 2015). Deterioration of air quality causes more and more 

people to have health problems related to air pollutants. These health problems include 
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stroke, chronic and acute respiratory diseases, lung cancer etc. In fact, according to 

World Health Organization (WHO), in 2012, 3.7 million premature deaths occurred in 

both rural and urban areas of the world due to ambient air pollution (WHO, 2014).  

Volatile organic compounds are one of the major air pollutants, some of which are also 

classified as hazardous air pollutants (HAP) by U.S.EPA (Wu et al., 2012). Among 

these compounds, for example, benzene is a known carcinogen; several studies 

revealed that exposure to benzene or benzene-containing products cause different 

types of leukemia such as non-Hodgkin lymphoma (Kane and Newton, 2010) and 

acute lymphocytic leukemia (Lamm et al., 2009). Toluene, on the other hand, is not a 

carcinogen. However, it can cause nervous system symptoms, kidney and liver 

problems under long term exposure (IARC, 1989). Some minor health effects of 

volatile organic compounds are dizziness, headache and nausea (Civan, 2010).   

Ozone health effects should also be considered here, because ground level ozone, as 

provided in the definition of VOCs, is produced by the reaction of VOCs and nitrogen 

oxides. It also participates in the formation of photochemical smog. Hence, health 

problems such as irritation of respiratory system, susceptibility to lung infection, 

asthma and permanent lung damage can be considered as indirect health effects of 

VOCs (U.S.EPA, 2009b).  

2.3.2 Effects of VOCs on Vegetation 

In his review article on effects of VOCs on plants, Cape (2003) states that short-term 

(acute exposure) effects of VOCs on vegetation is improbable due to necessity of 

higher concentrations of VOCs than ambient air concentrations. Hence, long-term 

effects are also improbable since it is not very likely to have high ambient VOC 

concentrations for a long time. However, numerous studies on the plant hormone 

ethene show that it has short-term effects like fruit ripening, growth inhibition, 

discoloration and cutting of the leaves (Kuntasal, 2005).  

2.3.3 Effects of VOCs on Atmospheric Chemistry 

Effects of VOCs on the atmosphere can be better understood by examining the 

reactions of these compounds with other species in the atmosphere. Although these 

reactions that take place in different parts of the atmosphere will be provided broadly 
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in Section 2.5 - Removal Mechanisms of VOCs, a brief summary of effects on the 

atmosphere will be provided here.  

In the troposphere, degradation of VOCs through photo-oxidation leads into the 

formation of secondary organic aerosols (SOA). SOA are extremely important in 

atmospheric chemistry due to their potential effect on the global climate through 

cooling of the atmosphere (Zhang and Ying, 2011). SOA formation is also important 

because it terminates the role of VOCs in tropospheric ozone production through the 

removal of these pollutants from the atmosphere (Barthelmie and Pryor, 1997). 

Ground level ozone formation, as it was mentioned previously, is another important 

effect of VOCs on the atmospheric chemistry because “ozone is an important global 

greenhouse gas” (Derwent, 1995).  

Although not in the scope of this thesis, some of the VOCs have the ability to deplete 

the stratospheric ozone layer (Derwent, 1995). These species are very stable, have 

longer residence times in the atmosphere and find their way to the stratosphere. 

Chlorinated or brominated compounds such as chlorofluorocarbons (CFCs) are among 

this group and destroy ozone layer through formation of “ozone-destroying chain 

carriers” as a result of stratospheric photolysis and hydroxyl radical destruction 

(Derwent, 1995).  

 

2.4 Regulations on VOC Emissions 

Sources, amounts and effects of VOCs have been summarized in previous sections. 

They are released from several different sources with ever increasing amounts and 

their impact on human health and environmental conditions is a known fact. As a 

result, there are several regulations and treaties currently in action through which the 

emissions of VOCs are controlled. Some of these regulations, mostly prepared by 

developed countries, are stricter than others. Hence, in this section, current regulations 

governing the emissions of VOCs, which are deemed important within the scope of 

this study, will be summarized.  
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2.4.1 Turkish Regulations on VOCs 

VOCs are regulated under Air Quality Assessment and Management Regulation 

(AQAMR) which came into force in 2008 (Official Gazette No: 26898, dated 

06.06.2008). AQAMR was prepared in parallel to European Union directives 

96/62/EC, 99/30/EC, 2000/69/EC, 2002/3/EC and 2004/107/EC (MoEU, 2008). The 

list of VOCs that are recommended to be measured are provided under the section on 

measurement of ozone precursors in Appendix II of the regulation. This list contains 

thirty VOCs such as benzene, toluene, octane etc. and other hydrocarbons aside from 

total methane. Among these thirty VOCs, only benzene that has specific provisions. 

According to AQAMR, benzene concentration should not exceed annual average 

concentration of 5 µg m-3 and the method of European Committee for Standardization 

(CEN), or any other method that gives similar results, should be used for the 

measurement of benzene. Finally, it is stated in Appendix III – Section 14 that 

authorities that are measuring VOCs are obliged to inform the Ministry about the VOC 

reference method that they are using during measurement and sampling of VOCs. 

Regulation on the Control of Air Pollution Originating from Industry (Official Gazette 

No: 27277, dated 03.07.2009) sets air quality limits around petrochemical industries, 

petroleum refineries, and petroleum and fuel storage facilities as long-term and short-

term values. Parameters used for air quality assessment include benzene, toluene, 

xylenes, olefins, ethyl benzene, isopropyl benzene and tri-methyl benzene (MoEU, 

2009). Additionally, a list and classification of organic steams and gases is provided 

in Appendix VI – Table 7.2.2 of the same regulation.  

Regulation on Exhaust Emissions Control and Gasoline and Diesel Fuel Quality 

(Official Gazette No: 28837, dated 30.11.2013) sets maximum concentrations of 

olefins, aromatics and benzene for gasoline fuel (MoEU, 2013).  

2.4.2 European Union Regulations on VOCs 

Turkey’s journey to be a member of European Union (EU) has been a long process. 

As the process gained acceleration, obligations owed by Turkey have broadened and 

the environment chapter of the acquis has gained further importance. Hence, 

examination of EU directives on environmental issues is very essential. The directives 

which are most relevant to the scope of this study will be summarized here.  
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Directive 2008/50/EC of the European Parliament and of the Council on Ambient Air 

Quality and Cleaner Air for Europe brings together existing legislation in one directive 

without changing the quality objectives. Benzene is the only volatile organic 

compound with specific provisions, but a list of other VOCs to be measured as ozone 

precursors is provided in Annex X. For benzene, lower (2 µg m-3) and upper 

assessment threshold (3 µg m-3) limits are provided in Appendix II and limit value for 

protection of human health (5 µg m-3) is provided in Appendix XI (European 

Commission, 2008). 

Directive 2001/81/EC of the European Parliament and of the Council on National 

Emission Ceilings for Certain Atmospheric Pollutants gives a brief definition of VOC 

and, in Annex I, sets national emission ceilings for VOCs for member states that should 

be attained by the year 2010 along with sulphur dioxide (SO2), nitrogen oxides (NOx) 

and ammonia (NH3). It is also under the responsibility of Member States that emission 

ceilings are not exceeded after year 2010 (European Commission, 2001).  

Directive 2004/42/CE of the European Parliament and of the Council on the Limitation 

of Emissions of Volatile Organic Compounds due to the Use of Organic Solvents in 

Certain Paints and Varnishes and Vehicle Refinishing Products aims to reduce the 

VOC content of certain paints and varnishes in order to prevent the production of 

tropospheric ozone. Limit values are provided in Annex II of the directive (European 

Commission, 2004).  

Directive 2003/17/EC of the European Parliament and of the Council Relating to the 

Quality of Petrol and Diesel Fuels sets maximum concentrations of olefins, aromatics 

and benzene for gasoline fuel (European Commission, 2003).  

Directive 2000/69/EC of the European Parliament and of the Council Relating to Limit 

Values for Benzene and Carbon Monoxide in Ambient Air aims to reduce 

concentrations of these two compounds in order to protect human health and the 

environment and defines the same limit values as in Directive 2008/50/EC (European 

Commission, 2000).  
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2.4.3 U.S.EPA and Environment Canada Regulations on VOCs 

2.4.3.1 Environment Canada Regulations 

VOCs, along with SOx, NOx, PM, CO and NH3, are categorized as “Criteria Air 

Contaminants” by Environment Canada and its definition is provided in Canadian 

Environmental Protection Act, 1999 (CEPA, 1999).  In 2000, Canada Wide Standards 

for Particulate Matter and Ozone was adopted, which includes reduction objectives for 

VOC emissions (Environment Canada, 2000). Federal Agenda on the Reduction of 

Emissions of VOC from Consumer and Commercial Products also aims for the 

reduction of VOCs.  

Benzene in Gasoline Regulations (SOR/97-493) limit the amount of benzene in 

gasoline and gasoline emissions. According to the Regulation, concentration of 

benzene in gasoline should not be more than 1.5% by volume (Environment Canada, 

2009).  

Volatile Organic Compound (VOC) Concentration Limits for Architectural Coatings 

Regulations (SOR/2009-264) and Volatile Organic Compound (VOC) Concentration 

Limits for Automotive Refinishing Products Regulation (SOR/2009-197) are two 

other regulations published by Environment Canada to reduce VOC emissions from 

architectural coatings and automotive refinishing products, respectively (Environment 

Canada, 2014).  

Finally, VOC Concentration Limits for Certain Products Regulation has been proposed 

to set concentration limits for 98 different product categories (Environment Canada, 

2008).  

2.4.3.2 U.S.EPA Regulations  

Clean Air Act of U.S. Environmental Protection Agency requires the determination of 

air quality standards (National Ambient Air Quality Standards) for six criteria 

pollutants: carbon monoxide, lead, nitrogen dioxide, ozone, particulate matter and 

sulfur dioxide (U.S.EPA). VOCs are regulated under the air quality standards for 

ozone.  

National Ambient Air Quality Standards for Ground-Level Ozone sets control 

strategies for the reduction of VOCs and provides simulation results of ozone to 
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changes in NOx and VOC concentrations for numerous cases (U.S.EPA, 2014b).  

National Ambient Air Quality Standards for Ozone defines some measurement 

protocols for VOCs due to their importance as ozone precursors and to produce better 

model results. (U.S.EPA, 2008).  However, in United States, each state has its own 

environmental regulations and in some cases, although U.S. EPA does not set any 

limits for certain VOC source categories, these state agencies might have stricter 

regulations. With The Canada-United States Air Quality Agreement, which was signed 

in 1991, both countries agreed to reduce the emission of certain pollutants in order to 

prevent transboundary air pollution (Environment Canada, 2012b). The Ozone Annex 

of the agreement specifically aims to reduce tropospheric ozone and ozone precursors 

(NOx and VOC) (Environment Canada, 2012a).  

In Table 2.1, list of compounds that are mentioned in the above regulations are marked. 

In most of the regulations, only benzene is regulated. Canadian Environmental 

Protection Act additionally regulates ethane, propane, isoprene and hexane. National 

Ambient Air Quality Standards of U.S.EPA regulates ethane, ethylene and m,p-xylene. 

Only Directive 2008/50/EC of the European Parliament and of the Council on Ambient 

Air Quality and Cleaner Air for Europe regulates 23 of the 55 target PAMS 

compounds.  

 

Table 2.1 List of regulations and related VOCs  
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Cyclopentane            
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n - Pentane            

Trans - 2 - Pentene            
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Table 2.1 (cont’d) 
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1 - Pentene            

Cis-2- Pentene            

2,2-Dimethylbutane            

2,3-Dimethylbutane            

2-Methylpentane            

3-Methylpentane            

Isoprene            
n-Hexane            
2,4-Dimethylpentane            

Benzene            
Cyclohexane            

2-Methylhexane            

2,3-Dimethylpentane            

3-Methylhexane            

2,2,4-Trimethylpentane            

n-Heptane            

Methylcyclohexane            

2,3,4-Trimethylpentane            

Toluene            

2-Methylheptane            
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Ethylbenzene            

m,p-Xylene            
Styrene            

o-Xylene            

Nonane            
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m,p-Ethyltoluene             

1,3,5-Trimethylbenzene            

o-Ethyltoluene             

1,2,4-Trimethylbenzene            

n-Decane            

1,2,3-Trimethylbenzene            

p-Diethylbenzene             

n-Undecane            

n-Dodecane            

 

 



 

14 

 

2.5 Removal Mechanisms of Volatile Organic Compounds 

Removal mechanisms of VOCs can be grouped into two categories as physical 

removal processes (wet and dry deposition) and chemical removal processes 

(photolysis and reactions with other species such as hydroxyl radicals, nitrate radicals 

and ozone) (Atkinson, 2007; Derwent, 1995; Kuntasal, 2005).  

2.5.1 Physical Removal Mechanisms 

Removal by dry deposition simply occurs through the contact of the compound with a 

surface and its subsequent reaction or adsorption on the surface (Derwent, 1995). 

Considering the 160-year removal lifetime for methane (Williams and Koppmann, 

2007), dry deposition is not of much importance.  For wet deposition, as the name 

implies, removal occurs through the wash-out of the compounds with rain droplets 

and/or snow or rain-out. However, as Derwent (1995) states, this removal mechanism 

is only important for those compounds that are readily soluble. Most of the lower 

molecular mass organics are not readily soluble (Derwent, 1995) and as the molecular 

mass increases, although physical removal mechanisms gain importance, volatility 

decreases and focus shifts towards the semi-volatiles which are out of the scope of this 

study.  

2.5.2 Chemical Removal Mechanisms 

Photolysis is one of the removal mechanisms of VOCs’ from the atmosphere. 

Photolysis occurs through the absorption of radiation with a wavelength of 290-800 

nm by the chemical, after which, the chemical goes under a transformation such as 

dissociation or isomerization (Atkinson, 2007). This mechanism is important for the 

loss of aldehydes and ketones in the troposphere (Derwent, 1995). 

Among .OH, NO3, and O3, .OH has been accepted as the most important radical for 

the degradation of VOCs in the atmosphere (Williams and Koppmann, 2007). OH 

radicals are majorly produced in the atmosphere through the production of excited 

oxygen O(1D) and its subsequent reaction with water vapor (Atkinson, 2000; Demore 

et al., 1997) and photolysis of some compounds such as nitrous acid and formaldehyde, 

in minor amounts (Atkinson, 2000). Atmospheric lifetimes of VOCs through hydroxyl 

oxidation shows big variations. For alkanes (paraffins), lifetimes vary between 2-30 

days, for alkenes (olefins) lifetimes decrease to 0.4-4 days and aromatic hydrocarbons 
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have a similar lifetime range of 0.4-5 days. However, benzene acts outside of this 

range, with a lifetime of 25 days (Williams and Koppmann, 2007). 

Nitrate radicals are formed as a result of reaction between nitrogen dioxide (NO2) and 

ozone molecules (Atkinson & Arey, 2003): 

NO + O3  NO2 + O2                                                                 (1) 

NO2 + O3  NO3 + O2                                          (2) 

Nitrate molecules then react with alkenes and dialkanes to form nitrato-carbonyl 

compounds (Derwent, 1995). However, their reactivity is not high enough to help 

atmospheric removal of most of the organic compounds (Derwent, 1995). 

 

2.6 Source Apportionment 

Source apportionment, or receptor modeling, studies are performed in order to 

determine the type of each pollutant source and their contribution to the measured 

concentration of a certain pollutant type in the atmosphere. These pollutants are used 

as the tracers of the sources to be determined. There are many studies in the literature 

on source apportionment of different types of pollutants such as particulate matter 

(PM) (Abu-allaban et al., 2002; Maykut et al., 2003), VOCs (Song et al., 2008; Cai et 

al., 2010; Ling et al., 2011), polycyclic aromatic hydrocarbons (PAHs) 

(Anastassopoulos, 2009; Aydin et al., 2014), polychlorinated biphenyls (PCBs) (Aydin 

et al., 2014), etc. Obtaining information on pollution sources is important because it 

helps to prepare action plans and to determine whether action plans are affective or 

not, it helps to quantify the pollutants that are of particular interest and pollution caused 

by long-range transport, transboundary transport, natural sources and winter sanding 

(Belis et al., 2014), to improve emission inventories and improve the resolution of 

source models (Environment Canada, 2013).  

Source apportionment studies use different modeling tools. Modeling methodology 

can be grouped into two as source-oriented models and receptor-oriented models 

(Schauer et al., 1996; Hopke, 2009).  

 



 

16 

 

2.6.1 Source-oriented Models 

In source-oriented models, source profiles should be known initially. Emissions from 

potential sources are traced to a specific receptor by taking account of transport, 

dilution and transformation that might occur during the process (Hopke, 2009). The 

validation of the model is done by comparing the measured pollutant concentrations 

with predicted pollutants distributions (Schauer et al., 1996). Chemical Mass Balance 

(CMB) is a source-oriented model which is widely used in source apportionment 

studies.  

2.6.2 Receptor-oriented Models 

Receptor-oriented models are chosen when there is no information on the source 

profiles. Chemical measurements at a specific measurement site (receptor) are required 

as the input material (U.S.EPA) and the source compositions can be interpreted from 

this measured data (Guo et al., 2004). A priori information on source profiles is not 

necessary, therefore receptor-oriented models can be considered as a more powerful 

tools when compared to CMB (Kuntasal, 2005). However, prior knowledge on the 

tracer to be analyzed is essential (Doğan, 2013), because one tracer can be emitted 

from multiple sources (Kuntasal, 2005).  

Positive Matrix Factorization (PMF), Factor Analysis (FA), UNMIX and Principle 

Component Analysis (PCA) are some of the receptor-oriented models that are 

currently used for source apportionment studies. All receptor models assume mass 

conservation between a source and its receptor, and source identification and related 

contributions can be determined by a mass balance analysis (Hopke, 1991). Equation 

(3) states the mass balance equation used in receptor models. The equation represents 

a matrix X with i number of rows and j number of columns where i is the number of 

compounds measured, j is the number of samples, k (from 1 to p) is the number of 

sources, fik is the concentration of ith compound measured in kth source, gkj is the 

contribution of kth source to jth sample and eij is the residuals of ith compound from 

jth source (Hopke, 1991).  

𝑋𝑖𝑗 = ∑ 𝑓𝑖𝑘 ∗ 𝑔𝑘𝑗
𝑝
𝑘=1 + 𝑒𝑖𝑗                                                (3) 

Solution of the model is found by the minimization of the objective function Q which 

is given as 
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𝑄 =  ∑ ∑ [
𝑒𝑖𝑗

𝑠𝑖𝑗
]

2
𝑛
𝑗=1

𝑚
𝑖=1                                                     (4) 

where sij represents the estimated uncertainty for ith compound that is measured in the 

jth sample (Hopke, 1991).   

In this study, Factor Analysis (FA) was used for the determination of source profiles 

and their contributions. Factor analysis (FA) is the most widely used receptor modeling 

tool in source apportionment studies.  Simply, in FA, parameters are divided into 

groups or factors according to their common fluctuation (common variance). FA 

reduces dimensionality in data that allows identification of physical nature of the 

factors by computing the correlations or “loadings” between original variables and 

factors (Plaisance et al., 1997). 

Factor analysis includes fairly sophisticated vector algebra.  However, as in most 

statistical tools, it is not required that the user does have an understanding of the 

mathematics to use the tool.  It starts with a correlation matrix, and generates (or 

computes) a smaller set of orthogonal factors that can explain a large fraction of the 

variance in data set.  

The procedures of the model consists of three steps:  

In the first step data are normalized using the following relation: 

 

Zik = (Cik – Ci)/i (i = 1, 2,….., m; k = 1, 2, ……, n)                            (6) 

 

where Zik is a normalized measured concentration; Cik is a measured concentration for 

compound i in kth observation; Ci is an arithmetic mean concentration; and i is 

standard deviation for compound i.  All operations are performed on these normalized 

variables. Concentration information is lost because of this normalization and it 

constitutes one of the important disadvantages of FA.  

In the second step, the relationship between normalized concentrations Zik and jth 

sources is computed using the following relation: 

                 Zik = ∑ 𝑊𝑖𝑗𝑃𝑗𝑘(𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑝; 𝑘 = 1,2, … , 𝑛)                   𝑃
𝑗−1 (7) 

where Wij represents the correlation of compound i and factor jz and Pjk are relative 

impact of the jth factor for the total VOCs concentration of the kth observation. Finally, 
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in the third step factor scores, which represent the weight of each factor on each sample 

is calculated. 

Factor analysis has certain advantages and disadvantages. Its main advantage is, unlike 

in other receptor models, such as CMB, factor analysis does not require any a priori 

information about composition of sources.  It does not have any restriction on the type 

of parameters, which allows for the inclusion of gases and particles simultaneously to 

FA. 

Factor analysis is a qualitative tool.  As mentioned earlier in this section, all data are 

normalized in the first step of FA and all mathematical operations are performed on 

these normalized variables.  Such normalization results in the loss of quantitative 

information in the data set. This is the most important disadvantage of the model.   

In addition to this FA requires fairly large data set.  Reliability of the FA results 

increase as the data set gets larger and larger.  One other disadvantage of FA is its 

incapability of handling missing data.  Since there are generally fair amount of missing 

data in most atmospheric data sets, due to below detection limit values, less than blank 

values and not measured parameters, these missing values have to be handled 

somehow.  The easiest way is to remove samples or parameters with missing values, 

but this is not possible in practice. Because if all samples and parameters with missing 

values are removed only few samples remains for the FA.  Common practice is to 

exclude parameters with too many missing values (>20% - 25%) and to fill in 

remaining missing data points.   Filling in missing data is an important and sensitive 

task in FA.  There are methods, such as, filling data using most correlated one or two 

parameters (Truxillo, 2005), but the most common method is to fill in the missing data 

with half the detection limit value for that parameter (Doğan and Tuncel, 2004; Civan, 

2010). No matter what method is used to fill in the missing data, data that are filled in 

are not real measurement results and smaller the number of missing data to be filled in 

the better the FA results.  

2.6.3 Receptor Modeling of VOCs in Literature 

Study of Volatile Organic Compounds in the atmosphere started around 1970s with 

the determination of these compounds in the atmosphere (Louw et al., 1977). Later on, 

human exposure and indoor air quality studies gained importance and health effects of 



 

19 

 

these compounds started to be studied. Between ‘90s and 2000s, number of modelling 

studies increased and source apportionment of VOCs started to be implemented (Web 

of Science, 2015). Sweet and Vermette (1992) measured the concentrations of 13 toxic 

VOCs in two urban sites in Illinois and applied wind trajectory and CMB model to 

determine the significance of the sources of these compounds. Samples were collected 

in canisters and analyzed with GC-FID/ECD. Analysis of results revealed the emission 

sources as vehicle exhaust, gasoline vapor and refinery emissions with minor 

contribution from industry (Sweet et al., 1992). It is stated in the paper that although 

some VOCs were found to be potential carcinogens, there were no national air quality 

standards for these VOCs at the time. 

Source-oriented receptor model CMB has a very broad application range. It is applied 

for the source apportionment of organics, as in the study of Sweet and Vermette 

(1992), of particulate matter and in some cases for the combination of both. Schauer 

et al. (1996) stated the insufficiency of use of elemental compositions to identify the 

emission sources of airborne particles since they are not always unique to the source. 

Therefore, their study focused on the aerosol source apportionment with the use of 

organic compounds data from four monitoring sites in California as tracers of CMB 

model which was specially developed to relate source contributions to fine particle 

concentrations.  

Although urban sampling sites are more commonly studied for the source 

apportionment of organics (Choi et al., 2011; Fujita, 2001; Hellén et al., 2006; 

Srivastava, 2004; Yurdakul et al., 2013), CMB model is also applied to source 

apportionment of VOCs at industrial areas. Badol et al. (2008) made a source 

apportionment study in an urban area in France which is influenced by industrial 

sources. They collected hourly samples for one year. Application of CMB resulted in 

6 urban, such as urban heating and solvent use, and 7 industrial sources such as 

hydrocarbon cracking and oil refining. The reason that CMB was chosen over PMF is 

that the authors had a very detailed source profile information about the area and PMF 

might have considered some of the activities as a single emission source (Badol et al., 

2008).  

As the knowledge on the source profiles of the compounds is a must for CMB 

modeling, use of receptor-oriented models such as UNMIX and PMF is somewhat 
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more practical. Hellén et al. (2003) compared the results of UNMIX and CMB models 

in their study to determine the source contributions of C2 – C10 NMHCs due to lack of 

data concerning light hydrocarbons in urban air in Finland. Samples were collected 

with both canisters and adsorbent tubes. Model results were in agreement for the 

determination of major sources: gasoline exhaust, gasoline vapor and liquid gasoline. 

While both models gave similar results on the source contribution of gasoline exhaust 

(CMB: 52%, UNMIX: 53%) and distant sources (CMB: 25%, UNMIX: 21%), liquid 

gasoline contributions showed some variations (CMB: 13%, UNMIX: 23%). 

Moreover, significance of long-range transport on some compounds, such as ethane 

and benzene, were observed. 

PMF receptor modeling has been used extensively around the world for diverse 

sampling sites. Wei et al. (2014) applied PMF on the data obtained from a petroleum 

refinery in Beijing, China. Similar to this study, PAMS VOCs were measured with 

canister sampling. Doğan, (2013) studied the concentrations and behaviors of VOCs 

at a heavily industrialized region, Aliağa İzmir, with a refinery and a petrochemical 

complex. Samples were collected and analyzed with online gas chromatography at 

three different locations. PMF results showed that diesel and gasoline exhaust profiles 

were common for all the stations. However, the model failed to differentiate different 

sources with close chemical compositions. Similarly, Dumanoglu et al. (2014) also 

studied VOCs in Aliağa, İzmir. Samples were collected from forty different locations 

in the region. Major emission sources and contributions were determined by PMF and 

carcinogenic risks were also estimated. For certain compounds, such as benzene and 

chloroform, risks were found higher than the acceptable limits and it was concluded 

that risk of cancer can reach higher levels for the population living in the area.  Last 

but not least, Civan et al. (2015) measured not only VOCs but also NO2, SO2 and O3 

at this similar site between 2005 and 2007. PMF results revealed that although the 

source contributions were highly variable, diesel emissions, domestic activities, 

gasoline exhaust and industrial emissions, traffic were the major contributors (50%). 

Investigation of the cancer risk also suggests that further analysis should be done in 

the region for a complete risk profile. 

Studies on source apportionment of VOCs by PMF is more common in urban (Brown 

et al., 2007; Buzcu & Fraser, 2006; Cai et al., 2010; Elbir et al., 2007; Xie & Berkowitz, 

2006; Yurdakul et al., 2013) and rural (Lau et al., 2010; Sauvage et al., 2009; Zhang 
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et al., 2013) areas than industrial applications. A study by Brown et al. (2007) was 

conducted in the Los Angeles area at three different locations. Daily 3-h canister 

samples were collected and application of PMF to two sites with better data quality 

revealed a similar VOC composition at both sites; motor vehicles being the major 

source in the morning hours while the evaporative source at midday. Comparison of 

the results to a previous study at the same site with CMB application showed that the 

results are consistent.  

Study conducted in Shanghai, China by Cai et al. (2010) is quite similar to the previous 

study by Brown et al. (2007) in terms of source profiles. The sources of pollution were 

determined as vehicle sources (25%), solvent-based sources (17%), fuel evaporation 

(15%), and use of paint solvent (15%), steel industry (6%), biomass burning (9%) and 

coal burning (7%). It is stated in the paper that the results of the study could be used 

for the determination of control strategies for ozone pollution. 

For the studies directed at rural sites, effect of residential sources increases. Sauvage 

et al. (2009) studied 46 NMHCs at three French rural areas. For the two of the sampling 

sites, residential heating (8.4% to 28% depending on the site) was the primary source 

of VOCs. Evaporative sources and vehicle exhaust sources were common for all three. 

The other factors were determined as biogenic sources (15%), remote sources (8.6% 

to 15.4% depending on the site) and mixed profile. Since a ten-year data set was used 

in the study, it provided a sound knowledge on the trends of the sources and their 

contribution. It is stated that the anthropogenic compound concentrations decreased 

significantly due to strict control measures applied throughout Europe. The trends were 

compared and found to be similar with other European countries as well.    

Doğan and Tuncel (2004) compared FA and PMF results by applying these two models 

on data collected in Eastern Mediterranean region 20 m above the sea level. 40 

elements and ions were collected by high volume air samplers between 1992 and 1993. 

600 daily aerosol data were collected and used for the comparison. FA revealed 4 

factors or sources whereas PMF revealed 7. Factors from FA application were crustal, 

combustion, marine and local source. PMF factors were found to be fertilizer use, 

marine, crustal, combustion, local source, smelter and Saharan dust. All the factors 

found in FA were also found by PMF. However, PMF revealed more factors compared 

to FA. 
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Civan (2010) applied FA in order to determine the sources of organic pollutants in 

Bursa atmosphere. FA was applied on both summer and winter sampling campaign 

data. Analysis revealed 6 factors for summer season representing 81% variance of the 

system. Factors were found to be light-duty traffic, heavy-duty traffic, evaporative 

emissions, and three different industries with 14% of the system variance. For winter 

season, 8 factors were found and 84% of the variance was accounted for. Factors were 

represented diesel-engine vehicles, gasoline-engine vehicles, different industries (for 

four of the factors) and evaporative emissions. The last factor could not be identified 

clearly and it represented 3.3% of the variance. The factor identified as diesel-fuel 

engines represented 40% of the variance. Gasoline-engine vehicles factor represented 

11%, industrial factors represented 24% and evaporative emissions represented 5% of 

the system variance. Hence, vehicle emissions and industrial sources were found to be 

dominating sources of VOC pollution in Bursa as a result of this study (Yurdakul, 

2014). 
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CHAPTER 3 

 

 

 MATERIALS AND METHODS 

 

 

 

3.1 Sampling Locations 

Ankara, the capital city of Turkey, has the second highest population in Turkey with a 

population of 5,150,072 residents, according to the results of 2014 census (Turkish 

Statistical Institute, 2014). The city is located at 39.57 N latitude and 32.53 E 

longitude, has a surface area of 26.897 km2 and is 890 m above sea level. Ankara is 

under the effect of continental climate and average temperature of the city is 11.9oC 

(MGM, 2014).  

Sampling was conducted at the Department of Environmental Engineering in Middle 

East Technical University, Ankara (Figure 3.1). This site was chosen as a suburban 

sampling site due to its distance from main arteries. The sampling site is located 1.34 

km west of the nearest road, Malazgirt Boulevard. Bilkent Boulevard is 1.59 km west 

and Eskişehir Highway is 2.36 km north of the sampling site (Figure 3.2).  

 

Figure 3.1 METU Sampling Site
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Figure 3.2 Location of the METU Sampling Site 

 

3.2 Sampling Period 

Daily sampling of suburban station at METU started January, 2013 and continued until 

December, 2014. During this sampling period, total of 217 samples with 24-hour 

sampling were collected. In addition to the daily sampling, hourly sampling was 

performed during summer and winter seasons. Hourly sampling of winter season was 

performed between October, 2013 and November, 2013. For summer season, hourly 

sampling was completed in August, 2014. Total of 991 hourly samples were collected.  

 

3.3 Sampling Methodology 

3.3.1 Equipment Used in Sampling 

6-L stainless-steel SUMMA polished canisters were used for 24-hour VOC sampling. 

Canisters have the following advantages over other sampling methods such as solid 

sorbent and tedlar bags (Wang and Austin, 2006): 

 Both light and heavy hydrocarbons can be sampled efficiently 

 No enhancements are observed in concentration of target compounds 

 Thermal or solvent desorption is not required  
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 Replicate analysis can be performed 

 Wide range of polar and nonpolar VOCs can be collected 

 Sample stability is preserved for weeks to months 

 Contamination problems are reduced 

 Cleaning of sampling equipment is easy 

 No power is needed for sampling 

 Sample volume is increased by pressurization of canisters with nitrogen 

24-hour daily sampling was perforemed in this study. Sorbent tubes are not suitable 

for this type of sampling strategy and they are inadequate for sampling light 

hydrocarbons (Wang and Austin, 2006). Moreover, replicate analysis option is an 

important advantage for checking the precision of analyses. Therefore, considering the 

sampling objectives of the study and the advantages listed above, canister sampling 

was preferred.  

24-hour sampling was set with the use of stainless steel RESTEK air sampling kit 

which restricts the sample flow to desired level.  With the use of the sampling kit, 

accurate integrated sampling has been assured without the use of a pump (RESTEK, 

2014). Sample flows into the canister due to the difference between interior pressure 

and exterior pressure.  

Hourly VOC sampling was performed with the use of Agilent Model 6890 Gas 

Chromatography – Flame Ionization Detector (GC-FID) on online mode. Each 

measurement had a sampling period of 45 minutes. Samples were continuously 

collected and analyzed with GC-FID and cycle continued for 24 hours without any 

interruption.  

3.3.2 Preliminary Studies before Sampling  

There are some procedures that should be followed prior to sampling. This procedure 

includes cleaning and final evacuation. Cleaning system is shown in Figure 3.3. 

Canisters which are connected to cleaning system are pressurized with humidified high 

purity nitrogen gas and heated for 30 minutes. After 30 minutes, nitrogen gas in the 

canisters is evacuated until the pressure drops to -27 inHg. This cycle of pressurizing 

and evacuating is repeated for three times. After final heating period, a final vacuum 

is applied for 60 minutes, 30 minutes with heaters on and 30 minutes without heaters. 
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At the end of this final vacuum, canister pressure drops to -27 inHg and is deemed 

ready for sampling.   

 

Figure 3.3 Canister Cleaning System 

 

By this method, VOCs which are adsorbed on to the walls of the canisters are desorbed 

with the help of heat and removed with evacuation of nitrogen gas. Cleaning 

methodology was adopted from Compendium Method TO-14A/15 of U.S.EPA 

(U.S.EPA, 1999a, 1999b). According to TO14A/15, canisters are certified clean if the 

concentrations of target VOCs are less than 0.2 ppbv (U.S.EPA, 1999a, 1999b) or less 

than 10% of the concentrations found in the background air (Sweet, C.W., Vermette, 

1992). Figure 3.4 shows the analysis results of a sample and a clean canister. As can 

be seen, peaks in clean canister chromatogram are substantially lowered compared to 

the sample chromatogram. Hence, VOC concentrations were lowered to less than 10% 

of the background concentrations in canisters, which complies with U.S. EPA 

criterion.  
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Figure 3.4 Dirty canister vs. clean canister  

 

3.4 Analytical Methodology 

3.4.1 Target Volatile Organic Compounds 

U.S. Environmental Protection Agency (U.S.EPA) imposed an obligation on states to 

establish Photochemical Assessment Monitoring Stations (PAMS) in order to monitor 

ozone precursors, namely nitrogen oxides (NOx) and VOCs. First PAMS station, 

where 55 light non-methane hydrocarbons with carbon numbers C2 – C12 are 

monitored, became operational in 1994 (U.S.EPA, 2014a). In this study, those 55 

PAMS hydrocarbons were aimed to be measured and the compounds listed in Table 

3.1 were successfully quantified.  
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Table 3.1 Target Compounds 

Compound CAS No Retention Time Molecular Weight Boiling Point 

(oC) 

Ethane 74840 8.502 30.07 -88 

Ethylene 74851 9.464 28.05 -104 

Propane 74986 11.616 44.1 -42 

Propylene  115071 12.936 42.08 -47.7 

Isobutane - n-butane 75285 13.651 58.12 -12 

Acetylene  74862 14.547 26.04 -28 

Trans - 2 - Butene 624646 16.687 56.106 1 

1 - Butene 106989 16.994 56.11 -6.47 

Cis-2-Butene 590181 17.590 56.106 3.7 

Cyclopentane 287923 18.176 70.1 49.2 

Isopentane  78784 19.101 72.15 28 

n - Pentane 109660 19.889 72.15 36 

Trans - 2 - Pentene 646048 22.505 70.13 37 

1 - Pentene 109671 23.320 70.13 30 

Cis-2- Pentene 627203 23.955 70.13 36-37 

2,2-Dimethylbutane 75832 24.651 86.18 50 

2,3-Dimethylbutane 79298 25.363 86.18 58 

2-Methylpentane 107835 25.527 86.18 62 

3-Methylpentane 96140 25.698 86.18 64 

Isoprene 78795 27.255 68.1 34 

n-Hexane 110543 13.839 86.17 68.95 

2,4-Dimethylpentane 108087 15.329 100.21 80.5 

Benzene 71432 16.579 78.11 80.1 

Cyclohexane 110827 17.056 84.16 81 

2-Methylhexane 591764 17.230 100.21 90 

2,3-Dimethylpentane 590352 17.412 100.21 79.2 

3-Methylhexane 589344 17.705 100.21 92 

2,2,4-Trimethylpentane 504841 18.482 114.23 99.24 

n-Heptane 142825 18.912 100.21 98.42 

Methylcyclohexane 108872 20.333 98.19 100.9 

2,3,4-Trimethylpentane 565753 21.697 114.23 113.4 

Toluene 108883 22.082 92.13 110.6 

2-Methylheptane 592278 22.325 114.23 116 

3-Methylheptane 589811 22.735 114.32 115 

n-Octane 111659 24.000 114.23 125.7 

Ethylbenzene 100414 26.819 106.2 136.2 

m,p-Xylene 106423 27.231 106.2 138 

Styrene 100425 28.117 104.15 145 

o-Xylene 95476 28.353 106.2 144 

Nonane 11842 28.732 128.26 151 

Isopropylbenzene 98828 29.784 120.19 151 

n-Propylbenzene 103651 31.135 120.19 159.2 

m,p-Ethyltoluene  620144 31.396 120.2 158 

1,3,5-Trimethylbenzene 108678 31.520 120.2 164.7 

o-Ethyltoluene  611143 31.709 120.2 164 

1,2,4-Trimethylbenzene 95636 32.276 120.2 169.4 

n-Decane 124185 33.074 142.28 174 

1,2,3-Trimethylbenzene 526738 34.190 120.2 176.1 

p-Diethylbenzene  105055 35.403 134.22 184 

n-Undecane 1120214 37.127 156.31 196 

n-Dodecane 112403 41.560 170.34 216 
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3.4.2 Sample Preparation before Analysis 

After the collection of samples for 24 hours with vacuumed canisters, internal canister 

pressure is still below the atmospheric pressure. Samples should be pressurized both 

to be able to analyze the samples and to increase the sample volume for multiple uses. 

Additionally, pressurization of the samples with nitrogen gas dilutes the sample and 

lowers the sample concentration that is injected to the analysis system. Therefore, 

dilution protects the equipment from contamination if a sample with high compound 

concentrations to be analyzed. Hence, before the analysis, each sample is pressurized 

to atmospheric pressure (14.7 psi) with dry high purity nitrogen gas. Pressurized 

samples are allowed to sit for an hour to stabilize and obtain a homogeneous 

distribution inside the canisters.   

3.4.3 Equipment Used in Analysis 

Analysis of samples were performed by Agilent Model 6890 Gas Chromatography 

equipped with two flame ionization detectors (GC-FID). Pressurized samples are 

introduced to GC-FID by Markes Air Server sampling device through sample port with 

the help of a sample pump. Sample introduced through Air Server is collected on cold 

trap and desorbed by Unity Thermal Desorption device (Figure 3.5). GC-FID system 

is equipped with two columns: Agilent 123-1063 DB-1-2 capillary column (column 1 

or DB1 column) and Agilent 19091P-S15 HP-PLOT Al2O3 “S” deactivated capillary 

column (column 2 or Alumina PLOT column). Column 1 is connected to FID1 detector 

and column 2 is connected to FID2 detector. Alumina PLOT column (column 2) is 

used to measure the light hydrocarbons with carbon numbers of which range between 

C2 – C5, while DB-1 column (column 1) is used to measure heavy hydrocarbons with 

carbon numbers ranging between C6 – C12.  

High purity nitrogen gas is used as the carrier gas in the columns and high purity 

hydrogen gas and dry air are used during the ignition of flame ionization detectors. 

Both gases were obtained from MITAN Ankara, Turkey.  
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Figure 3.5 GC – FID System 

 

3.4.4 GC-FID Parameters 

GC – FID parameters were obtained from the studies conducted by Kuntasal (2005) 

and Yurdakul (2014) on temporal variations of VOCs in Ankara and Ottawa, and Bursa 

atmospheres, respectively. Table 3.2 shows all the parameters of the Thermal 

Desorber. Samples are collected for 25 minutes with 20 ml/min flow rate. This 

flowrate and sampling time were determined by examination of different sampling 

times and flowrates to obtain a sample volume of 500 ml, maximum volume that can 

be introduced to the system without exceeding the capacity of Air Server (Markes 

Int.Ltd., 2006). After the examination of different sample times and flow rates, best 

results were observed at low flow rates and long sampling times (Figure 3.6). Trap 

temperature starts at -15oC for the quantification of ethane and acetylene, (Yurdakul, 

2014) rises to 300oC and is held for 3 minutes.  

 

Table 3.2 Unity Thermal Desorber Parameters 

Unity Thermal Desorber Parameters 

Prepurge Time (min) 1.0 

Trap Purge Time (min) 1.0 

Purge Flow Rate (ml/min) 20.0 

Sample Time (min) 25.0 

Sample Flow Rate (ml/min) 

Sample Volume (ml) 

20.0 

500 

Trap Low (oC) -15 

Trap High (oC) 300 

Trap Hold (min) 3.0 
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Figure 3.6 Determination of flow rate of sampling
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GC-FID operational parameters are provided in Table 3.3. Oven temperature starts at 

40oC and is held for 5.0 minutes. Then, the temperature starts to increase with a rate 

of 5oC/min until 195oC and is held for 10.0 minutes. Analysis of a single sample lasts 

46.0 minutes.  

Table 3.3 GC Oven and Column Properties 

 Column 1 Column 2 

Temperature (oC) 30 - 325 -60 - 200 

N2 flow rate (ml/min) 2.8 5.2 

Air flow rate (ml/min) 300 300 

Hydrogen flow rate (ml/min) 30.0 30.0 

Detector temperature (oC) 300 300 

 Oven Properties 

Initial temperature (oC) 40 

5.0 

5.0 

195.0 

10.0 

46.0 

Hold (min) 

Ramp (oC/min) 

Final temperature (oC) 

Hold (min) 

Total runtime (min) 

 

3.5 Quality Assurance and Quality Control (QA/QC) 

3.5.1 Quantification and Calibration 

For the calibration of the analysis system, PAMS standard gas mixture with a 

concentration of 100 ppbv for each compound was used. In order to protect the analysis 

system from contamination, the gas mixture was diluted before calibration. For the 

preparation of diluted standard gas mixture, a previously cleaned canister was 

pressurized with dry high purity nitrogen gas until -10 psi. Then, 240 ml of 100 ppbv 

standard gas mixture was injected to the pressurized canister and the canister was 

pressurized to its final pressure, 14.7 psi. Pressurized canister was kept for 24 hours to 

stabilize and obtain a homogeneous distribution. With this method, concentration of 

each compound was decreased to 2.1 ppbv according to the following calculations 

(RESTEK, 2010):   
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Sample volume =  
Pressure difference (initial − final)

Initial pressure
∗ Canister volume 

= 
−27−(−10)

−27
∗ 6L 

= 3.78 L 

240 ml of standard injection  

0.24 L/ 3.78 L = 0.063 (ratio of standard in 1L volume) 

0.063 * 100 ppb = 6.3 ppbv (concentration of the standard) 

Dilution factor =  
P(after dilution) − P(lab pressure)

P(lab pressure) − P(before dilution)
 

= 
14.7 + 14.7

14.7 −10 ∗ 0.491
 

= 3.00 

6.3 ppb/ 3.00 = 2.1 ppbv (final concentration of the standard gas mixture) 

 

Prepared standard gas mixture was introduced into the GC-FID system at different 

amounts (100 ml, 200 ml, 300 ml, 400 ml, 500 ml and 600 ml) for the preparation of 

six point calibration curves for each compound (Figure 3.8). 

Produced chromatograms were analyzed by ChemStation software for GC-FID system 

and areas of each compound for each standard volume were determined. Calibration 

curves were drawn by entering the areas and mass amounts of each compound for 

corresponding standard gas volume (Figure 3.7).  
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Figure 3.7 Calibration curves for some target compounds 

 

During the generation of calibration curves correlations greater than 0.999 were aimed 

and achieved. Corresponding R2 values are provided in Table 3.4. R2 values range 

between 0.99900 and 0.99992 for methylcyclohexane and styrene, and cyclopentane, 

respectively.  
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Table 3.4 R2 values for calibration of each compound 

Compound R2 value 

Ethane 0,99989 

Ethylene 0,99965 

Propane 0,99943 

Propylene 0,99908 

Isobutane - n-butane 0,99916 

Acetylene 0,99916 

Trans - 2 - Butene 0,99907 

1 - Butene 0,99925 

Cis-2-Butene 0,99955 

Cyclopentane 0,99992 

Isopentane 0,99904 

n - Pentane 0,99915 

Trans - 2 - Pentene 0,99910 

1 - Pentene 0,99970 

Cis-2- Pentene 0,99903 

2,2-Dimethylbutane 0,99908 

2,3-Dimethylbutane 0,99907 

2-Methylpentane 0,99953 

3-Methylpentane 0,99901 

Isoprene 0,99950 

n-Hexane 0.99902 

2,4-Dimethylpentane 0.99912 

Benzene 0.99915 

Cyclohexane 0.99930 

2-Methylhexane 0.99911 

2,3-Dimethylpentane 0.99924 

3-Methylhexane 0.99911 

2,2,4-Trimethylpentane 0.99905 

n-Heptane 0.99912 

Methylcyclohexane 0.99900 

2,3,4-Trimethylpentane 0.99915 

Toluene 0.99916 

2-Methylheptane 0.99907 

3-Methylheptane 0.99942 

n-Octane 0.99912 

Ethylbenzene 0.99911 

m,p-Xylene 0.99929 

Styrene 0.99900 

o-Xylene 0.99930 

Nonane 0.99909 

Isopropylbenzene 0.99942 

n-Propylbenzene 0.99968 

m,p-Ethyltoluene 0.99921 

1,3,5-Trimethylbenzene 0.99966 

o-Ethyltoluene 0.99959 

1,2,4-Trimethylbenzene 0.99901 

n-Decane 0.99905 

1,2,3-Trimethylbenzene 0.99910 

p-Diethylbenzene 0.99977 

n-Undecane 0.99960 

n-Dodecane 0.99923 
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Figure 3.8 Chromatogram of 600 ml standard gas mixture analysis
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3.5.2 Analytical System QA/QC Procedure 

3.5.2.1 Method Detection Limits (MDLs) 

The minimum amount of target compounds that can be measured by the applied 

sampling and analytical procedure is determined by the method suggested by U.S.EPA 

TO-15r (U.S.EPA, 1999b). Seven replicate measurements of minimum sample volume 

(100 ml) of standard gas that was used during the calibration phase were made and the 

standard deviations for each compound were calculated. Multiplication of standard 

deviations with corresponding student’s t value, 3.14, gave the detection limits for the 

target VOCs (Table 3.5). MDL values of styrene, n-propylbenzene, m-ethyltoluene 

and 1,3,5-trimethylbenzene were not calculated, rather, values were obtained from 

Yurdakul (2014). Minimum calculable amount was measured as 0.016 µg m-3 for cis-

2-butene. Upper limit of the range was set by 2,3-dimethylpentane with a MDL of 

0.212 µg m-3.  

3.5.2.2 Leak Test 

Canisters were tested for leaks before commencing of the sampling campaign. 

According to U.S.EPA TO-15r, canisters are leak free if pressure change between 

initial and final pressure is less than 2 psig. In order to test for leaks, canisters were 

pressurized to 30 psig and final pressures were measured after 24 hours. No change 

was observed in pressures.  

3.5.2.3 Field Blanks Determination 

For the determination of field blanks, canisters that were prepared for sampling were 

sent to the sampling field but returned to the laboratory without opening the valves of 

the canisters. Total of 5 field blanks were collected and field blank analysis was made 

similar to the sample analysis. As it can be interpreted from Table 3.6, there were no 

significant differences between average and median concentrations. Minimum average 

blank concentration was measured as 0.01 ng for 1-butene, 2,3-dimethylbutane, 2-

methylpentane, m,p-xylene and isopropylbenzene compounds. Likewise, maximum 

average blank concentration was measured as 0.493 ng for cis-2-butene compound. 

Similar compounds have the minimum and maximum values for median blank 

concentrations as well. 
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Table 3.5 Method Detection Limits MDL (µg m-3) 

Compound  MDL (µg m-3) 

Ethane 0.019 

Ethylene 0.046 

Propane 0.082 

Propylene  0.050 

Isobutane 0.097 

Acetylene  0.049 

Trans - 2 - Butene 0.074 

1-Butene 0.064 

Cis-2-Butene 0.016 

Cyclopentane 0.105 

Isopentane  0.170 

n - Pentane 0.115 

Trans - 2 - Pentene 0.111 

1-Pentene 0.123 

Cis-2- Pentene 0.146 

2,2-Dimethylbutane 0.146 

2,3- Dimethylbutane 0.143 

2-Methylpentane 0.145 

3-Methylpentane 0.161 

Isoprene 0.157 

n-Hexane 0.138 

2,4-Dimethylpentane 0.094 

Benzene 0.093 

Cyclohexane 0.069 

2-Methyhexane 0.109 

2,3-Dimethylpentane 0.212 

3-Methylhexane 

2,2,4-Trimethylpentane 

n-Heptane 

0.089 

0.099 

0.073 

Methylcyclohexane 0.120 

Toluene 0.088 

2-Methylheptane 0.133 

3-Methylheptane 0.098 

n-Octane 0.117 

Ethylbenzene 0.089 

m-Xylene 0.122 

Styrene 0.051* 

o-Xylene 0.102 

Nonane 0.091 

Isopropylbenzene 0.074 

n-Propylbenzene 0.029* 

m-Ethyltoluene  0.073* 

1,3,5-Trimethylbenzene 0.073* 

o-Ethyltoluene  0.538 

1,2,4-Trimethylbenzene 0.094 

n-Decane 0.137 

1,2,3-Trimethylbenzene 0.089 

m-Diethylbenzene 0.115 

n-Undecane 0.110 

n-Dodecane 0.106 

       *Yurdakul, 2014. 
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Table 3.6 Average and median field blank values  

Compound  Average (ng) Median (ng) 

Ethane 0.041 0.036 

Ethylene 0.019 0.018 

Propane 0.034 0.034 

Propylene  0.019 0.02 

Isobutane 0.031 0.032 

Acetylene  0.019 0.019 

Trans - 2 - Butene 0.032 0.031 

1-Butene 0.01 0.009 

Cis-2-Butene 0.493 0.471 

Cyclopentane 0.014 0.014 

Isopentane  0.016 0.015 

n - Pentane 0.011 0.01 

Trans - 2 - Pentene 0.012 0.012 

1-Pentene 0.013 0.013 

Cis-2- Pentene 0.014 0.014 

2,2-Dimethylbutane 0.023 0.023 

2,3- Dimethylbutane 0.01 0.01 

2-Methylpentane 0.01 0.01 

3-Methylpentane 0.011 0.009 

Isoprene 0.011 0.012 

n-Hexane 0.124 0.087 

2,4-Dimethylpentane 0.009 0.007 

Benzene 0.026 0.023 

Cyclohexane 0.017 0.015 

2-Methyhexane 0.011 0.009 

2,3-Dimethylpentane 0.038 0.036 

3-Methylhexane 0.04 0.037 

2,2,4-Trimethylpentane 0.118 0.144 

n-Heptane 0.027 0.022 

Methylcyclohexane 0.018 0.016 

2,3,4-Trimethylpentane 0.019 0.019 

Toluene 0.061 0.07 

2-Methylheptane 0.022 0.019 

3-Methylheptane 0.014 0.012 

n-Octane 0.015 0.013 

Ethylbenzene 0.018 0.017 

m-Xylene 0.01 0.01 

Styrene 0.045 0.034 

o-Xylene 0.025 0.024 

Nonane 0.013 0.012 

Isopropylbenzene 0.01 0.01 

n-Propylbenzene 0.017 0.017 

m-Ethyltoluene  0.017 0.017 

1,3,5-Trimethylbenzene 0.021 0.02 

o-Ethyltoluene  0.025 0.025 

1,2,4-Trimethylbenzene 0.13 0.135 

n-Decane 0.045 0.036 

1,2,3-Trimethylbenzene 0.042 0.04 

m-Diethylbenzene 0.059 0.058 

n-Undecane 0.046 0.042 

n-Dodecane 0.173 0.164 
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3.5.2.4 Analyte Loss 

In order to determine the amount of analyte that is lost from canisters in case of long 

storage durations, the same sample canister was analyzed for four consecutive days 

and this was repeated for four different canisters. Figure 3.9 shows the analysis results 

of four canisters for BTEX compounds. Canister 1, Canister 3 and Canister 4 showed 

a gradual decrease in analyte concentrations. There might be several reasons for this 

change in analyte concentrations. First of all, there might be leakage from canisters. 

Since we checked the canisters for leaks, this option can be eliminated. Second, 

compounds in the sample might be adsorbed onto the walls of the canisters as the 

waiting period extends. Finally, compound concentrations were not very high in 

samples and the compounds with trace concentrations might not have been 

homogeneously distributed in the canisters. Therefore, as the number of analyses 

increased, the amount of analytes might decrease and cause this gradual decrease in 

analysis results. In order to prevent this problem from affecting the reliability of the 

analysis, samples were analyzed immediately. 

However, Canister 2 shows quite a different pattern. After first analysis, compound 

concentrations decreased dramatically. Third day analysis results are similar to the 

previous ones and then at final analysis, there was an increase in compound 

concentrations. This pattern is not expected and it can only be explained by a possible 

contamination in the sampling train or in the analysis system.  
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Figure 3.9 Analyte loss analysis for BTEX compounds 
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3.5.2.5 Precision of Sampling Kit 

Precision of the sampling kit was determined by the simultaneous collection of four 

replicate 24-hour samples. Simultaneous sampling was performed for three 

consecutive days (Figure 3.10). Standard deviations varied between 0.00 – 5.42 for 

Day1, 0.00 – 5.59 for Day 2 and 0.01 – 0.75 for Day 3. Relative standard deviations 

change between 0.01 – 68.26 for Day 1, 0.56 – 69.62 for Day 2 and 1.69 – 41.91 for 

Day 3. Minimum standard deviations for Day 1 were found for 1-butene, trans-2-

pentene and 2,3 – dimethylbutane and maximum value was measured for cis-2-butene. 

For Day 2, 2,3 – dimethylbutane and cis-2-butene compounds yielded the minimum 

and maximum values, respectively. For Day 3, 1-butene, trans-2-pentene, 3-

methylheptane, nonane and 2,3-trimethylbenzene compounds had the minimum, and 

cis-2-butene had the maximum standard deviation values. Replicate precision is 

defined as “the absolute value of the difference between analyses of canisters divided 

by their average value and expressed as a percentage” and required to be less than 25% 

by U.S.EPA Method TO-15 (U.S.EPA, 1999b). For BTEX compounds, replicate 

precision values were between 7.80 and 23.20 for Day 1, 3.09 and 11.19 for Day 2 and 

0.49 and 15.97 for Day 3. Therefore, replicate analyses were within the necessary 

range. 

3.5.2.6 Precision of Analysis 

In order to determine the precision of the chosen analysis method and the analysis 

system, the same sample was analyzed three times. 500 ml of sample was introduced 

at each analysis. This method was repeated for four different sample canisters. 

Standard deviations (SD) varied between 0.001 for 2,4-dimethylpentane and 6.07 for 

isobutane. Relative standard deviations (RSD) varied between 0.62 for 2,4-

dimethylpentane and 36.6 for isobutane.   

Figure 3.11 shows concentration variation for BTEX compounds during precision 

analysis. Except benzene, all the compounds showed an increase during second 

analysis and started to decrease at third analysis. For BTEX compounds, precision 

values were calculated to be between 3.69 and 16.71 percent for Canister 1, 0.54 and 

17 percent for Canister 2, 5.88 and 23.33 percent for Canister 3 and 0.11 and 4.96 
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percent for Canister 4. Precision values were lower than 25%, the acceptable limit 

value. 

Benzene

Day 1 Day 2 Day 3

C
on

ce
nt

ra
ti

on
 (

m
g/

m
3 )

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Sample 1 

Sample 2 

Sample 3 

Sample 4 

Ethylbenzene

Day 1 Day 2 Day 3

C
on

ce
nt

ra
ti

on
 (

m
g/

m
3 )

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

m,p-Xylene

Day 1 Day 2 Day 3

C
on

ce
nt

ra
ti

on
 (

m
g/

m
3 )

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Toluene

Day 1 Day 2 Day 3

C
on

ce
nt

ra
ti

on
 (

m
g/

m
3 )

0

1

2

3

4

 

Figure 3.10 Precision of sampling kit 

 

3.5.2.7 Standard Gas Analysis 

In order to check the stability of the calibration, standard gas analysis was performed 

between analyses. For the calibration check, 500 ml of standard gas was analyzed and 

results were compared with previous analyses. According to EPA Method 8000b, RSD 

values between responses should be less than 20%. Otherwise, calibration should be 

repeated (U.S.EPA, 1996). Due to the observation of concentration differences 

between analyses, new calibration was made in June, 2014. After the new calibration, 

calibration check results were similar.  

Table 3.7 shows the standard deviation and relative standard deviation results of 

calibration check analyses. SD values vary between 0.192 – 14.380 for benzene and 

m,p-xylene compounds. For RSD values, minimum value was calculated for benzene 

and maximum value was calculated for styrene compounds with a range of 0.426 – 

28.604. Only RSD of styrene compound was above the 20% limit. According to EPA 

Method 8000b, calibration can still be accepted valid as long as the mean of the RSD 
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values for all analytes is less than 20% (U.S.EPA, 1996). The mean of RSD values in 

Table 3.7 was calculated as 6.5. Therefore, new calibration was not needed 
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Figure 3.11 Precision of analysis for BTEX compounds 
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Table 3.7 Calibration check results 

Compound  Standard deviation  Relative Standard Deviation 

Ethane 0.987 2.911 

Ethylene 1.933 5.742 

Propane 1.272 6.084 

Propylene  1.603 4.968 

Isobutane 1.642 5.180 

Acetylene  1.346 8.764 

Trans - 2 - Butene 1.472 5.158 

1-Butene 1.012 3.349 

Cis-2-Butene 0.212 6.208 

Cyclopentane 1.027 3.346 

Isopentane  2.687 4.907 

n - Pentane 2.811 3.827 

Trans - 2 - Pentene 1.167 3.381 

1-Pentene 1.040 3.060 

Cis-2- Pentene 1.152 3.201 

2,2-Dimethylbutane 1.475 3.040 

2,3- Dimethylbutane 1.487 3.148 

2-Methylpentane 2.038 3.903 

3-Methylpentane 1.711 3.808 

Isoprene 0.883 2.624 

n-Hexane 0.234 0.435 

2,4-Dimethylpentane 1.971 1.895 

Benzene 0.192 0.426 

Cyclohexane 0.642 1.702 

2-Methyhexane 2.185 3.706 

2,3-Dimethylpentane 3.169 5.171 

3-Methylhexane 2.803 4.791 

2,2,4-Trimethylpentane 3.334 5.293 

n-Heptane 3.129 5.428 

Methylcyclohexane 2.810 5.190 

2,3,4-Trimethylpentane 3.184 5.316 

Toluene 4.773 9.417 

2-Methylheptane 3.897 5.808 

3-Methylheptane 4.585 7.385 

n-Octane 5.068 9.145 

Ethylbenzene 6.552 14.798 

m-Xylene 14.380 14.911 

Styrene 4.701 28.604 

o-Xylene 6.666 12.997 

Nonane 4.616 7.381 

Isopropylbenzene 4.462 8.340 

n-Propylbenzene 5.236 14.483 

m-Ethyltoluene  4.862 14.650 

1,3,5-Trimethylbenzene 2.327 5.316 

o-Ethyltoluene  0.433 0.691 

1,2,4-Trimethylbenzene 6.367 12.939 

n-Decane 9.402 11.423 

1,2,3-Trimethylbenzene 2.509 6.670 

m-Diethylbenzene 2.670 10.312 

n-Undecane 1.864 4.949 

n-Dodecane 0.872 5.705 
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3.5.3 Data Set QA/QC Procedure 

For the evaluation of the quality of the data set produced during field measurements, 

a three-step data quality assurance/quality control procedure was followed (Kuntasal, 

2005; Yurdakul, 2014). As a part of this three-step procedure, time series plots, scatter 

plot matrices and fingerprint plots were created.  Outliers and data entry errors were 

checked according to these plots.  

3.5.3.1 Time Series Plots 

Time series plots were created for each compound over the whole data set (Figure 

3.12). Plots were analyzed for sudden increases and decreases in concentrations. Those 

peaks with sudden increases or decreases were considered as possible outliers and 

related chromatograms were reanalyzed for errors in peak identification and/or 

quantification.   

 

Figure 3.12 Time series plots for BTEX compounds 
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3.5.3.2 Scatter Plot Matrices 

Scatter plot matrices were plotted in order to determine the correlation between groups 

of compounds. The compounds with common source profiles were plotted together by 

SPSS 22. Figure 3.13 is an example plot for traffic related BTEX compounds. 

According to the scatter plots obtained by plotting compound concentrations, possible 

outliers were identified and related chromatograms were reanalyzed for errors.  

Figure 3.13 Scatter plot matrices of concentrations for BTEX compounds 

 

3.5.3.3 Fingerprint Plots 

Similarly, fingerprint plots were used to determine possible outliers in the data. 

Additionally, they are a good indicator of the composition of the samples (Yurdakul, 

2014). Therefore, fingerprint plots were created for each daily sample and used to 
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determine abrupt increases and decreases in the samples (Figure 3.14). Data with 

possible errors were crosschecked with time series plots and scatter plot matrices.  

 

Figure 3.14 Fingerprint plots for two consecutive daily samples 

 

3.6  Factor Analysis (FA) 

In this study, FA was run in two steps with the use of Factor Analysis property of 

STATGRAPHICS statistical software. In the first step, all VOCs with missing data     

< 20% were included in FA exercise. 217 samples and 41 VOCs were included in first 

run of FA.  VOCs, which were not included in FA exercise due to too many missing 

points, were cis-2-pentene, 2,3-dimethylpentane, 2,2,4-trimethylpentane, 2,3,4-

trimethylpentane, styrene, isopropylbenzene, n-propylbenzene, m-ethyltoluene, 1,2,4-

trimethylbenzene, n-decane, p-diethylbenzene. 

Missing points in data set were due to two reasons.  Some of them were below 

detection limit values and these missing data were filled in with half of the detection 

limit of that particular VOC.  The other group of missing points were due to VOC 
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concentrations that were less than blank values of that VOC.  Similarly, less than blank 

values were replaced by half of the blank value of that VOC. 

After filling missing values, first FA run was performed with 220 samples and 41 

VOCs.  Seven factors with eigenvalues > 1.0 were extracted after Varimax rotation.  

Eight VOCs (undecane, 1-pentene, o-ethyltoluene, methylcyclohexane, cis-2-butene, 

ethane, isoprene, 2,3-trimethylbenzene) were removed from the second FA run, 

because they had too small communalities. 

Factor scores in some of the samples were too high.  Since samples with very high 

scores have very strong impact on composition of factors these samples had to be 

removed from data set.  Forty-three samples with factor scores > 7.0 (of any factor) 

were excluded from second run.  In this way, second FA run was performed with 177 

samples and 33 VOCs. 

In the second FA run, nine factors with eigenvalues > 1.0 (Kaiser Criterion) (Civan et 

al., 2011; Rourke and Hatcher, 2013; Liu et al., 2014) were extracted after Varimax 

rotation.  . 
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CHAPTER 4 

 

 

 RESULTS AND DISCUSSIONS 

 

 

 

4.1 Data Set 

In this study, 55 light non-methane PAMS hydrocarbons with carbon numbers C2 – 

C12 were monitored. In Table 4.1, summary statistics including mean, median, and data 

ranges, geometric mean, occurrence percentages, N values and percentile values (25th, 

50th, 75th and 90th) of measured VOCs are provided in Table 4.1. Mean concentrations 

ranged between 0.04 µg m-3 for cis-2-pentene and 10.30 µg m-3 for toluene compounds. 

Similarly, median concentrations also ranged between cis-2-pentene and toluene 

compounds with concentrations of 0.06 µg m-3 and 13.84 µg m-3, respectively. Average 

and median benzene concentrations were 1.49 µg m-3 and 1.74 µg m-3, respectively. 

These values are below the annual concentration limit of 5 µg m-3 that is set for 

benzene in the atmosphere (European Commission, 2008; MoEU, 2008).  

The N value represents the total number of samples in which each compound was 

measured. In a similar way, occurrences column give the percent occurrence of each 

compound in the total number of samples collected. Data capture rates of VOCs range 

between 21% for 2,3,4-trimethylpentane and 100% for 11 compounds including 

ethane, ethylene, propane, propylene, isobutane, 1-butane, cyclopentane, benzene, 

toluene, ethylbenzene and p-xylene. Average data capture rate was 88%, with 6 VOCs 

below 60% (cis-2-pentene; 2,3,4-trimethylpentane; isopropylbenzene; 1,2,4-

trimethylbenzene; m-ethyltoluene; 2,2,4-trimethylpentane) and 3 VOCs below 50% 

(cis-2-pentene; 2,2,4-trimethylpentane; 2,3,4-trimethylpentane). Numerical 

deficiencies in data sets are the major shortcoming that limits the reliability of 

statistical tests. Therefore, high data capture rates are a very important indicator of low 

uncertainties in statistical tests.  
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Table 4.1 Summary statistics of VOCs measured in this study 

 Mean Median Geo. Mean Range N Occurrence 25th  50th  75th  90th  

Ethane 4.59 ± 3.49 3.56 3.58 0.0321 - 21.71 217 100.00 2.43 3.56 6.00 8.65 

Ethylene 8.13 ± 8.16 5.28 5.43 0.1416 - 51.12 217 100.00 2.89 5.28 10.44 18.59 

Propane 1.69 ± 1.89 0.99 1.06 0.0775 - 11.57 217 100.00 0.50 0.99 2.00 4.08 

Propylene  3.57 ± 3.47 2.38 2.49 0.1351 - 23.43 217 100.00 1.42 2.38 4.19 7.70 

Isobutane  9.35 ± 9.25 6.14 6.32 0.2976 - 54.90 217 100.00 3.55 6.14 11.56 20.71 

Acetylene 1.21 ± 1.82 0.60 0.62 0.0006 - 16.31 212 97.70 0.32 0.60 1.29 3.02 

Trans - 2 - Butene 0.36 ± 0.27 0.30 0.24 0.0007 - 1.37 210 96.77 0.16 0.30 0.47 0.79 

1 - Butene 0.30 ± 0.28 0.21 0.21 0.0285 - 1.58 217 100.00 0.12 0.21 0.35 0.61 

Cis-2-Butene 5.71 ± 7.61 4.12 3.70 0.0024 - 83.60 214 98.62 2.43 4.12 6.82 10.21 

Cyclopentane 0.19 ± 0.12 0.16 0.15 0.0194 - 0.64 217 100.00 0.10 0.16 0.25 0.36 

Isopentane 3.69 ± 3.01 2.91 2.80 0.0900 - 20.12 216 99.54 1.70 2.91 4.72 6.95 

n - Pentane 0.99 ± 3.40 0.57 0.58 0.0522 - 49.28 216 99.54 0.33 0.57 0.90 1.51 

Trans - 2 - Pentene 0.06 ± 0.10 0.04 0.04 0.0033 - 1.18 178 82.03 0.02 0.04 0.07 0.12 

1 - Pentene 0.14 ± 0.11 0.11 0.10 0.0051 - 0.93 212 97.70 0.06 0.11 0.18 0.26 

Cis-2- Pentene 0.04 ± 0.06 0.03 0.02 0.0021 - 0.30 55 25.35 0.01 0.03 0.04 0.08 

2,2-Dimethylbutane 0.50 ± 0.41 0.39 0.35 0.0005 - 2.78 213 98.16 0.21 0.39 0.71 1.02 

2,3-Dimethylbutane 0.40 ± 0.35 0.34 0.28 0.0029 - 3.15 216 99.54 0.17 0.34 0.53 0.70 

2-Methylpentane 1.27 ± 1.47 0.92 0.91 0.0294 - 17.39 216 99.54 0.54 0.92 1.57 2.30 

3-Methylpentane 0.65 ± 0.56 0.52 0.46 0.0066 - 4.10 215 99.08 0.28 0.52 0.81 1.33 

Isoprene 0.59 ± 1.78 0.35 0.32 0.0109 - 25.70 215 99.08 0.17 0.35 0.63 1.01 

n-Hexane 3.32 ± 5.61 1.86 1.56 0.0038 - 54.89 199 91.71 0.82 1.86 3.87 7.14 

2,4-Dimethylpentane 0.18 ± 0.23 0.13 0.12 0.0030 - 2.69 215 99.08 0.07 0.13 0.21 0.34 

Benzene 1.49 ± 1.74 0.80 0.89 0.0283 - 13.22 217 100.00 0.42 0.80 1.97 3.61 

 

 

Cyclohexane 0.18 ± 0.21 0.11 0.09 0.0006 - 1.46 206 94.93 0.05 0.11 0.23 0.39 

 

 

 

 

 

 

2-Methylhexane 0.26 ± 0.29 0.15 0.12 0.0019 - 1.64 202 93.09 0.05 0.15 0.36 0.69 

 2,3-Dimethylpentane 0.23 ± 0.28 0.15 0.11 0.0009 - 2.43 145 66.82 0.05 0.15 0.31 0.49 
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Table 4.1 (cont’d) 

 Mean Median Geo. Mean Range N Occurrence 25th  50th  75th  90th  

3-Methylhexane 0.85 ± 0.68 0.66 0.57 0.0150 - 3.39 192 88.48 0.32 0.66 1.18 1.85 
2,2,4-Trimethylpentane 0.64 ± 0.67 0.41 0.33 0.0005 - 3.43 114 52.53 0.14 0.41 0.91 1.55 

n-Heptane 0.45 ± 1.01 0.22 0.24 0.0050 - 12.58 212 97.70 0.14 0.22 0.43 0.84 

Methylcyclohexane 0.17 ± 0.32 0.08 0.08 0.0031 - 2.63 191 88.02 0.04 0.08 0.16 0.33 

2,3,4-Trimethylpentane 0.26 ± 0.57 0.05 0.05 0.0028 - 2.74 46 21.20 0.01 0.05 0.16 0.65 

Toluene 10.30 ± 13.84 5.84 6.14 0.5070 - 88.71 217 100.00 3.22 5.84 11.59 21.38 

2-Methylheptane 0.46 ± 0.46 0.33 0.29 0.0018 - 3.34 201 92.63 0.16 0.33 0.56 1.13 

3-Methylheptane 0.11 ± 0.15 0.07 0.06 0.0014 - 0.99 207 95.39 0.03 0.07 0.14 0.25 

n-Octane 0.21 ± 0.23 0.13 0.12 0.0018 - 1.61 214 98.62 0.07 0.13 0.25 0.48 

Ethylbenzene 0.76 ± 0.87 0.50 0.44 0.0067 - 5.71 217 100.00 0.24 0.50 0.92 1.60 

p-Xylene 1.24 ± 1.46 0.71 0.73 0.0144 - 9.09 217 100.00 0.38 0.71 1.58 2.57 

Styrene 0.71 ± 1.28 0.29 0.32 0.0065 - 12.08 170 78.34 0.14 0.29 0.80 1.72 

o-Xylene 0.99 ± 1.32 0.58 0.53 0.0038 - 12.72 216 99.54 0.26 0.58 1.30 2.37 

Nonane 0.29 ± 0.35 0.16 0.15 0.0001 - 2.48 215 99.08 0.07 0.16 0.37 0.71 

Isopropylbenzene 0.18 ± 0.39 0.08 0.08 0.0016 - 3.40 129 59.45 0.04 0.08 0.14 0.30 

n-Propylbenzene 0.28 ± 0.81 0.11 0.11 0.0047 - 9.31 166 76.50 0.04 0.11 0.23 0.47 

m-Ethyltoluene  0.31 ± 0.31 0.21 0.19 0.0027 - 1.62 127 58.53 0.12 0.21 0.37 0.70 

1,3,5-Trimethylbenzene 0.77 ± 0.71 0.57 0.47 0.0096 - 3.84 212 97.70 0.21 0.57 1.05 1.81 

o-Ethyltoluene  0.40 ± 0.79 0.13 0.13 0.0037 - 5.81 175 80.65 0.05 0.13 0.39 0.78 

1,2,4-Trimethylbenzene 1.10 ± 1.30 0.54 0.55 0.0019 - 5.45 92 42.40 0.25 0.54 1.54 2.71 

n-Decane 0.84 ± 1.08 0.48 0.38 0.0017 - 5.01 158 72.81 0.14 0.48 0.95 2.25 

1,2,3-Trimethylbenzene 3.09 ± 2.99 2.14 1.81 0.0709 - 15.71 213 98.16 0.78 2.14 4.51 6.68 

p-Diethylbenzene  1.24 ± 1.51 0.64 0.58 0.0092 - 7.55 132 60.83 0.23 0.64 1.71 3.06 

n-Undecane 3.33 ± 6.12 1.63 1.09 0.0103 - 54.78 193 88.94 0.26 1.63 3.86 8.13 

n-Dodecane 7.76 ± 11.11 5.56 2.97 0.0021 - 116.79 176 81.11 0.98 5.56 10.50 16.56 
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In environmental data, pollutant concentrations generally do not show a symmetrical 

(Gaussian) distribution (Limpert et al., 2001). Therefore, statistical values such as 

arithmetic mean and arithmetic standard deviation should be used carefully. 

Frequency distributions were prepared for all of the VOCs that were measured in the 

study. Chi-square test was applied to test the goodness of fit of these frequencies to 

log-normal and Gaussian distribution with 95% confidence. Frequency distributions 

of selected VOCs are provided in Figure 4.1. These VOCs were selected in order to 

show the different distribution types observed in the data set. All of the compounds 

show a right-skewed distribution. However, not all of the right-skewed distributions 

were lognormal. In Figure 4.1, toluene and benzene, although benzene did not satisfy 

the 95% confidence criteria, show log-normal distribution. However, remaining VOCs 

in the figure show right-skewed but non-log-normal distributions such as Weibull (3-

methylhexane), log-logistic (2,4-dimethylpentane), Birnbaum-Saunders (1,2,3-

trimethylbenzene) and gamma (2,2-dimethylbutane). This result was observed not 

only for these compounds but for all the VOCs that were measured. These frequency 

distributions show that parameters such as arithmetic mean and arithmetic standard 

deviation do not represent the data very well. Hence, use of median or geometric mean 

instead will be more appropriate.  

Most of the tests that are in use today are based on the assumption of Gaussian 

distribution. For example, if two data sets are compared by using Student’s t-test, it 

would mean that the data sets are assumed to be symmetrically distributed. However, 

as can be seen from Figure 4.1, for most of the VOCs this is not the case. Consequently, 

statistical test that will be applied to log-normally distributed data should be “non-

parametric”. However, not all the tests that are in use have a “non-parametric” 

counterpart. Some researchers suggest taking the logarithm of all data, so that a log-

normally distributed data set is converted into one that has Gaussian distribution.  

Although these are theoretically true, in reality tests that are suitable for Gaussian 

distribution are also applied on right-skewed data sets. Studies conducted until today 

show that there is no significant difference in the results (Singh et al., 1997; Hoeksema, 

2007).  

Hence, in this study, statistical tests were applied to the data set without doing log-

transformation.  
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Figure 4.1 Frequency distributions of selected VOCS 
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Summary statistics of measured VOCs are provided in Table 4.1. There are some 

points that should be mentioned on the table which are the result of right-skewed 

distribution of the data. As can be seen from the table, standard deviation values are 

very high. Relative standard deviations (RSD) range between 63% and 340%. The 

average of RSD values of all the VOCs is 135%. RSD values this high is the 

consequence of right-skewed data (non-Gaussian distribution). 

Similarly, higher mean concentrations than median values indicate a right-skewed 

distribution. Mean/median concentration ratios that are calculated for VOCs range 

between 1.2 and 5.2 with an average of 1.7. This also shows that average values do not 

represent the data completely for all VOCs. Therefore, for the comparisons and other 

statistical tests in the rest of the study, median values will be used instead of mean 

values.  

4.2 Comparison of VOC Concentrations with Concentrations from Other 

Studies 

For comparison of the data with literature, a four-stage comparison method was 

followed. Compounds and the pollution sources that they represent are provided in 

Table 4.2 and comparisons were made accordingly. At the first stage, VOC 

concentrations measured at METU campus were compared with the concentrations 

measured at Ankara city center (Ankara University – Faculty of Agriculture). Since 

measurements were concurrent at both sampling sites, this comparison is very 

important for the observation of concentration differences between the city center and 

the suburbs.  

At the second stage, results of this study were compared with the results of two 

different studies that were conducted in Ankara in previous years. This comparison is 

substantial since it allows us to see the changes in VOC concentrations in Ankara 

atmosphere with time. Moreover, the fact that the samples of all of these studies were 

collected at METU campus and analyzed according to the same methodology makes 

this comparison more realistic and credible. 

At the third stage, the results obtained in this study were compared with the results of 

some of the studies that were conducted at various cities around Turkey. At the final 

stage, the measurement results of this study were compared with similar studies 

directed at various regions around the world. 
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Table 4.2 VOCs as markers of different sources 

Compound Compound Sources 

Ethane gasoline1,2 evaporative1 biomass and coal burning1,2 LPG2 natural gas leak2 

Ethylene gasoline1 evaporative1,2 biomass and coal burning1,2 internal combustion2  

Propane vehicle exhaust1,2,4 LPG1,2 biomass and coal burning1,2 Natural gas leak2 diesel exhaust5 

Propylene  gasoline1 evaporative1 biomass and coal burning1,2   

Isobutane - n-butane gasoline1 evaporative1 gasoline evaporation2   

Acetylene  exhaust1 gasoline1,2 evaporative1 biomass and coal burning1,2  

Trans - 2 - Butene gasoline evaporation2 evaporative2 vehicle exhaust4   

1 - Butene LPG6 Natural gas6    

Cis-2-Butene vehicle exhaust4     

Cyclopentane solvent2 gasoline evaporation2    

Isopentane  solvent evaporation2 gasoline exhaust7 gasoline evaporation4   

n - Pentane traffic8 gasoline evaporation2    

Trans - 2 - Pentene gasoline evaporation6     

1 - Pentene LPG6 natural gas6 vehicle exhaust4 oil pyrolysis9,10  

Cis-2- Pentene industrial9,10 organic synthesis10    

2,2-Dimethylbutane diesel exhaust6     

2,3-Dimethylbutane evaporative11     

2-Methylpentane gasoline evaporation2 traffic2,12 solvent2   

3-Methylpentane gasoline evaporation2 petroleum production13    

Isoprene biogenic1,7 motor vehicle1,14    

n-Hexane solvent2 vehicle exhaust2    

2,4-Dimethylpentane evaporative11 petroleum production13    

Benzene gasoline1,2,8 solvent1 gasoline evaporation2 coal combustion1,2,3 coating2 

Cyclohexane traffic2 evaporation2    

2-Methylhexane traffic2,8 evaporation2    

2,3-Dimethylpentane traffic8 evaporative11 petroleum production8   

3-Methylhexane solvent2 petroleum production13    

2,2,4-Trimethylpentane industrial8 evaporative11    

n-Heptane gasoline2 petroleum production13 painting12   

Methylcyclohexane industrial8 evaporative8    

2,3,4-Trimethylpentane evaporative11     
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Table 4.2 (cont’d) 

Compound Compound Sources 

Toluene liquid diesel1 gasoline1,2,8 solvent1,2,8 coal combustion1 industrial8 

2-Methylheptane evaporative8 solvent2 petroleum production13   

3-Methylheptane solvent2 petroleum production13    

n-Octane petroleum production13 solvent use13 oil refinery12   

Ethylbenzene traffic 2 coating2 painting2 furnishing12  

m,p-Xylene liquid diesel1 gasoline1,2 evaporative2,8 coal combustion1,2,3 coating2 

Styrene industrial,2 traffic8 solvent1,2 evaporative2  

o-Xylene traffic2 evaporative8 industrial8 coating2 petroleum 

production13 

Nonane liquid diesel1 industrial8 asphalt paving2 diesel exhaust2 evaporative2 

Isopropylbenzene industrial8     

n-Propylbenzene gasoline1,8     

m,p-Ethyltoluene  gasoline1,8 industrial8 evaporative2,8   

1,3,5-Trimethylbenzene gasoline1,8 industrial8 petroleum production13   

o-Ethyltoluene  gasoline1 industrial8 evaporative2   

1,2,4-Trimethylbenzene liquid diesel1 gasoline1,2 oil refinery12 printing15  

n-Decane industrial8 asphalt paving2 diesel2,12   

1,2,3-Trimethylbenzene asphalt paving2 diesel exhaust2    

p-Diethylbenzene  evaporative2     

n-Undecane liquid diesel1 asphalt paving2 diesel2,12 evaporative2  

n-Dodecane asphalt paving2 diesel2,12    

1Kuntasal, 2005; 2Yurdakul, 2014; 3Schauer et al., 2001; 4Cai et al., 2010; 5Pekey and Yılmaz, 2011; 6Doğan, 2013; 7Watson, 2001; 8Civan, 2010;  

9Guo et al., 2004a; 10Zhang, 2013; 11Brown, 2007; 12Liu, 2008; 13Dumanoğlu et al., 2014; 14Borbon et al., 2001; 15Carter, 1994. 
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4.2.1 Comparison of Data with Urban Station Operated in the Same Time 

Period  

Ankara University sampling station and METU sampling station have very different 

characteristics due to the differences in the population around the stations and the 

traffic emissions that they are exposed to. Therefore, measured concentrations were 

not anticipated to be similar to each other. 

Concentrations that were measured at both sites can be seen in Figure 4.2. As was 

expected, METU VOC concentrations were lower than AU concentrations with few 

exceptions. Since the y-axis of the figure is in logarithmic scale, the median 

concentration differences between two stations look very small. However, in a linear 

scale, median concentrations show a bigger difference. This difference can be seen in 

Figure 4.3. In Figure 4.3, the ratios of concentrations measured at AU station to METU 

station are provided for each VOC. For all the VOCs except ethane, 1-pentene, 2-

methylheptane and p-diethylbenzene, AU/METU ratios were greater than 1. 

Therefore, it can be generalized that VOC concentrations in city center are higher than 

concentrations in METU campus. Since the traffic and residential area intensity is 

higher in urban areas and METU station is located away from both such influences, 

this result is expected. 

As can be seen from Figure 4.3, AU/METU concentration ratios show big differences 

for each VOC. For most of the VOCs, ratios ranged between 1.0 and 1.5 while for 

propane, propylene, acetylene, 1-butene, 1,2,4-trimethylbenzene and 1,2,3-

trimethylbenzene, the ratio was above 2.5. This indicates that VOCs have different 

sources, attributing all the measured VOC concentrations to traffic sources would be 

misleading. Another important point is that AU/METU ratios of light hydrocarbons 

are higher and the ratio decreases as we go towards heavy hydrocarbons. This can be 

explained by the proximity of light and heavy hydrocarbon sources to the stations. 

However, since a thorough discussion of the sources will be done in more detail with 

the use of sophisticated multivariate statistical tools in Chapter 4, no further discussion 

will be done here. 
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Figure 4.2 Data generated in this work and at the AU station 
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Figure 4.3 AU/METU ratios 
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AU/METU ratios of propane and propylene were around 3.5. Major sources that 

contribute to the concentration of these compounds in the atmosphere are natural gas 

and LPG emissions (Tang et al., 2008; Cai et al., 2010). Therefore, observing higher 

unburned natural gas and LPG vehicle emissions in urban areas is not uncommon.  

Besides these natural gas source markers, AU/METU ratios of acetylene and isobutane 

were greater than 2.5. These compounds are released as a result of combustion. 

Therefore, they are typically used as exhaust markers (Watson et al., 2001; Song et al., 

2008; Cai et al., 2010). VOCs other than acetylene and isobutane are found in gasoline. 

Therefore, they are released into the atmosphere not just from exhaust emissions but 

from evaporation of gasoline as well. On the other hand, acetylene and isobutane are 

by-products of combustion and can only be released from exhaust emissions.  

Therefore, measuring higher concentrations in AU station for these two compounds is 

not unusual. However, higher AU/METU ratios for these compounds compared to 

other VOCs was not expected. This indicates that measured VOC concentrations are 

not dominated by traffic emissions and sources other than traffic play a crucial role for 

other VOCs except exhaust markers.  

Average AU/METU ratio was 1.7 ± 0.6 (with a median of 1.6). This can be thought as 

the average VOC difference between the university and the suburbs of the city due to 

the intensity of traffic and residential areas.  

4.2.2 Comparison of Data Generated in This Work with Earlier Studies in 

Ankara 

Three previous studies have been carried out in Ankara on VOCs concentrations. All 

of these studies were conducted by our air pollution and quality group in the 

Department of Environmental Engineering. First of these studies was the sampling and 

the analysis of VOCs at two different stations (Bahçelievler and METU) in Ankara as 

part of the PhD thesis of Dr. Öznur Kuntsal. VOC samples of this study were collected 

in 2003 (Kuntasal, 2005). Second study was the measurement of VOCs in METU 

campus for six months in 2008 (Yurdakul et al., 2013b). Although the aim of this study 

was the determination of uptake rates for passive sampling of VOCs, VOC data 

through active sampling were also generated. This data was also used for comparison. 

As can be seen, there are five years between each study that were carried out at the 

same sampling location. As a result, it is thought that this time period between the 
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studies will provide knowledge on the changes in the VOC concentrations over 12 

years. Median values are used for comparison since they represent the data population 

better in log-normal distributions. 

Results of all three studies are provided in Figure 4.4. As clearly seen from the figure, 

VOC concentrations increased between 2008 and 2015. With a few exceptions, VOC 

concentrations were lower in 2008 compared to 2003 measurements and both 2008 

and 2003 measurements are lower than 2015 measurements. Only n-octane 

concentrations of 2003 are higher than 2015 values. Since there is no other significant 

source of VOCs in METU campus, increase in concentrations is most likely to have 

resulted from increase in the number of vehicles in traffic.  

Number of samples taken during each study are provided in the Figure 4.4. 2003 

sample numbers are lower compared to other studies. According to Kuntasal (2005), 

benzene concentrations should be decreased until 2007 as a result of the regulation that 

came into force in 2004 on gasoline diesel fuel quality. Hence, lower benzene 

concentration measured in 2008 study might be the result of this emission control 

strategy. Moreover, samples were collected for 11 days in summer and 28 days in 

winter while the 2008 study represents a 6-month period. Higher concentrations in 

2003 can be explained by the low number of samples collected compared to the 2008 

study.   

In Figure 4.4, increases in the concentrations indicate that the number of vehicles in 

traffic is increasing day by day both in Ankara and in Turkey. This increase in number 

of vehicles not only causes traffic jams and parking lot problems, but also results in an 

increase in emissions. That is why the concentrations measured in 2015 are higher than 

2008 and 2003 measurements.  

The compounds that are listed in Figure 4.4 are mostly traffic-related pollutants with 

other emission sources as well. For example, BTEX compounds (benzene, toluene, 

ethylbenzene and xylenes) are good markers of traffic emissions. Increase in the 

concentrations of traffic-related species show that traffic intensity has increased in the 

campus. Toluene and ethylbenzene are reported to be released from solvent usage 

(Kuntasal, 2005), coating (Yurdakul, 2014) and painting (Liu et al., 2008) along with 

traffic sources. Higher rate of increase in the concentrations of toluene and 

ethylbenzene compared to other BTEX compounds can be explained by an increase in 
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non-traffic emissions of these two compounds in the campus. Isopropylbenzene has 

industrial sources. Similarly, Kuntasal (2005) stated that aromatic compounds are 

generally related to solvent based emission sources. Because, isopropylbenzene can be 

released from solvent emissions, it can be an indicator of increased solvent use in the 

campus or it can be an indicator of nearby industrial use. 2003 octane concentrations 

are higher compared to 2008 and 2015 concentrations. Octane is reported to be 

releasing from petroleum production related evaporation and solvent use (Dumanoglu 

et al., 2014). Increase in the concentration of octane might be due to solvent usage or 

due to low number of samples collected in 2003; if this high concentration was due to 

traffic-related sources, the same increase should have been observed in other specie 

concentrations as well.  

Using the same sampling location in each study provided the opportunity for this type 

of comparison. Since measured VOC concentrations are dependent on both the 

emission amounts and the proximity of the sampling location to highways, comparison 

between studies with different sampling locations would not provide the same results 

as this comparison does.  
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Figure 4.4 Data generated in this work and in earlier studies in Ankara 
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4.2.3 Comparison of Data Generated in This Work with Corresponding Data 

Generated in Other Cities in Turkey 

Comparison of the VOC concentrations measured in this study with the concentrations 

measured in other cities in Turkey as well as with concentrations in different countries 

may not yield a concrete evaluation since VOC concentrations depend on both the 

emission amounts and the proximity of the sampling location to emissions. As the 

sampling sites in these cities were located at different distances from the roads and 

other sources such as industries, the difference between the measured concentrations 

will indicate this distance between the sampling locations and the emission sources.  

Data generated in this work and the VOC concentrations measured at different cities 

in Turkey are compared in Figure 4.5. Balıkesir, Aliağa METU, Kütahya Urban and 

Bursa studies were carried out by our group. Analysis of the samples from these studies 

were done with the same methodology. Therefore, the data generated in each study 

can be accepted as analytically homogeneous. Aliağa DEU and İzmir studies were 

carried out by the air pollution and quality group of Department of Environmental 

Engineering of Dokuz Eylül University. The group uses a similar sampling and 

analysis methodology with our group in METU. Therefore, the data of these studies 

were generated with a similar methodology that was used in this study.  

Figure 4.5 shows that the concentrations that were measured in this study are generally 

lower than the concentrations measured at other cities. Although this is not true for all 

the VOCs, it is true for most of the parameters that were measured. Especially for the 

heavy hydrocarbons, it can be clearly seen that the concentrations measured in this 

study are lower than in the other studies. Measuring lower concentrations in this study 

compared to the others is the result of the location of the sampling station. Sampling 

station at METU is located 1.4 km away from the nearest road. Although there is local 

traffic in the campus, this is not nearly as high as the traffic load of major roads around 

the campus. Since the sampling sites of the other cities that are used in the comparison 

are not as isolated as the site used in this study, measured concentrations in those sites 

are generally higher than the concentrations measured in this study.  
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Figure 4.5 Data generated in this work and at various cities in Turkey 
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The fact that the heavy hydrocarbon concentrations are significantly lower than the 

other studies can also be attributed to the location of the sampling station. Heavy 

hydrocarbons are released into the atmosphere mostly through diesel-engine vehicles. 

Although the campus traffic around the sampling station of this study also contributes 

to diesel engine exhausts, it is limited to minibuses and the bus services of the 

university. Compared to the intensity of the diesel-engine traffic around the sampling 

stations of the other cities, number of vehicles inside the campus is insignificant.  

4.2.4 Comparison of Data Generated in This Work with Corresponding Data 

Generated for Other Cities around the World 

VOC concentrations that were measured in this study are also compared with the 

results of studies that were carried out in other parts of the world. A brief description 

of the studies that were used for the comparison is provided below to prepare a context 

for comparison: 

 Shangai, China (Cai et al., 2010): 

Samples were collected at the commercial center of Shanghai, China between 

January, 2007 and March, 2010. Sampling took place for 3 hours between 6:00 – 

9:00 A.M with 6L canisters. 8 3-h samples per day were collected between August 

– September, 2009 for the determination of diurnal variations. Analyses of 

collected samples were done with GC-MS. Mean and median values of the 

measured concentrations were reported and mean values were used in this study 

for the comparison.  

 Beijing, China (Song et al., 2008): 

Samples were collected on the roof of a five-story building, 20 meters above the 

ground, located in the campus of Peking University. The sampling area was 

surrounded with roads with heavy traffic. Samples were collected with “dual 

coaxial Teflon line system” between 1 and 27 August, 2005.  Analysis of the 

samples were done with GC-FID/MS. Mean values of the measured concentrations 

were reported in the paper. 
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 Hong Kong, China (Guo et al., 2007): 

C1-C8 VOCs were measured at four different sites with urban, rural and sub-urban 

characteristics. Sampling took place between September, 2002 and August, 2003. 

Samples were collected with canisters once every six days. Collected samples were 

analyzed by GC-FID/MS. Mean concentrations of measured VOCs were reported 

in the paper. 

 Tokyo, Japan (Hoshi et al., 2008): 

Samples were collected in metropolitan area of Tokyo at two different sites: 

roadside (heavy traffic) and urban site (public garden). Sampling took place 

between April, 2003 and March, 2005. Samples were collected monthly for 24 

hours with 6L canisters. Analyses were done with GC/MS and HPLC systems. 

Mean concentrations of measured VOCs were reported in the paper.  

 New Orleans, U.S.A (Chung et al., 2009): 

Samples were collected after Hurricane Katrina at 18 different sites which were 

located away from the local pollution sources. Sampling took place between 

October, 2005 and February, 2006 with different starting dates at each site due to 

conditions after the hurricane. Samples were collected with both canisters and 

organic vapor monitors (OVM) and analyzed by GC/MS. Mean and median values 

of the measured concentrations were reported and mean values were used in this 

study for the comparison. 

 Los Angeles, New York and Washington D.C., U.S.A (Baker et al., 2008): 

Samples were collected at urban locations with well-ventilated areas for five weeks 

every summer between 1999 and 2005. Samples were collected with canisters 

between 10:00 A.M. and 7:00 P.M. For the analysis of the collected samples three 

GC systems were used: GC-MS, GC-ECD and GC-FID. Mean concentrations of 

measured VOCs were reported in the paper for each state.  

 Leeds, London and Liverpool, U.K., (Derwent et al., 2000): 

Samples were collected at 11 urban background areas (near city centers and close 

to residential areas) and 1 rural area during 1996. Sampling was done with GC 

operated in online mode including thermal desorption and cryogenic trapping 
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systems. Sampling devices were located 2 meters above the ground. Mean 

concentrations of measured VOCs were reported in the paper for each state. 

 Munich, Germany (Rappenglück and Fabian, 1998): 

Samples were collected at two urban sites; one is located near an industrial site and 

the other one is located near the main railway station. Sampling of the first site 

took place between September, 30 and October, 10 while for the second site it was 

between October, 18 and October, 24. BTEX compounds were measured with GC-

FID in “in-situ quasi-continuous mode”. Mean and median values of the measured 

concentrations were reported and mean values were used in this study for the 

comparison. 

 Paris, France (Ait-Helal et al., 2014): 

Samples were collected at suburban Paris at two different sites. One of the sites 

was surrounded by fields, houses and industries and the other one was in a garden 

with low traffic. Sampling period was divided into two as summer (July, 2009) and 

winter campaigns (January – February, 2009). Samples were collected by active 

sampling with sorbent cartridges located 4 meters above the ground and analyzed 

by HPLC/UV or GC-FID. Mean concentrations of measured VOCs were reported 

in the paper. 

 Barcelona, Spain (Filella and Peñuelas, 2006): 

Samples were collected and analyzed by PTR-MS system in online mode. 

Sampling site was considered as a semi-urban location and was located in 

Autonoma University. Sampling site is located near a highway and also surrounded 

by large forests. Sampling period was divided into four as December 6-17, 2003; 

March 5-11, 2004; June 19-23, 2004 and October 23-27, 2004 in order to take the 

different meteorological conditions into consideration. Mean concentrations of 

measured VOCs were reported in the paper. 

Unfortunately, unless an extreme result is observed, this kind of comparison is not 

very meaningful due to lack of thorough knowledge on the locations of the sampling 

sites of these studies and their proximity to the pollution sources. It is known that VOC 

concentrations measured in cities are dependent on and change according to the 
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number of diesel and gasoline-engine vehicles in the traffic, newness of the vehicle 

fleet and the population (especially for the VOCs with non-traffic sources).  

Data generated in this study is compared with the measurement results from different 

cities around the world in Figure 4.6. Concentrations measured in this study lay in the 

middle of the range of the concentrations measured in different cities around the world.  

If the same data is coded according to the continents rather than the individual studies, 

a different pattern is observed. The results of coding according to the continents is 

provided in Figure 4.6b. It is seen that the concentrations from studies conducted in 

Asia and Europe are very close to each other. However, the concentrations from North 

American studies are lower than Asian and European studies. This might demonstrate 

that the emission control strategies are not applied with the same intensity at different 

continents. However, as it was stated before, since the measured concentrations are 

extremely dependent on the location of the sampling stations as well as the emission 

amount or the number of vehicles in traffic, this observation can be purely 

coincidental. 

As a part of the PhD thesis of Dr. Öznur Kuntasal, VOC sampling was started in 

Toronto, Canada almost at the same time with our 2003 study in Ankara, Turkey. 

Anticipation was in the direction of measuring higher VOC concentrations in Ankara, 

where there is no emission control, compared to Toronto with strict controls on traffic 

emissions. However, results showed that VOC concentrations were very similar in 

both cities. Vehicle counts that were completed later on showed that the number of 

vehicles in Toronto were 4 times higher than Ankara however. Measurements that 

were carried out in different parts of Turkey showed a similar result. VOC 

concentrations measured in different residential areas in Turkey are very close to the 

concentrations in Europe and the United States. This is mainly due to the lower number 

of vehicles in traffic in Turkey compared to Europe and North America.  
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Figure 4.6 Comparison of VOC concentrations measured in this work with corresponding concentrations measured in other parts of the World  

a) Comparison between cities, b) Comparison between continents. (Note that the same data are used in both figures, only the color coding is 

different.) 
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4.3 Effect of Meteorology on Measured VOC Concentrations 

4.3.1 Meteorological Situation of Ankara during the Study Period 

Knowledge on the meteorological conditions which prevailed during the study period 

and their evaluation is very important for the correct interpretation of the 

concentrations measured. Meteorological parameters such as temperature, wind speed 

and mixing height have profound effects on the concentrations of pollutants (Civan et 

al., 2012; Penrod et al., 2014; Ramsey et al., 2014). Investigation of these parameters 

will be beneficial for the determination of whether the measured concentrations are 

due to pollution episodes or not (Kuntasal, 2005). Therefore, the meteorological 

conditions that prevailed in Ankara during the study period are summarized in this part 

of the thesis. Meteorological parameters were obtained from Etimesgut 

Meteorological Station as it is the closest station to the sampling site.  

Monthly average temperature, wind speed and mixing height data from Etimesgut 

meteorology station during study period are provided in Table 4.3. Within a year, 

average temperatures in Ankara changed between 2.6oC (January) and 25.5oC 

(August). Monthly average minimum temperatures were as low as -2.0oC during 

January and reached its maximum in August with +22oC. Monthly average maximum 

temperatures change between 7.7oC and 28.4oC for January and August, respectively. 

It can be deduced that the summer temperatures during the study period are measured 

to be at the level of typical summer temperatures of Ankara whereas the winter season 

is milder when compared to the typical temperatures.  

Wind speeds ranged between 1.7 m s-1 for January and December, and 2.7 m s-1 for 

May and August. Average wind speed of the whole year is 2.2 m s-1. In meteorology, 

wind speeds less than 1.0 m s-1 are described as “calm” (Kim et al., 2005; Leuchner 

and Rappenglück, 2010). The wind speeds in Ankara are generally low. Low wind 

speeds are expected to affect the compound concentrations via transportation of the 

pollutants which will be homogenously distributed above the city.
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Table 4.3 Meteorological parameters for the study period 

 Temperature  

(oC) 

Wind Speed 

(m s-1) 

Mixing Height 

(m) 

 Avg Min Max Avg Min Max Avg Min Max 

January 2.6 ± 2.8 -2.0 7.7 1.7 ± 0.8 0.6 4.1 364.3 ± 381.5 26.0 1611.0 

February 4.2 ± 3.6 -1.5 8.9 2.1 ± 0.6 0.7 3.6 1015.9 ± 660.1 23.0 5654.0 

March 7.8 ± 2.8 0.6 12.8 2.6 ± 1.2 1.0 5.4 1523.7 ± 1594.5 0.0 6130.0 

April 12.9 ± 3.0 8.4 19.1 2.5 ± 0.9 1.4 5.6 1240.9 ± 829.8 214.0 2740.0 

May 16.3 ± 2.6 11.7 22.8 2.7 ± 0.9 1.3 5.5 1511.4 ± 942.2 8.0 3578.0 

June 19.4 ± 2.8 14.0 24.9 2.3 ± 0.8 1.3 4.2 1869.3 ± 1203.3 69.0 4281.0 

July 25.0 ± 1.9 20.3 28.2 2.6 ± 0.8 1.3 4.3 1825.3 ± 1085.1 179.0 8056.0 

August 25.5 ± 1.6 22.6 28.4 2.7 ± 0.9 1.2 5.1 1923.7 ± 1646.8 90.0 8539.0 

September 18.9 ± 4.4 12.4 26.8 2.2 ± 0.8 0.8 4.0 1285.4 ± 867.4 5.0 2887.0 

October 13.0 ± 2.5 5.3 16.5 1.6 ± 0.9 0.5 4.7 1004.2 ± 1109.6 9.0 7095.0 

November 7.0 ± 2.5 3.2 11.5 1.5 ± 1.0 0.4 3.8 695.0 ± 657.7 15.0 5999.0 

December 5.4 ± 3.0 -0.2 9.0 1.7 ± 0.9 0.6 4.1 1432.5 ± 1511.1 105.0 6285.0 
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This is a typical situation which was observed during the previous studies carried out 

by our group (Genç, 2005; Kuntasal, 2005). Average wind speed that was measured 

between 1999 and 2000, during the study of Genç (2005), was reported to be 2 m s-1. 

Similarly, average annual wind speed was reported to be 2 m s-1 in 2003, during the 

study of Kuntasal (2005).  

Wind speed data were obtained from two different meteorological stations: Etimesgut 

and Ankara Meteorological Station in Keçiören. Annual, winter and summer wind 

roses for both of the stations are provided in Figure 4.7. In Etimesgut Station, dominant 

wind is from west (W) and north-west (NW) direction 50% of the time. Frequency of 

wind flows from the other directions is 15%. There is no major difference between the 

summer and the winter wind frequencies and the directions. Wind distribution is 

important as it determines the transport of the VOCs measured. Transport of the 

compounds will be discussed in section 4.3.5 in detail. 

Keçiören Meteorological Station shows a very different wind distribution than 

Etimesgut. Dominant wind direction is between NNE and ENE. Wind frequency in 

these sectors is around 55% whereas for the other sectors the frequency is 10%.  

Mixing height and ventilation coefficient are very important meteorological 

parameters that should be taken into consideration as well due to their effect on the 

pollutant concentrations. Mixing height is the distance of the layer to the ground level 

in which the emitted pollutants are vertically dispersed and well mixed as a result of 

convection or mechanical turbulence (Seibert, 2000; Schäfer et al., 2006). Low mixing 

height values, along with low ventilation coefficient values, show that the atmosphere 

is stable and the vertical movement of the compounds is limited. This is expected to 

result in higher pollutant concentrations. In other words, with the increase in mixing 

height and ventilation coefficient, dilution will increase and the concentrations will be 

lower (Buzcu and Fraser, 2006; Majumdar, 2011). 

Hourly mixing height values for this study were calculated from the twice daily mixing 

height values that were obtained from Ministry of Forestry and Water Affairs - 

Directorate General of Meteorology. PCRAMMET, a mixing height program 

developed by U.S.EPA, was used for the hourly mixing height calculations.  
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Figure 4.7 Annual, summer and winter wind roses for Etimesgut (a) and Keçiören (b) Meteorological Stations 
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Ventilation coefficient is the product of mixing height data with the relevant wind 

speed data. For this study, hourly ventilation coefficients were calculated through the 

multiplication of hourly mixing heights with the corresponding wind speeds. 

Ventilation coefficient is important as it gives information on the assimilative and 

ventilation capacity of the atmosphere (Lu et al., 2012). It also has an effect on the 

dilution of the pollutant concentrations in the atmosphere and takes role during the 

removal of the compounds from the air (Lu et al., 2012). As it was stated before, high 

ventilation coefficients together with high mixing heights dilute and hence lower the 

specie concentrations in the atmosphere.  

Diurnal and seasonal variations of mixing height and related ventilation coefficient 

values are provided in Figure 4.8. Minimum mixing height value was measured during 

winter months as 364 m in January. In summer months, it increased above 2000 m. In 

the previous studies within our group, mixing height was calculated to be around 4500 

m (Genc et al., 2010).  Mixing height values for this study is lower than the previous 

studies. This shows that the concentrations measured in this study will be higher than 

the expected values due to meteorological conditions. Similarly, minimum and 

maximum ventilation coefficient values are measured to be 1000 m2 s-1 in January for 

winter season and 6000 m2 s-1 in August for summer season, respectively. Yurdakul 

(2014) stated that ventilation coefficient values between 0 and 2000 m2 s-1 indicate 

poor, values in the range of 2001 – 4000 m2 s-1 indicate fair, and values between 4001 

and 6000 m2 s-1 represent good ventilation conditions. According to this definition, 

ventilation capacity is “poor” during January and February, “fair” between February 

and May, “good” between May and August, and show a decrease until October with 

an improvement in December.  

Both mixing heights and ventilation coefficients increase during noon hours and 

summer months and decrease during night hours and winter months (Figure 4.8). This 

is a typical pattern for mixing height and ventilation coefficients and it is observed not 

only in Ankara but everywhere (Moschonas and Glavas, 2000; Manju et al., 2002; Lu 

et al., 2012). However, although observing higher values in summer and lower values 

in winter is a typical pattern, difference between the summer and winter mixing height 

and ventilation coefficient values during this study period is lower than the expected 

and the measured values in previous studies in our group. This difference should and 
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will be taken into consideration during the discussion of the seasonal variations of 

VOC concentrations.  

Mixing height and ventilation coefficients show almost an identical diurnal pattern 

with lower values at night-time and higher values in day-time. This is a typical and 

expected pattern (Manju et al., 2002; Filella and Peñuelas, 2006). Both of the 

parameters reach their highest value at around 3:00 P.M. At this hour, mixing height 

is around 2000 m. However, the rate of increase is not the same. Mixing height 

increases at a higher rate than ventilation coefficient during morning hours and 

decreases at a lower rate after 6:00 P.M. The main reason for this difference in the 

rates of increase and decrease is the change in wind speeds during the day. 

 

Figure 4.8 Diurnal (a) and seasonal (b) variations of mixing height and ventilation 

coefficients 

 

Mixing heights and the ventilation coefficients attain their highest values between 

12:00 P.M. and 5:00 P.M. (Figure 4.8a). Therefore, assuming that the emission 

amounts stay constant, the atmosphere is expected to have its highest assimilative 
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capacity, hence the lowest VOC concentrations, between 12:00 P.M. and 5:00 P.M. 

According to the definition by Yurdakul (2014), ventilation conditions should be 

“poor” in morning hours, “fair” between 10:00 A.M. and 12:00 P.M., and “good” until 

08:00 P.M. with a slight decrease later on.  

For the seasonal variations, mixing height values are lower in winter compared to 

summer values (Figure 4.8b). This is the pattern that is generally observed in literature 

(Moschonas and Glavas, 2000; Filella and Peñuelas, 2006; Genc et al., 2010; Yurdakul 

et al., 2013a). Maximum mixing height (2000 m) and ventilation coefficient (6000 m2 

s-1) values were observed during August. Both parameters start to increase in February 

and August, reach their maximum in August and decrease until the end of the year.  

4.3.2 Effect of Temperature on Measured VOC Concentrations 

Compared to other meteorological parameters, temperature affects the VOC 

concentrations in the atmosphere both directly and indirectly. Its direct effect is 

observed when the concentrations of some of the VOCs increase with the increase in 

the temperatures. As the temperature rises, rate of transfer of the volatile compounds 

to the gaseous state increases. Since VOCs are volatile compounds, concentrations of 

the VOCs that are found in paints, for example, are affected by the temperature 

changes.  

Changes in the VOC concentrations in the atmosphere during winter season is an 

example of the indirect effect of temperatures on the VOC concentrations. During 

winter season, concentrations of VOCs that are resulting from combustion will 

increase as the combustion, or burning, is performed predominantly in winter. As 

opposed to the pattern expected for direct effect of T, here, plotting VOC 

concentrations versus temperature will show a pattern of increasing concentrations as 

the temperatures decrease. Yet, this is merely the indirect effect of temperatures on the 

VOC concentrations rather than its direct effect.   

Temperature affects the concentrations in the atmosphere through its effect on the 

other meteorological parameters as well. For example, wind speeds are higher in 

summer months in Ankara. As the wind speed increases, VOC concentrations 

decrease. Plot of VOC concentrations against temperature would show that the 
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concentrations decrease with the increase in temperatures. In fact, this is an indirect 

effect of temperature on the concentrations through the wind speed.  

Each VOC shows a different pattern with changes in the temperature. Selected VOCs 

depicting various types of behaviors with respect to temperature are given in Figure 

4.9. For majority of the VOCs (35 out of 52) concentrations decrease with an increase 

in temperature. Acetylene, isobutane and benzene compounds that are shown in the 

figure are examples to this pattern. Acetylene and isobutane are the best tracers of 

exhaust emissions (Derwent, 1995; Kuntasal, 2005; Doğan, 2013). Although most of 

the VOCs that were measured in this study are related to traffic emissions, some of 

them have sources other than traffic. A number of VOCs are released into the 

atmosphere through benzene evaporation along with exhaust emissions. Another set 

of VOCs contained in paints are released into the atmosphere through the evaporation 

of surface paints. Since acetylene and isobutane are a byproduct of combustion, they 

are only released from vehicle exhausts. Therefore, all the traffic related VOCs are 

expected to follow the same pattern with isobutane and acetylene with respect to 

temperature changes. Traffic related VOC emissions do not change between summer 

and winter seasons. Although the number of cars in traffic slightly decreases in 

summer, this decrease cannot define the decrease in the concentrations that are shown 

in the figure. This decrease is more of a result of increase in the mixing height and 

ventilation coefficient in summer. In most of the studies, decreases in VOC 

concentrations (or any other pollutant concentrations) are explained by changes in 

mixing height (Pérez-Rial et al., 2010; Cheng et al., 2015; Schleicher et al., 2015). 

Second group of VOCs show an increase in their concentrations in summer months. 

2,2,4-trimethylpentane, 3-methylhexane and 1,2,4-trimethylbenzene in Figure 4.9 are 

examples of this pattern. This type of VOC is emitted to the Ankara atmosphere 

through evaporative emissions. Although it is not shown in the figure, cyclopentane, 

cis-2-pentene and trans-2-butene compounds also show a similar concentration pattern 

with the temperature.  



 

 

 

8
1
 

 

Figure 4.9 Correlation between temperature and VOC concentrations 
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The third and final group of VOCs are those that show high concentrations both at 

very low and very high temperatures. 2-metylhexane, 1,2,3-trimethylbenzene and 

cyclohexane compounds are presented in Figure 4.9 as examples of this situation. 

Although not shown in the figure, o-ethyltoluene, m-ethyltoluene, 1,3,5-

trimethylbenzene, 2,3-dimethylpentane and cyclohexane compounds have shown the 

similar response to the temperature changes. This group of VOCs are emitted from 

traffic during winter season. In summer, as the temperature rises, dominant source of 

these compounds become evaporative emissions rather than traffic.  

4.3.3 Variation of Measured VOC Concentrations with Wind Speed 

Wind speed is one of the most important meteorological parameters that affects VOC 

concentrations in the atmosphere. High wind speeds show that “horizontal ventilation” 

mechanism is active. Hence, the measured VOC concentrations are expected to 

decrease with the increase in the wind speeds. Variation of six of the measured VOC 

concentrations with wind speed is provided in Figure 4.10. As expected, 

concentrations decrease with the increase in the wind speed for majority of the VOCs 

measured (41 out of 52). This pattern is frequently observed in the literature (Harrison 

et al., 2004; Elminir, 2005; Schwarz et al., 2008; Yurdakul, 2014). Isopentane, 2-

methylheptane and benzene compounds from the figure follow this pattern.   Rest of 

the VOCs do not show any systematic change with wind speed. 3-methylhexane, 2,2,4-

trimethylpentane and trans-2-butene are provided as examples of such compounds that 

act independently from wind speed. It was observed that the 14 VOCs having 

concentrations that were independent from wind speed are the compounds that show 

an increase in their concentrations with the increase in temperature. This is attributed 

to the fact that wind speeds are higher in summer months compared to winter wind 

speeds. In this study, average wind speed for winter season was calculated to be 1.86 

± 0.99 m s-1. For summer season, average wind speed increased to 2.5 ± 0.85 m s-1. 

This second group VOCs with evaporative sources have higher concentrations in 

summer months due to the higher temperatures. Since wind speed is also higher in the 

summer, VOC concentrations seem to be increasing with wind speed. However, the 

real reason is the temperature rather than the wind speed.  
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Figure 4.10 Correlation between wind speed and VOC concentrations
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The fact that the wind speeds in Ankara are very close to “calm” winds (wind speed 

<1.0 m s-1) was discussed in previous sections. Due to this situation, investigation of 

the effect of the wind speed on data set is very difficult. This difficulty was 

encountered during previous studies within our group. Due to this situation, wind 

speed figures were replotted with wind speeds >3.0 m s-1 for all VOCs in order to see 

the changes in the concentrations with high wind speeds. However, since the average 

annual wind speed is very low in Ankara, wind speed data with >3.0 m s-1 was not 

enough to make a proper and trustworthy discussion.  

4.3.4  Variation of Measured VOC Concentrations with Mixing Height and 

Ventilation Coefficient 

Mixing height was defined in previous sections as the distance of a layer to the ground 

level in which the emitted pollutants are vertically dispersed and well mixed as a result 

of convection or mechanical turbulence (Seibert, 2000). Similarly, ventilation 

coefficient was defined as the product of mixing height data with the corresponding 

wind speed data. Both of these parameters are used to define the dilution of the 

pollutants in the atmosphere due to vertical ventilation. Concentrations of VOCs (or 

any other compound) are expected to decrease with the increase in both of these 

parameters.  

VOCs that are measured in this study generally follow the definition provided above. 

Majority of the VOCs (40 out of 52) show a decrease in their concentration with the 

mixing height. An example is provided in Figure 4.11 for acetylene and 3-

methylheptane. For the remaining 12 VOCs, concentrations increase with the increase 

in mixing height as it is shown for cyclopentane and 3-methylhexane in the figure. 

VOCs that show an increase in the concentration with the mixing height are found to 

be the same compounds that show increase in concentrations with temperature rise. As 

it was stated before, mixing height is higher during summer. Therefore, these VOCs 

are the ones that dominate summer concentrations due to evaporative emissions.  
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Figure 4.11 Variation of concentrations of selected VOCs with mixing height
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Changes in the VOC concentrations with ventilation coefficient is studied as well. Two 

different patterns were observed for the majority of the compounds that were measured 

within the scope of this study. Examples of these patterns are provided in Figure 4.12. 

Concentrations change in a similar manner that was observed for mixing height.  

Acetylene and 3-methylheptane concentrations decrease with the increase in 

ventilation coefficient while the concentrations of cyclopentane and 3-methylhexane 

increase as the ventilation coefficient increases. These two compounds, cyclopentane 

and 3-methylhexane, have increasing concentrations as temperature increase. As it was 

discussed in section 4.3.2, compounds with this type of a pattern are the ones with 

evaporative emission sources. Therefore, their concentrations seem to be increasing as 

ventilation coefficient increases.  

4.3.5 Variation of Measured Concentrations with Wind Direction 

Relationship between the concentrations and the wind directions that are observed 

during the study period is important as it gives an idea about the source regions, hence 

the sources, of the pollutants. In this study, relationship between the concentrations 

and the wind directions was analyzed in three different ways. First of all, the average 

concentrations of the pollutants in each wind sector (pollution roses) were calculated. 

Secondly, since the wind speeds are very low in Ankara, pollution roses were prepared 

this time with wind speeds >3.0 m s-1. Finally, conditional probability functions (CPF) 

were calculated since the pollution roses that were prepared with average 

concentrations may sometimes be misleading. The fact that the measured average 

concentration of a compound in a wind sector is high does not necessarily mean that 

the contribution of this specific sector to the concentration of this pollutant is also high. 

For example, if wind has blown from the sector in question twice in a year, no matter 

how high the pollutant concentration is, contribution of the sector to the concentrations 

will not be significant.  

 

CPF is calculated with the following equation: 

                                                    𝐶𝑃𝐹 =  
𝑚𝜃

𝑛𝜃
                                                           (3) 
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Figure 4.12 Variation of concentrations of selected VOCs with ventilation coefficient
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mθ represents the number of samples which are above a certain concentration limit and 

fall into wind sector “θ”. nθ represents the total number of samples that fall into the 

wind sector θ (Xie and Berkowitz, 2006; Doğan, 2013). The concentration limit that 

the samples should pass is determined as 60th percentile of all the observations (Doğan, 

2013). As can be understood from the above equation, CPF is a calculation method 

that takes the concentrations and the wind frequencies into consideration. Therefore, 

it will be more representative of the sector contributions compared to only pollution 

roses. 

Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16 and Figure 4.17 show, for BTEX, 

the pollution roses for all wind speeds, pollution roses for wind speeds >3.0 m s-1 and 

conditional probability functions. All the figures show a similar expected pattern. 

Pollution roses for all wind speeds show that there were no significant differences in 

concentrations between sectors. Therefore, it indicates that the pollutant 

concentrations are homogeneously distributed around the sampling station. This type 

of homogeneous distribution was frequently observed in previous studies for all kinds 

of pollutants including VOCs. This type of graphics does not satisfactorily indicate the 

source regions. This is because of the homogeneous distribution of VOCs over Ankara 

in low wind speeds due to diffusion.   

In order to make a more realistic discussion on the pollutant sources, pollution roses 

for wind speeds >3.0 m s-1 were plotted. This pattern for BTEX compounds were 

observed for all the VOCs measured. As can be seen, highest concentrations are 

coming from the direction of S –SW and NNW – ENE. Pollutant concentrations at 

other sectors seem very low compared to the aforementioned sectors. The reason for 

this situation might not be the low pollutant concentrations, but the lack of wind flow 

with wind speed >3.0 m s-1 from these directions during the study period. As data of 

wind speed >3.0 m s-1 is not sufficient, all the pollution rose graphs with high wind 

speeds are identical.  

Conditional probability function (CPF) distributions are not as homogeneous as 

pollution rose distributions. There are differences between wind sectors. However, the 

pattern does not change between different VOCs. For BTEX compounds, 

contributions of W, WSW and ESE sectors are higher than the other sectors. These 

sectors represent the direction of Ümitköy, Eskişehir road and Çankaya, Mamak 
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districts. BTEX includes some good traffic markers (e.g. xylenes). Therefore, sectors 

with high CPF values can be considered as the regions with high traffic contribution. 

However, the effect of the wind frequencies on this pattern should not be disregarded. 

Majority of the VOCs that were measured have a similar pattern with BTEX 

compounds in their relationship to wind directions. However, there are some 

compounds that follow a different pattern. CPF distributions of four of these 

compounds are provided in Figure 4.18. CPF values of trans-2-butane are generally 

higher in south sectors, while the CPF values of cis-2-pentene are higher in WSW 

sector. For 2,3,4-trimethylpentane and isopropylbenzene compounds, CPF values are 

found to be higher in ESE sector and in the sectors with east and west directions, 

respectively. These four compounds have significantly higher concentrations in some 

sectors. However, all the other VOCs are homogeneously distributed between sectors. 

This indicates that these four compounds might have very important emission sources 

in the sectors where their concentrations are significantly higher.  

Pollutant sources will be discussed in detail in following sections. Therefore, no further 

discussions will be made here.  
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Figure 4.13 Pollution rose (µg m-3) and CPF calculated for Benzene
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Figure 4.14 Pollution rose (µg m-3) and CPF calculated for Toluene
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Figure 4.15 Pollution rose (µg m-3) and CPF calculated for Ethylbenzene
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Figure 4.16 Pollution rose (µg m-3) and CPF calculated for m,p-Xylene
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Figure 4.17 Pollution rose (µg m-3) and CPF calculated for o-Xylene
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Figure 4.18 VOCs that have pollution roses, which are different from BTEX wind direction pattern
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4.4 Temporal Variations of VOCs in Ankara Atmosphere 

Investigation of temporal variations of VOC concentrations is a commonly used, 

satisfactory method to evaluate changes in concentrations in the atmosphere with 

elapsing time. This investigation will provide information on the patterns in VOC 

concentrations due to different time periods and the factors that are effective in these 

time periods. 

In this study, temporal variation of VOCs were investigated in three parts: diurnal, 

weekday - weekend and seasonal variations. 

4.4.1 Diurnal Variations 

Hourly measurement of VOCs was conducted at various time periods at METU. 

Summer season hourly measurements were conducted in August, 2014 and winter 

season sampling was conducted between October, 2013 and November, 2013.  During 

discussion of diurnal variation of VOCs, results of these hourly measurements were 

used. Average concentrations measured at each hour were calculated for each 

compound individually and plotted against the hours of the day. Figures prepared for 

a number of VOC compounds can be seen in Figure 4.19, 4.20, 4.21 and 4.22.  

Diurnal variations that are observed in VOC concentrations are a result of the changes 

in emission concentrations and meteorological parameters, such as mixing height and 

wind speed, within the day. Four different patterns of diurnal variations were observed 

in VOC concentrations. Examples of first pattern are given in Figure 4.19 for 

isobutane, acetylene, benzene and 1-pentene. These compounds are vehicle exhaust 

markers (Watson et al., 2001; Parra et al., 2006; Cai et al., 2010). These four 

compounds show a very significant peak in their concentrations in the morning 

between 07:00 A.M. – 11:00 A.M. Concentrations start to decrease after 11:00 A.M 

and start to increase again after 05:00 P.M. This increase is not as significant as the 

increase observed in the morning hours and not in the form of a peak. As can be seen 

from the figures, concentration increase continues until morning hours. Concentrations 

between 12:00 A.M. and 07:00 A.M. are high and almost the same. After 07:00 A.M. 

morning rush hour begins and the concentrations from the rush hours are added onto 

the previous concentrations.  
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Figure 4.19 Diurnal variations in concentrations of selected VOCs (Pattern 1) 
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Although this pattern is very similar to a typical traffic pattern, it cannot be explained 

just by the increases or decreases in the emission concentrations due to increase in the 

traffic before and after working hours. If this was the only factor affecting the 

concentrations, two peaks, one in the morning and one in the afternoon, with similar 

heights should have been observed (Möllmann-Coers et al., 2002; Latif et al., 2014; 

Yurdakul, 2014). However, in the figures provided, second increase in the 

concentrations is rather broad and not like a peak. Therefore, this shows that the diurnal 

variations in the concentrations of these compounds are affected both from the changes 

in the emissions and the changes in mixing height and ventilation coefficients.  

As it was mentioned in Section 4.3.2, mixing height and ventilation coefficients have 

lower values at night-time and higher values during day-time and attain their highest 

values between 12:00 P.M. and 5:00 P.M. Increase in the emissions during rush hours 

and the low mixing height and ventilation coefficients in the morning explain the 

significance of the peak observed in the morning. The reason that the concentration 

observed during the peak is highest during the day can also be explained by this 

situation. Additionally, investigation of the mixing height and ventilation coefficients 

of late afternoon hours show that these two parameters are not as low as the values 

observed in the morning (Figure 4.8). Also, the concentrations observed during these 

hours are not as high as the ones observed in the morning. This is the result of slightly 

higher mixing height and ventilation coefficients in the afternoon compared to 

morning.  

It was mentioned that the concentrations between 12:00 A.M and 07:00 A.M. are 

almost at the same level. Emission amounts are decreased and almost become zero in 

the night hours due to less traffic. However, Figure 4.19 shows that the concentrations 

are not decreasing in parallel with this situation. This can be explained by very low 

mixing height and ventilation coefficient values at night. With lower values in these 

two parameters, dilution is decreased and concentrations remain high.  

Second type of diurnal pattern is observed for trans-2-butene and decane (Figure 4.20). 

Decane is associated with solvent use (Watson et al., 2001; Badol et al., 2008b; 

Dumanoglu et al., 2014), vehicle exhaust (Watson et al., 2001; Liu et al., 2008; Pekey 

and Yılmaz, 2011), especially diesel vehicle exhausts (Civan et al., 2011) and 

asphalting operations (Liu et al., 2008; Yurdakul, 2014) in the literature.  Trans-2-
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butene is associated with vehicle exhaust (Cai et al., 2010) and gasoline evaporation 

(Schauer et al., 1996; Yurdakul, 2014). Although these compounds are mostly 

associated with traffic related sources, the observed pattern in this study does not 

represent traffic diurnal variation. This indicates that the majority of the emissions of 

these compounds are due to non-traffic sources.  

 

 

Figure 4.20 Diurnal variations in concentrations of selected VOCs (Pattern 2) 

 

Third type of diurnal pattern is observed for 3-methylpentane and 2-methylhexane 

(Figure 4.21). 3-methylpentane is released from petroleum product emissions (Badol 

et al., 2008a; Dumanoglu et al., 2014). Chang et al., (2006) found that 3-methylpentane 

and 2-methylhexane are mostly released from incomplete combustion, gasoline 
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evaporation and refineries. They also found that these two compounds show good 

correlation with each other and BTEX compounds. Although 3-methylpentane and 2-

methylhexane show the morning rush hour peak as in traffic pattern, concentrations do 

not decrease later in the day and do not show the expected second peak in the late 

afternoon hours.  

 

 

Figure 4.21 Diurnal variation in concentrations of selected VOCs (Pattern 3) 

 

Final type of diurnal pattern is observed for 1,2,4-trimethylbenzene and p-

diethylbenzene compounds (Figure 4.22).  1,2,4-trimethylbenzene is associated with 

vehicle exhausts (Badol et al., 2008a; Liu et al., 2008; Civan et al., 2011; Dumanoglu 

et al., 2014). p-diethylbenzene (1,4-diethylbenzene) is described as a solvent source 
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(Kuntasal, 2005) and was part of a factor representing diesel exhausts (Civan et al., 

2011). These two compounds show a very different pattern. Concentrations are high 

between 12:00 A.M – 12:00 P.M and start to decrease gradually. Lowest 

concentrations are observed between 8:00 A.M and 02:00 P.M. These different 

patterns for mostly traffic related compounds can be resulting from meteorological 

effects, photochemistry and non-traffic sources (Yurdakul, 2014). More in depth 

evaluations regarding the sources of these compounds will be made in Chapter 4 under 

Factor Analysis. 

 

 

Figure 4.22 Diurnal variations in concentrations of selected VOCs (Pattern 4) 
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4.4.2 Weekday – Weekend Variations 

Weekday (WD) and weekend (WE) variations of measured VOCs are provided in 

Figure 4.23. For most of the VOCs WD/WE ratios are greater than 1 (40 out of 52 

VOCs). VOCs that have WD/WE ratios less than 1 are 1,2,4-trimethylbenzene, n-

decane, undecane, ethane and 2,3-Dimethylpentane compounds. Minimum WD/WE 

ratio is observed for 2,3-Dimethylpentane with a ratio of 0.8. Remaining 11 

compounds have WD concentrations very close to WE concentrations. These 

compounds are 3-methylhexane, cis-2-pentene, 2,2,4-trimethylpentane, trans-2-

butene, n-octane, isopropylbenzene, cis-2-butene, 1,2,4-trimethylbenzene, n-decane, 

n-undecane and ethane. None of the VOCs had WE concentrations significantly higher 

than WD concentrations.  

WD/WE ratios of traffic markers acetylene, benzene and other BTEX compounds 

ranged between 1.8 and 2.0. These compounds are located at the upper spectrum of 

the figure. For natural gas and LPG source markers, such as propane and propylene, 

WD/WE ratios ranged between 1.3 and 1.4. This is lower than the ratios for traffic 

markers.  

Some VOCs have lower WD/WE ratios compared to VOCs mentioned above. These 

compounds are also associated with traffic related sources. The reason that these 

compounds have lower ratios is that most probably these compounds have emission 

sources other than traffic that are contributing to concentrations measured. Ethylene, 

cyclopentane and 3-methylhexane are some of the compounds following this pattern. 

Ethylene is emitted from biomass and coal burning (Yurdakul, 2014) along with traffic 

related sources. Similarly, cyclopentane and 3-methylhexane are emitted from solvent 

use (Yurdakul, 2014) and petroleum product evaporation (Dumanoglu et al., 2014), 

respectively.  

Propane, n-butane and isobutane are the markers of LPG vehicle emissions (Tsai et al., 

2006; Ho et al., 2009). These three compounds have very similar WD/WE ratios which 

is around 1.4. Taxis form the majority of the vehicles with LPG and the presence of 

taxis in traffic are increased during weekends due to decrease in the number of vehicles 

with other fuel types. Therefore, these LPG markers are expected to be higher in 

weekends compared to weekdays and WD/WE ratios are lower compared to other 

traffic markers.  
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Nonane, n-decane, 1,2,4-trimethylbenzene and n-octane compounds have WD/WE 

ratios of 1.3, 1.0, 0.9 and 1.0, respectively. These VOCs are considered as heavy 

hydrocarbons and they are considered as markers of diesel emissions (Tsai et al., 2006; 

Ho et al., 2009). Calculated WD/WE ratios for these diesel emission markers are very 

low compared to other traffic markers. Considering the WD/WE ratios (1.8 – 2.0) of 

gasoline exhaust markers, it can be deduced that gasoline-fueled vehicle number is 

lower in traffic during weekends compared to weekday. Almost 50% of the gasoline-

fueled vehicles are withdrawn from traffic during weekends. However, number of cars 

with diesel engines, such as trucks, buses and taxis, is not lowered during weekends in 

Ankara. Therefore, weekday and weekends concentrations of these compounds are 

very close to each other and WD/WE ratios are lower compared to other traffic 

markers. 
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Figure 4.23 Weekday and weekend average concentrations of VOCs measured in this study



 

105 

 

4.4.3 Seasonal Variations 

In this section, seasonal variability in VOC concentrations is investigated. 

Investigation of seasonal variations is important as it provides information on the 

sources, transportation and removal of the measured compounds (Tokgöz, 2013; Çelik, 

2014).  

Summer to winter (S/W) ratios of median concentrations of measured VOCs are 

provided in Figure 4.24. Summer season includes April, May, June, July, August and 

September. Winter season includes October, November, December, January, February 

and March. Concentrations in y-axis are given in logarithmic scale and median 

concentrations are used for comparison. Since y-axis is in logarithmic scale, difference 

between summer and winter concentrations look very small. However, S/W ratios 

provide the variation between two seasons. Majority of the compounds have summer 

concentrations that are lower than winter concentrations. 42 compounds had S/W 

ratios lower than 1 (with a range of 0.22 - 0.97). Seven compounds had S/W ratios 

ranging between 1 and 2. These compounds include cyclopentane, cis-2-pentene, 

isoprene, 3-methylhexane, 2,2,4-trimethylpentane, p-diethylbenzene and n-dodecane. 

Trans-2-butene had S/W ratio of 2.21 and 1,2,4-trimethylbenzene had the highest S/W 

ratio with a value of 3.11.    

Summer concentrations of VOCs are expected to be lower than winter concentrations, 

as explained in Section 4.3.4, with respect to the effect of mixing height and ventilation 

coefficient. These two parameters are lower in winter season compared to summer 

values. Low mixing height and ventilation coefficient decrease the assimilative 

capacity of the atmosphere. Additionally, reaction rates of VOCs are increased during 

summer due to increase in solar flux removing VOCs from atmosphere (Lee et al., 

2002). Therefore, concentrations are expected to be higher in winter season even if the 

emissions remain constant (Doğan, 2013). The prevailing meteorological conditions 

during the study period was given in Table 4.3. (Section 4.3.1). Average, minimum 

and maximum values of temperature, wind speed and mixing height for each month 

can be seen from the table. Summer temperatures ranged between 12.9oC (April) and 

25.5oC (August) with an average summer temperature of 19.7oC. For winter season, 

minimum and maximum temperatures were observed as 2.6oC (January) and 13.0oC 

(October), respectively.
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Figure 4.24 Summer-to-winter ratio of measured VOCs
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As seen, winter temperatures are below the minimum temperature observed in summer 

season. Direct and indirect effects of temperature on concentrations were discussed in 

Section 4.3.2. VOC concentrations are expected to be higher in winter as loss of VOCs 

due to temperature is decreased and combustion is increased during winter season.  

Summer season wind speeds ranged between 2.2 m s-1 (September) and 2.7 m s-1 

(August) with an average speed of 2.5 m s-1. For winter season, average wind speed 

was measured to be 1.87 m s-1. Effect of wind speed on concentrations were discussed 

in Section 4.3.3. High wind speeds increase the horizontal ventilation capacity of the 

atmosphere and decrease the measured concentrations. 

For mixing height, summer values ranged between 1240.9 m (April) and 1923.7 m 

(August) with an average of 1609.3 m. In winter, minimum and maximum mixing 

heights were observed to be 364.3 m (January) and 1523.7 m (March) with an average 

of 1005.9 m. Effect of mixing height on concentrations was discussed in Section 4.3.4.  

It was stated that mixing height is higher in summer compared to winter. The 

aforementioned values are consistent with that statement. Average summer and winter 

ventilation coefficients were calculated as 4023.25 m2 s-1 and 1881.0 m2 s-1, 

respectively. According to the definition provided by Yurdakul (2014) in Section 

4.3.1, winter season had poor ventilation whereas summer season had good ventilation 

capacity.  

Concentrations of all the compounds with S/W ratios greater than 1 increase with 

temperature. Trans-2-butene and 1,2,4-trimethylbenzene show the highest rate of 

concentration increase with temperature. These two compounds had the highest S/W 

ratios.  

All of these compounds, except 3-methylhexane and isoprene, had increasing 

concentrations with the increase in wind speeds. Isoprene and 3-methylhexane 

concentrations remained constant as wind speeds increased.  

2,2,4-trimethylpentane, trans-2-butene, cyclopentane, cis-2-pentene, 3-methylhexane 

and 1,2,4-trimethylbenzene had higher concentrations as mixing height values 

increased. Isoprene and n-dodecane concentrations remained constant while p-

diethylbenzene concentrations decreased.   
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Isoprene is a marker of biogenic pollution sources of VOCs. Increase in the isoprene 

concentrations can be explained by the increase in emissions from biogenic sources 

with increase in plant growth and light intensity during summer (Qin et al., 2007). 

Since concentrations of isoprene has increased with temperature and remained 

constant during an increase in mixing height and wind speed, S/W ratio >1 is 

meaningful.  

All the compounds other than isoprene are markers of evaporative sources (Guo et al., 

2004b; Jorquera and Rappenglück, 2004; Kuntasal, 2005; Yurdakul, 2014). And as it 

was mentioned, concentrations of these compounds increase with temperature. 

Increase in the concentrations of evaporative sources with temperature, hence in 

summer, is an expected pattern. Since evaporation decreases in winter, S/W ratios for 

these compounds are higher than 1 compared to other VOCs.  

 

4.5 Results of Factor Analysis 

Variances of VOCs explained by Factor 1 (factor loadings) and monthly average 

values of Factor 1 scores are depicted in Figure 5.1. Factor 1 is heavily weighted by 

ethylene, propane, isobutane, 1-butene, isopentane, benzene, ethylbenzene, m,p-

xylene and o-xylene.  These are all good markers for traffic emissions (Liu et al., 2008; 

Kota et al., 2014; Yu et al., 2014).  

Acetylene and isopentane are combustion products generated in vehicle engine. Since 

these two VOCs do not occur in gasoline and in evaporative emissions from vehicles, 

their presence in a factor clearly indicate that particular factor is associated with 

exhaust emissions from gasoline vehicles (Ho et al., 2009). 

Another point worth noting in Factor 1 is the presence of propane and isobutane in this 

factor.  Although these two VOCs occur in gasoline vehicle exhaust, they are also good 

tracers of LPG fueled vehicles.  Since LPG vehicles do not occur as a separate factor 

in our FA exercise, it is reasonable to assume that LPG fueled vehicle emissions is 

merged into Factor 1. 

Monthly variation of Factor 1 scores are given in Figure 5.1b. Factor 1 scores are high 

in winter months and low during warm season.  Such pattern is observed in many 

studies in literature and it is typical for VOCs with fairly similar emissions in winter 
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and summer seasons.  When emissions in winter and summer seasons do not change 

much, seasonal variations in factor scores associated with that particular source (or a 

particular VOC) is determined by seasonal variations in mixing height and ventilation 

coefficient.  Although factor scores (or concentrations of measured parameters) are 

also affected from other meteorological parameters, such as wind speed, rainfall etc., 

mixing height and ventilation coefficient are the most important parameters as 

discussed previously in the manuscript. Since mixing height and ventilation coefficient 

are low in winter, pollutants are confined to a smaller volume and hence their 

concentrations increase. During summer, on the other hand, mixing height and 

ventilation coefficient are high and pollutants are dispersed in a larger volume. They 

are diluted and concentrations decrease during summer months. 

Since traffic emissions do not change significantly between summer and winter, higher 

Factor 1 scores in Figure 5.1b during winter season can be attributed to seasonal 

variations, as discussed above. Factor 1 accounts for approximately 35% of the system 

variance, which makes this factor by far the most important source of VOCs measured 

in Ankara atmosphere. 
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Factor 2 is heavily loaded with isopentane, 2,2-Dimethylbutane, 2,3-Dimethylbutane, 

2-Methylpentane, 2,4-Dimethylpentane and cyclohexane.  Methylated butanes (Kota 

et al., 2014), isopentane (Kota et al., 2014) and cyclohexane (McCarthy et al., 2013) 

are tracers for evaporative emissions from vehicles. Factor 2 loadings and monthly 

variations of Factor 2 scores are given in Figure 5.2. This factor is identified as 

evaporative losses from gasoline-powered vehicles. 

 

 

 

 

 

 

Figure 4.25 Factor loadings and Factor scores for Factor 1 
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Monthly variation of Factor 2 scores are given in Figure 5.2b. Seasonal variations in 

Factor 2 scores are very similar to seasonal variation of Factor 1 scores.  This is not 

surprising.  Although evaporation source is expected to increase in summer months, 

this is not valid for evaporative emissions from gasoline engines, because magnitude 

of evaporation depends on engine temperature, rather than ambient temperature.  

Factor 2 scores accounts for approximately 12% of the system variance, suggesting 

that evaporative emissions from motor vehicles is an important component of VOCs 

in Ankara atmosphere, particularly in suburban areas. However, its contribution is 

significantly lower than that of exhaust emissions. 

 

 

 

 Figure 4.26 Factor loadings and Factor scores for Factor 2 
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Factor 3 is heavily loaded by trans-2-butene, cyclopentane and 1-pentene.  It also 

includes reasonable loadings of 1-butene and 3-methylhexane.  McCarthy et al., (2013) 

demonstrated clear association of butane, various pentanes and methylated pentanes 

with fuel evaporation factor.  Liu et al., (2008) showed that methylated pentanes and 

butane are highly enriched in gasoline headspace samples.  Based on these arguments, 

Factor 3 is recognized as gasoline evaporation in gas stations. 

Seasonal variation of Factor 3 scores, which is shown in Figure 5.3b, confirms that 

Factor 3 is associated with a temperature dependent process.  Unlike in factors 1 and 

2, Factor 3 scores are high during summer months indicating that emissions from this 

source are significantly high during summer season (please note that if emissions are 

the same in summer and winter or if they are higher in winter, winter scores are 

 

 

Figure 4.27 Factor loadings and Factor scores for Factor 3 
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expected to be higher).  This is consistent with gasoline evaporation source assigned 

to Factor 3. Factor 3 accounts for 7% of the system variance indicating that gasoline 

evaporation is an important component in total VOC mass in Ankara. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28 Factor loadings and Factor scores for Factor 4 

 

Factor loadings and monthly average scores for Factor 4 are given in Figure 5.4. Factor 

4 is heavily loaded with 2-methylhexane, 3-methylhexane, n-dodecane.  It also has fair 

loadings of BTEX compounds and nonane.  This is a typical diesel factor.  Diesel 

emissions are characterized by heavy hydrocarbons, including undecane, decane, 

dodecane (Liu et al., 2008; Ho et al., 2009; McCarthy et al., 2013). Particularly 

dodecane is a good tracer for diesel emissions (Schauer et al., 1996; McCarthy et al., 
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2013). BTEX compounds, which are good tracers for gasoline exhaust also occur in 

diesel emissions in smaller amounts (McCarthy et al., 2013). 

Seasonal variation observed in Factor 4 scores, which is depicted in Figure 5.4b, are 

not exactly same with monthly variation in Factor 1 scores (gasoline emissions).  

Factor 4 scores are higher in summer than factor scores in winter. This implies the 

higher contribution of diesel emissions to total VOC mass in summer. Factor 4 

accounts for approximately 6% of the system variance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Factor loadings and monthly variations of factor scores for Factor 5 are depicted in 

Figure 5.5.  Factor 5 is heavily loaded with n – pentane and trans-2-pentene. It also has 

moderate loadings of n-heptane and n-hexane.  In most FA studies, these VOCs are 

used as indicators of industrial evaporation, because they are used in a number of 

industrial applications (McCarthy et al., 2013; Kota et al., 2014). For example, pentane 

 

 Figure 4.29 Factor loadings and Factor scores for Factor 5 
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is used as an expansion agent in many foam plastics industries. Factor 5 is identified 

as industrial evaporation factor. 

Monthly average Factor 5 scores are presented in Figure 5.5b.  Factor 5 scores are high 

in winter months and decrease to a minimum during summer season.  This pattern is 

similar to seasonal variations observed in Factor 1 scores and suggest similar emissions 

of the source in both summer and winter seasons (or higher emissions in winter).  

Observed pattern is consistent with suggested source for Factor 5 (industrial 

evaporation), because industrial emissions do not change significantly between 

summer and winter.  Factor 5 accounts for approximately 5% of the system variance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.30 Factor loadings and Factor scores for Factor 6 
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Factor 6 loadings and monthly variation of Factor 6 scores are given in Figure 5.6.  

Factor 6 is loaded with toluene, 2-methylheptane and 3-methylheptane.  Toluene is an 

indicator of gasoline exhaust.  But, it is also a good marker for evaporative emissions, 

particularly from paint applications (Liu et al., 2005; Zhang et al., 2011). Yu et al., 

(2014) has also reported association of 3-methylheptane and toluene with coatings in 

buildings and paint.   

Factor 6 scores are high during both summer and winter months. A decrease is 

observed in spring and fall.  High scores in summer season is probably due to increased 

emissions owing to high temperatures in summer.  Unlike in evaporative emissions 

from motor vehicles and industries, emissions from coating material and paints are 

strongly dependent on ambient temperatures.  This factor is identified as surface 

coatings in buildings and emissions from paint applications.  Factor 6 accounts for 

approximately 5% of the system variance. 

Remaining three factors totally account for 9.7% of the system variance.  These are 

minor components in VOC mass in suburban atmosphere in Ankara.  Factors 7, 8 and 

9 were identified as asphalt application, a second solvent use and a styrene weighted 

factor, which was attributed to industrial applications.  

Factor analysis exercise demonstrated that total VOC mass in Ankara atmosphere is a 

four component system.  These four components are: (1) transportation (Factors 1, 2, 

3 and 4), which totally accounts for 60% of the system variance.  (2) Emissions from 

industrial processes (Factors 5 and 9), which accounts for 8% of the system variance, 

(3) emissions from solvent use (Factors 6 and 8), which accounts for approximately 

another 8% of the system variance and finally (4) asphalt application (Factor 7) 

accounting approximately 3.5% of the system variance.   Among these emissions, 

transportation, which includes exhaust emissions, diesel emissions, evaporative 

emissions from motor vehicles and evaporative emissions in gas stations, is the 

dominating source of VOCs in Ankara atmosphere.
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CHAPTER 5 

 

 

                                                CONCLUSION 

 

 

 

5.1 Conclusions 

55 PAMS VOCs were measured daily at a suburban station located in Department of 

Environmental Engineering of Middle East Technical University (METU). Samples 

were collected between January, 2014 and December, 2014 with 6L canisters. Total of 

210 daily samples were collected and samples were analyzed by GC/FID system.  

Mean VOC concentrations ranged between 0.04 µg m-3 for cis-2-pentene and 10.30 µg 

m-3 for toluene. Average benzene concentration is measured to be 1.49 µg m-3, which 

is lower than the annual concentration limit of 5 µg m-3 that is set for benzene in the 

atmosphere. All of the compounds showed right-skewed distribution with different 

distributions such as log-normal, log-logistic, Weibull and gamma.  

Application of Factor Analysis revealed nine factors, hence 9 pollution sources, around 

METU campus. Nine factors accounted for 80% of the system variance. These sources 

were found to be (1) transportation: gasoline vehicle exhaust emissions (Factor 1: 

35%), evaporative losses from gasoline vehicles (Factor 2: 12%), gasoline evaporation 

in gas stations (Factor 3: 7%) and diesel emissions (Factor 4: 6%), (2) industrial 

emissions: industrial evaporation (Factor 5: 5%) and industrial application (Factor 9), 

(3) solvent emissions: surface coatings (Factor 6: 6%) and second solvent use (Factor 

8) and (4) asphalt application (Factor 7: 3.5%). Last three factors, Factor 7, 8 and 9, 

accounted 9.7% of the total system variance. As transportation, or the emissions from 

vehicles and due to vehicle use, covers 60% of the system variance, it is found to be 

the major source of VOCs at METU campus.  
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35 of the VOCs showed decreasing concentrations with the temperature. Acetylene, 

isobutane and benzene are among these compounds. Some of the compounds, such as 

2,2,4-trimethylpentane, 3-methylhexane and 1,2,4-trimethylbenzene, had increasing 

concentrations with increasing temperature. These compounds are emitted from 

evaporative sources. Majority of the VOC concentrations were lowered as wind speed, 

mixing height and ventilation coefficient increased. Other patterns were also observed 

due to the effect of temperature.  

Four different patterns of diurnal variations were observed in VOC concentrations. 

First pattern followed traffic rush-hour with effects of mixing height and ventilation 

coefficient. WD/WE ratios followed the traffic pattern generally. WD/WE ratios of 

some of the traffic markers revealed the presence of sources other than traffic. Diesel 

engine markers nonane, n-decane, 1,2,4-trimethylbenzene and n-octane compounds 

had very low WD/WE ratios compared to other traffic markers, suggesting that 

majority of gasoline-engine vehicles are withdrawn from traffic in WE and diesel 

engine cars dominate. 42 of the measured VOCs had S/W ratios less than 1. Remaining 

9 with S/W greater than 1 found to be markers of evaporative sources. 

Measured VOC concentrations were compared with results from urban station, Ankara 

University (AU) campus, in the city center. METU concentrations were found to be 

lower than AU results with a few exceptions. Higher AU/METU ratios for some VOCs 

showed that there are different sources for these VOCs at each station and traffic 

should not be accepted as the only source. 

Comparison of measured VOC concentrations with previous studies conducted at the 

same sampling station in 2003 and 2008 enabled the observation of changes within a 

12-year period. Comparison revealed an increase in the concentrations suggesting an 

increase in the traffic of the campus as it is the major pollution source.  

METU concentrations were found to be lower compared to other cities around Turkey 

with a few exceptions. Heavy hydrocarbons, emitted from diesel engines, were 

especially lower. Since METU is a relatively isolated site, measuring lower 

concentrations is an expected result. 

Measured concentrations were among the middle ranges of the concentrations from 

other cities around the world. Asia and Europe concentrations were very close to each 

other being higher than North America concentrations. Turkey concentrations are very 
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close to North America and Europe concentrations as number of vehicles are lower in 

Turkey but emission control strategies are more strict in those continents. However, 

having lower concentrations compared to other developed and developing countries 

should not prevent Turkey from focusing further on emissions issue. As number of 

cars will continue to increase with economic development, emissions will surely 

increase and may pass developed country concentrations. Increasing concentrations 

are not merely an indicator of increasing number of cars in traffic or increasing 

industrial activities. It is also an indicator of increasing health risks to current and 

future populations. Assuming that concentrations continue to increase without any 

control, continues exposure to higher pollutant concentrations are more likely to cause 

health problems. Moreover, although some of the compounds are known or expected 

to be carcinogenic, there are no certain decisions about health risks of majority of the 

compounds.  These compounds may have detrimental health effects on long term. 

Even today millions of people are dying due to air pollution related health problems. 

Deaths in China due to air pollution is a known fact. Although not as bad as China, 

with its growing economy and increase in consumerism, emissions in Turkey are and 

will continue to be increasing unless some precautions are taken. Increasing VOC 

concentrations at an isolated area like METU is an indicator of this situation and 

emphasizes the need for actions.  

Therefore, Turkey should improve its regulations to prevent further increase in 

emissions and force their application. Projects to reduce vehicle use and increase 

public transportation should be implemented. Coordination between different 

institutions should be improved and studies as this one should be supported as they 

provide insight on the past, present and future trends on air quality of Turkey.   
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5.2 Recommendations for Future Studies 

In this study, samples were collected with 6L canisters through the use of sampling kit 

obtained from RESTEK Corporation. During sampling period problems were 

encountered due to sampling kits. Sampling was stopped several times until the 

problem is resolved and resulted in the loss of samples. Use of other methods of 

sampling or alternatives to use of sampling kit are recommended.  

 

Canisters with vacuum gages should be preferred as difference between pressure 

readings from canister vacuum gages and sampling kit vacuum gage helps to 

understand if the sampling kit is working properly.  

 

Canister leak checks should not be skipped as leaks might occur after long periods of 

use. Similarly, canister cleaning systems and sampling kits should be cleaned 

periodically to eliminate contamination and sampling problems.  

 

Although samples can be stored in canisters for long periods of time, this should be 

avoided whenever possible since decrease in measured concentrations was observed. 

 

Canisters should be located 2 meters above the ground and should be placed in shelters 

to protect the system from dust particles, rain drops and cold weather. These 

parameters can affect the sampling efficiency.
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