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PREFACE 
The article model adopted by the Faculty of Natural Sciences in terms of the General Rules of 

the North-West University (NWU) has been followed as the research component of this post-

graduate study. This entails that research articles are added into the thesis as they were 

published, submitted or prepared for submission to the specific journals. Therefore, the 

conventional ‘Results and discussions’ chapter was replaced by the respective articles. 

Separate background and motivation (Chapter 1), literature (Chapter 2), experimental (Chapter 

3) and project evaluation chapters (Chapter 7) were included in the thesis, even though some of 

this information had already been summarised in the research articles. This will result in some 

repetition of ideas/similar text in the thesis. The fonts, numbering and layout of Chapters 4 to 6 

(containing the research articles) are also not consistent with the rest of the thesis, since they 

were added in the formats published, submitted or prepared for submission as required by the 

journals. 

Rationale for submitting thesis in article format 

Currently, it is a prerequisite for submitting a PhD thesis at the NWU that one research article is 

submitted to a journal. Many draft articles prepared by post-graduate students are never 

submitted to internationally accredit peer-reviewed journals. Therefore, the author decided to 

submit this PhD thesis in article format to ensure that most of the work is published. At the time 

when this thesis was submitted for examination, one article had already been published in the 

journal Atmospheric Chemistry and Physics, while another paper was submitted and a third 

paper is ready for submission to an ISI-accredited journal. Therefore, the prerequisite of the 

NWU was exceeded. 

Contextualising the articles in the overall storyline 

The topic of this PhD was associated with ambient volatile organic compounds (VOCs). Three 

articles are presented in this thesis, with each focusing on a different aspect related to the topic. 

In the first article (Chapter 4), the author focused on anthropogenic ambient aromatic 

hydrocarbon measurements at Welgegund, South Africa, while the second article (Chapter 5) 

focused on measurements of biogenic volatile organic compounds at Welgegund, i.e. a grazed 

savannah-grassland-agriculture landscape in South Africa. In the third paper (Chapters 6), the 

author performed receptor modelling (source apportionment) and conducted a risk assessment 

study on all the ambient VOCs measured at Welgegund. A summary of the research articles 
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and relevant journal(s) to which they have been submitted to, prepared for, or where they have 

been published, is provided below: 

1. Article I: Jaars, K., Beukes, J.P., van Zyl, P.G., Venter, A.D., Josipovic, M., Pienaar, 

J.J., Vakkari, V., Aaltonen, H., Laakso, H., Kulmala, M., Tiitta, P., Guenther A., Hellen, 

H., Laakso, L., Hakola, H., Ambient aromatic hydrocarbon measurements at 
Welgegund, South Africa. Published in Atmospheric Chemistry and Physics, a 

journal of the European Geosciences Union. (Atmospheric Chemistry and Physics, 14, 

7075–7089, 2014 www.atmos-chem-phys.net/14/7075/2014/ doi:10.5194/acp-14-7075-

2014). The article is presented as the final published version. 

2. Article II: Jaars, K., van Zyl, P.G., Beukes, J.P., Hellen, H., Vakkari, V., Josipovic, M., 

Venter, A.D., Räsänen, M., Knoetze, L., Cilliers, D. P., Siebert, S. J., Kulmala, M., Rinne, 

J., Guenther A., Laakso, L., Hakola, H., Measurements of biogenic volatile organic 
compounds at a grazed savannah-grassland-agriculture landscape in South 
Africa. Submitted to Atmospheric Chemistry and Physics, a journal of the European 

Geosciences Union. The article was formatted according to the guidelines for authors of 

the journal. 

3. Article III: Jaars, K., Vestenius, M., van Zyl, P.G., Beukes, J.P., Hellen, H., Vakkari, V., 

Venter, M., Hakola, H., Receptor modelling and risk assessment of volatile organic 
compounds measured at Welgegund, South Africa. Prepared for Atmospheric 
Chemistry and Physics, a journal of the European Geosciences Union. The article was 

formatted according to the guidelines for authors of the journal. 

Other articles, to which the author contributed as co-author, which were published during the 

duration of this study, but not included for examination purposes, include: 

1. Räsänen, M., Aurela, M., Vakkari, V., Beukes, J. P., Van Zyl, P. G., Josipovic, M., 

Venter, A. D., Jaars, K., Siebert, S. J., Laurila, T., Tuovinen, J.-P., Rinne, J., and 

Laakso, L.: Carbon balance of a grazed savanna grassland ecosystem in South Africa, 

Biogeosciences Discuss., doi:10.5194/bg-2016-268, in review, 2016. 

2. Venter, A.D., Beukes, J.P., van Zyl, P.G., Josipovic, M., Jaars, K., Vakkari, V., Regional 

atmospheric Cr (VI) pollution from the Bushveld Complex, South Africa. Accepted in 

Atmospheric Pollution Research. 2016 

3. Vakkari, V., Tiitta, P., Jaars, K., Croteau, P., Beukes, J.P., Josipovic, M., Kerminen, 

V.M., Kulmala, M., Venter, A.D., Zyl, P.G., and Worsnop, D.R., 2015. Reevaluating the 

contribution of sulfuric acid and the origin of organic compounds in atmospheric 

nanoparticle growth. Geophysical Research Letters, 42(23). 2015 
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ABSTRACT 
Various gaseous and aerosol species that are emitted directly from anthropogenic and biogenic 

sources, as well as secondary formed species, are present and mixed in the giant reactor of the 

atmosphere, where multiple complex chemical and physical interactions occur. The focus of this 

thesis was on volatile organic compounds (VOCs) – these compounds are ubiquitous, ranging 

from strong-smelling monoterpenes and sesquiterpenes emitted from vegetation to various 

anthropogenic VOCs that have been associated with toxicological effects on human health, e.g. 

benzene. It has been estimated that the total VOC emissions globally are approximately 1 300 

Tg C yr-1. Most of these emissions are from terrestrial ecosystems (~1 000 Tg C yr-1), of which 

approximately 50 % consist of isoprene and 15 % of monoterpenes. It is estimated that biogenic 

VOC (BVOC) emissions exceed anthropogenic VOC emissions by eight times. However, in 

highly-industrialised regions, which include parts of South Africa, anthropogenic VOCs (e.g. 

benzene, toluene, ethylbenzene and xylene, combined abbreviated as BTEX) might dominate. 

Once VOCs are emitted, their lifetimes depend on removal processes, such as dispersion, 

transformation, photolysis, wet and dry deposition (including deposition on aerosol particles) or 

oxidation. The chemistry of the atmosphere is strongly influenced by VOCs due to their ability to 

scavenge oxidants such as ozone (O3), hydroxyl radicals (•OH, referred to from here on as OH) 

and nitrate radicals (NO3
•, referred to from here on as NO3). VOCs contribute to net tropospheric 

production and the destruction of O3 through catalytic reactions between oxidised VOC 

derivatives (peroxy radicals) and NO. The oxidation of VOCs produces structurally different 

organic oxygenates, which possess a wide range of properties (e.g. reactivity, volatility and 

aqueous solubility) and different susceptibilities to undergo gas-to-particle conversion. The 

vapour pressures of these new species tend to be lower than their precursor compounds, which 

enables them to condense onto already existing atmospheric particles and thereby contributing 

to secondary organic aerosol (SOA) formation and particle growth processes. Therefore, VOCs 

have an indirect regional influence on cloud condensation nucleus (CCN) budget and on the 

properties of the clouds. In addition to the climatic effects, VOCs and their reaction products are 

increasingly regarded as posing unacceptable risks to human health, as well as to biological 

and physical environments. VOCs also have a secondary impact on human health through their 

participation in the formation of photochemical smog, which is characterised by high 

concentrations of O3 and SOA. 

Despite VOCs playing a significant role in many different atmospheric processes, very few 

papers have been published in the peer-reviewed literature on VOC measurements in South 
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Africa. In an effort to at least partially address this knowledge gap, measurements of 

anthropogenic and biogenic VOCs were conducted at the Welgegund measurement station in 

South Africa, which is situated on a commercial farm in an area regarded as a grazed 

savannah-grassland-agriculture landscape. Welgegund is considered to be a regionally 

representative background site with few local sources, which is impacted by the major source 

regions in the interior of South Africa, i.e. the Bushveld Igneous Complex, the Johannesburg-

Pretoria conurbation, the Mpumalanga Highveld and the Vaal Triangle. The site is also 

frequently affected by air masses passing over a relatively clean western sector. VOC samples 

were collected with an automated sampler on Tenax-TA and Carbopack-B adsorbent tubes with 

a heated inlet to remove O3. Samples were collected twice a week for two hours during daytime 

(11:00 to 13:00 local time, LT) and two hours during night-time (23:00 to 1:00 LT) on Tuesdays 

and Saturdays for a period of more than two years, i.e. through a 13-month sampling campaign 

from February 2011 to February 2012 and a 15-month sampling campaign from December 2013 

to February 2015. Individual VOCs were identified and quantified using a thermal desorption 

instrument, connected to a gas chromatograph and a mass selective detector. 

In this thesis, three research articles are presented, each focusing on a different aspect related 

to the topic. The first article focused on anthropogenic aromatic VOCs, the second paper on 

BVOCs, while the third paper presented a receptor modelling and risk assessment study 

conducted on all the VOCs measured at Welgegund. 

In article one, results indicated that the monthly median (mean) total aromatic hydrocarbon 

concentrations ranged between 0.01 (0.011) and 3.1 (3.2) ppb. Benzene levels did not exceed 

the local air quality standard limit, i.e. annual mean of 1.6 ppb. Toluene was the most abundant 

compound, with an annual median (mean) concentration of 0.63 (0.89) ppb. No statistically 

significant differences in the concentrations measured during daytime and night-time were 

found, and no distinct seasonal patterns were observed. Air mass back trajectory analysis 

indicated that the lack of seasonal cycles could be attributed to patterns determining the origin 

of the air masses sampled. Aromatic hydrocarbon concentrations were in general significantly 

higher in air masses that passed over anthropogenically impacted regions. Inter-compound 

correlations and ratios gave some indications of the possible sources of the different aromatic 

hydrocarbons in the source regions defined in the paper. The highest contribution of aromatic 

hydrocarbon concentrations to ozone formation potential was also observed in plumes passing 

over anthropogenically impacted regions. 

In article two, the annual median concentrations of isoprene, 2-methyl-3-butene-2-ol (MBO), 

monoterpenes and sesquiterpenes (SQT) during the first campaign were 14, 7, 120 and 8 pptv, 

respectively and during the second campaign, 14, 4, 83 and 4 pptv, respectively. The sum of 

the concentration of the monoterpenes, with α-pinene being the most abundant species, was at 
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least an order of magnitude higher than the concentrations of other BVOC species during both 

sampling campaigns, which was also similar to atmospheric monoterpene levels in other 

environments. The highest BVOC concentrations were observed during the wet season, with 

elevated soil moisture also associated with increased BVOC concentrations. However, 

comparisons with measurements conducted at other landscapes in southern Africa and the rest 

of the world that have more woody vegetation indicated that BVOC concentrations were, in 

general, significantly lower. Furthermore, the total BVOC concentrations were an order of 

magnitude lower compared to total aromatic concentrations measured at Welgegund. An 

analysis of concentrations by wind direction indicated that isoprene concentrations were 

relatively higher from the western direction, while wind direction did not indicate any significant 

differences in the concentrations of the other BVOC species. Statistical analysis indicated that 

soil moisture had the most significant impact on atmospheric levels of MBO, monoterpenes and 

SQT concentrations, while temperature had the greatest influence on isoprene levels. The 

combined O3 formation potentials of all the BVOCs measured calculated with MIR coefficients 

during the first and second campaign were 1 162 and 1 022 pptv, respectively. α-Pinene and 

limonene had the highest reaction rates with O3, while isoprene exhibited relatively small 

contributions to the O3 depletion. Limonene, α-pinene and terpinolene had the largest 

contributions to the OH-reactivity of BVOCs measured for all of the months during both 

sampling campaigns. 

In manuscript three, positive matrix factorisation (PMF) analysis was performed on VOC data 

collected at a regional background atmospheric monitoring station affected by the major 

sources in the interior of South Africa in order to conduct a source apportionment study. In 

addition, a risk assessment study was also performed in view of the major source regions 

affecting Welgegund in order to quantify the impacts of anthropogenic VOCs measured at 

Welgegund on human health. PMF analysis revealed ten meaningful factor solutions, of which 

five factors were associated with biogenic emissions and five with anthropogenic sources. Three 

of the biogenic factors were characterised by a specific biogenic species, i.e. isoprene, 

limonene and 2-methyl-3-buten-2-ol (MBO), while the other two biogenic factors comprised 

mixtures of biogenic species with different tracer species. The temporal factor contribution for 

the isoprene, limonene and MBO factors correlated relatively well with the seasonal wet pattern. 

Wind roses indicated that Welgegund was affected by biogenic species from all wind directions 

in the surrounding environment. Two anthropogenic factors were associated with emissions 

from a densely populated anthropogenic source region to the east of Welgegund 

(Johannesburg-Pretoria conurbation and Mpumalanga Highveld) with a large number of 

industrial activities. An anthropogenic factor was also identified that reflected the influence of 

solvents on atmospheric VOC concentrations, while two anthropogenic factors were determined 

that indicated the influence of farming activities in close proximity to Welgegund. A non-cancer 
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(hazard ratios) and cancer-risk (lifetime cancer risks) assessment study conducted for VOCs 

measured at Welgegund in relation to three source regions identified, indicated that the non-

cancerous influence of VOCs measured in the source regions is significantly lower compared to 

the cancerous influence of these species on human health, which poses a significant cancer 

risk. An assessment of the OH reactivity of anthropogenic VOCs indicated that OH reactivity 

was higher for VOCs in air masses passing over a highly industrialised source region, while the 

highest OH reactivity was determined for species for which high ozone formation potential was 

determined in previous studies. 

 

Keywords: Volatile organic compounds (VOCs), aromatic hydrocarbons, biogenic VOCs, BTEX, 

positive matrix factorisation (PMF), health risk assessment, Welgegund 
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CHAPTER 1 

THESIS MOTIVATION, OBJECTIVES AND OVERVIEW 

1.1 INTRODUCTION 

The passing decades have seen environmental politics and decision-making becoming a more 

prominent feature on the socio-political and economic agendas that focus on protecting our health 

and preserving our environment (Panel, 2015). This doctoral thesis is partially motivated by the 

primary legislation governing air quality in South Africa, specifically section 24 of the Constitution, 

which states that everyone has the right to an environment (including ambient air) that is not harmful 

to their health and well-being. In 2004, a new air quality act, the National Environmental 

Management Act: Air Quality Act 39 of 2004 (NEMA: AQA 39, 2004), was promulgated, repealing 

the out-dated Air Pollution Prevention Act 45 of 1965. In line with other environmental quality-related 

legislation, e.g. the Water Act, NEMA: AQA takes the Constitution as its foundation by providing for 

national quality and performance standards. Zunckel et al. (2007) stated that this approach ensures 

the holistic philosophy of air quality management at national, regional and local scales. Despite this, 

according to Laakso et al. (2008), Africa is still one of the least studied continents in terms of 

atmospheric sciences, although it is highly vulnerable to the impacts of air pollution and climate 

change. According to Chutel (2016), South Africa has the third largest economy in Africa after Egypt 

and Nigeria and is known for its diverse anthropogenic emission sources, which include agriculture, 

mining and metallurgical operations, power generation, petrochemical industries, coal dumps, large-

scale biomass combustion (veld and bush fires), household combustion and transportation. 

Various gaseous and aerosol species that are emitted directly from both anthropogenic and 

biogenic sources, as well as secondary formed species, are present and mixed in the giant reactor 

of the atmosphere, where multiple complex chemical and physical interactions occur. The focus of 

this thesis was on organic trace gases whose atmospheric concentrations are at low levels varying 

from some ten parts per billion down to a few parts per trillion. The acronym, VOCs (volatile organic 

compounds), includes a broad spectrum of atmospheric hydrocarbons with different structures and 

functional groups, e.g. terpenoids, alkenes, amines, alcohols, aldehydes and ketones (Kesselmeier 

and Staudt, 1999). VOCs are often defined as organic compounds having 15 or less carbon atoms 

in their structure, whose vapour pressure is over 10 Pa at 25 °C and whose boiling point at 

atmospheric pressure is up to 260 °C (Koppmann, 2007). VOCs are ubiquitous, ranging from the 
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strong-smelling mono- and sesquiterpenes emitted from vegetation (Kesselmeier and Staudt, 1999) 

to compounds that have been associated with toxicological effects on human health, e.g. benzene 

(Aguilera et al., 2007, Durmusoglu et al., 2010, Hellén et al., 2002, Hoque et al., 2008) emitted from 

human activities. As can be seen from Figure 1-1, these gaseous species can be classified 

according to sources thereof as either biogenic VOCs (BVOCs) (e.g. isoprene and monoterpenes) 

or anthropogenic VOCs (e.g. benzene) (Atkinson, 2000, Atkinson and Arey, 2003b). However, 

certain VOCs, e.g. isoprene, can originate from biogenic and anthropogenic sources (Hellén et al., 

2012b, Wagner and Kuttler, 2014). 

Figure 1-1: Schematic diagram of various processes involved in the cycle of atmospheric VOCs, 

which include sources, sinks and atmospheric pathways of VOCs (Koppmann, 2007) 

As is evident from Figure 1-2, ecosystems produce and emit a large number of BVOCs that are 

involved in plant growth and reproduction, as well as acting as defensive compounds, e.g. 

preventing the colonisation of pathogens after wounding, deterring insects or recruiting natural 

enemies of herbivores (Smolander et al., 2014, Dudareva et al., 2006). The BVOC production rate 

in an ecosystem depends on several physical (e.g. temperature, precipitation, moisture, solar 

radiation and CO2 concentration) and biological parameters (e.g. plant species, plant-specific 

emission capacity, phenology, biotic and abiotic stresses, attraction of pollinators) (Smolander et al., 

2014, Dudareva et al., 2006), with typically 0.2 to 10% of the carbon uptake in photosynthesis being 

converted to BVOCs (Kesselmeier et al., 2002). 
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Figure 1-2: An overview of volatile-mediated plant interactions with the surrounding environment 

(Dudareva et al., 2006) 

Guenther (2002) estimated that the total VOC emissions globally to be approximately 1 300 

teragrams of carbon per year (Tg C yr-1, 1 teragram = 1012 g). Most of these emissions are by 

terrestrial ecosystems (~1000 Tg C yr-1), of which approximately 50 % is isoprene and 15 % is 

monoterpenes (Guenther et al., 2012). These estimates are dependent upon several factors, 

including climate, vegetative cover, as well as the emission characteristics of individual species and 

vegetation types within the vegetation cover. According to Lamarque et al. (2010), BVOC emissions 

exceed anthropogenic VOCs by eight times, which are estimated to be approximately 130 Tg C yr-1. 

In view of the afore-mentioned, intensive studies have been conducted to investigate BVOC 

emissions and oxidation processes (Nakashima et al., 2014). However, few such studies have been 

conducted for South Africa, which will be discussed later. Additionally, South Africa is known for its 

diverse anthropogenic activities. Therefore, in contrast to the global trend, the South African 

atmospheric VOC budget could be dominated by the anthropogenic VOC emissions. The estimated 

total BVOC emissions for southern Africa are 80 Tg C yr-1, with isoprene and monoterpenes 

contributing 56 and 7 Tg C yr-1, respectively (Otter et al., 2003). Accoring to Otter et al. (2003) 

woodlands are the dominant vegetation type, covering 23% of southern Africa, and are the largest 

annual source of isoprene (20 Tg C), monoterpenes (3 Tg C), and other BVOCs (4 Tg C). It is 

estimated that the main anthropogenic sources of VOCs globally are the production and use of 
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fossil fuels (77.4 Tg C yr-1), industrial processes, e.g. paints, adhesives and pharmaceuticals 

(26.7 Tg C yr-1), biofuel combustion, e.g. electrical power generation (30 Tg C yr-1) and waste 

management (2.7 Tg C yr-1) (Reimann and Lewis, 2007). Furthermore, emissions from biomass 

burning are also an important source of VOCs that can be considered to be either from 

anthropogenic (household combustion for space heating, man-made wild fires) or natural activities 

(wild fires). Andreae and Merlet (2001) attributed 60 Tg C yr-1 of global VOC emissions to biomass 

burning, i.e. from savannah and grassland (26 Tg C yr-1) and tropical forest (34 Tg C yr-1) fires. 

Lourens et al. (2011) indicated several potential anthropogenic sources of VOCs in the South 

African Highveld. 

Once VOCs are emitted, their lifetimes depend on removal processes, such as dispersion, 

transformation, photolysis, wet and dry deposition (including deposition on aerosol particles), or 

oxidation. Dry and wet deposition are more relevant for the chemically long-lived compounds, e.g. 

methanol, due to their slow chemical oxidation (Atkinson and Arey, 2003a). However, significant 

deposition has also been reported for the very reactive short-lived compounds, e.g. mono- and 

sesquiterpenes (Bamberger et al., 2011, Ruuskanen et al., 2011). The chemistry of the atmosphere 

is strongly influenced by VOCs due to their ability to scavenge oxidants such as ozone (O3), 

hydroxyl radicals (•OH, referred from here on as OH for simplicity) and nitrate radicals (NO3
•, 

referred to from here on as NO3 for simplicity) (Atkinson and Arey, 2003b). OH is the most important 

sink for VOCs (Atkinson and Arey, 2003b). In polluted, high nitrogen oxide (NOx) environments 

(Lourens et al., 2012), VOCs contribute to net tropospheric O3 production and destruction processes 

through catalytic reactions between oxidised VOC derivatives (peroxy radicals) and NO (Lelieveld et 

al., 2008, Atkinson and Arey, 2003b, Atkinson, 2000, Chameides et al., 1992, Vogel et al., 1995) 

(see Section 2.2 for a more detail discussion). Recently, Criegee Intermediates (CIs) have also 

been suggested as important atmospheric oxidants (Mauldin III et al., 2012, Welz et al., 2012). The 

lifetime of reactivity of VOCs with all the afore-mentioned oxidants can be very short (minutes to 

hours) for compounds of biogenic origin, e.g. β-caryophyllene and α-pinene, or very long (several 

days) for compounds of anthropogenic origin and secondary formation, e.g. benzene and some 

oxygenated VOCs (Atkinson, 2000, Atkinson and Arey, 2003b, Kesselmeier and Staudt, 1999, 

Koppmann, 2008), depending on the structure of the VOC and the ambient conditions (Atkinson and 

Arey, 2003b). The long-lived VOCs are oxidised relatively slowly and they can therefore be 

transported over long distances. The very reactive short-lived BVOCs are oxidised quickly and this 

occurs locally. 

The oxidation of VOCs produces structurally different organic oxygenates, which possess a wide 

range of properties (e.g. reactivity, volatility and aqueous solubility) and different propensities to 

undergo gas-to-particle conversion (Kulmala et al., 2004, Tunved et al., 2006). Moreover, the 
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vapour pressure of these new species tend to be lower than their precursor compounds, which 

enables them to condense onto already existing particles and in so doing partake in particle growth 

processes (Ehn et al., 2014, Hao et al., 2011, VanReken et al., 2006) and secondary organic 

aerosol (SOA) formation, interchangeably referred to as new particle formation (NPF) (Andreae and 

Crutzen, 1997, Claeys et al., 2004, Kiendler-Scharr et al., 2009, Kulmala et al., 2014, Went, 1960, 

Laakso et al., 2008, Vakkari et al., 2011, Vakkari et al., 2015). NPF has been observed in several 

environments around the world (Kulmala et al., 2004). VOCs are not the only component that can 

explain the occurrence of NPF. According to several studies (Kirkby et al., 2011, Kulmala et al., 

2000, Lauros et al., 2011, Paasonen et al., 2010, Sipilä et al., 2010, Zhao et al., 2010), sulphuric 

acid (H2SO4) is one of the initial or required molecules in the nucleation mechanism. Recently, 

Vakkari et al. (2015) found that depending on the gaseous precursors and size of the newly formed 

particles, the growth was dominated by either H2SO4 accompanied by ammonium, or organic 

compounds originating either from biogenic emissions or savannah fires. These authors also 

observed that the contribution of H2SO4 was larger during the early phases of the growth, but in 

clean conditions organic compounds dominated the growth. Laakso et al. (2008) reported NPF was 

frequent in a relatively clean southern African savannah environment with formation and growth 

rates among the highest observed in continental environments. The afore-mentioned authors 

concluded that NPF is likely to have a regional effect on the cloud condensation nucleus (CCN) 

budget and on the properties of the clouds. Atmospheric water vapour can use the CCN as seeds 

and condense onto those; in so doing, cloud droplets are formed. Clouds alter the earth’s radiation 

budget by scattering and the absorption of solar light; therefore, aerosol particles, and their sources, 

e.g. VOC oxidation products, particulate phase sulphate, nitrate and ammonium, directly affect our 

climate (Makkonen et al., 2012, Ehn et al., 2014). However, according to the Intergovernmental 

Panel on Climate Change (IPCC), the level of understanding of these processes is low (Figure 1-3). 
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Figure 1-3: Components affecting radiative forcing. The red rectangles highlight the sections 

showing the effect of O3 and aerosols on radiative forcing, which can directly or indirectly be formed 

from VOCs. Adapted from (IPCC, 2013) 

In addition to climate effects, VOCs also have other significant effects on our lives. One obvious 

consequence is that VOCs and their reaction products are increasingly regarded as posing 

unacceptable risks to public and occupational health, as well as to biological and physical 

environments. Numerous studies suggest that ambient air exposure to certain VOCs can lead to 

potential chronic and acute health effects, e.g. acute and chronic respiratory effects, neurological 

toxicity, lung cancer, and eye and throat irritation (Delfino et al., 2003, Kim et al., 2002, Otto et al., 

1992, Payne-Sturges et al., 2004, Wichmann et al., 2009). VOC species, such as benzene, have 

been designated as a Group 1 carcinogen by the International Agency for Research on Cancer 

(IARC) (IARC, 2012) and toxic as defined under the United States Agency for Toxic Substances 

and Disease Registry (ATSDR) (ATSDR, 2015). It has been estimated that a lifetime exposure of 

0.3 ppbv of benzene leads to approximately six cases of leukaemia per 1 000 000 inhabitants 

(World Health Organization, 2000). Therefore, specific limits and standards have been set for 

benzene, which should not be exceeded, or only exceeded a set amount of times in order to 

minimise associated health and/or environmental impacts. For example, an annual limit of 1.6 ppbv 
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was set for benzene in ambient air by South Africa (Government Gazette Republic of South Africa, 

2009), the European Union (European Union, 2008), India and South Korea (The Gazette of India, 

2009, Korean Ministry of Environment, 2011), while the Inhalation Minimal Risk Level (MRL, at a 

cancer risk of 1 in 10 000) of 4.0 ppbv was established by ATSDR (ATSDR, 2016). 

VOCs also have secondary effects on human health by participating in the formation of 

photochemical smog, which is characterised by high concentrations of O3 and SOA (World Health 

Organization, 2006). Photochemical smog and haze pollution generally take place simultaneously 

and are of great concern in many cities around the world. The notorious 1952 air pollution disaster 

in London is a classic example (Brimblecombe, 2008). More recent examples are the photochemical 

smog in Beijing, China (Wang et al., 2013, Zhang et al., 2013, Sun et al., 2006), Los Angeles, USA 

(Pollack et al., 2013, Haagen-Smit, 1952, Heo et al., 2015), Delhi, India (Tiwari et al., 2015, George 

et al., 2013) and Mexico City, Mexico (Castro et al., 2001, Jaimes-Palomera et al., 2016, Hernández 

et al., 2016). Haze pollution is also common in South Africa. Piketh et al. (1999) wrote that the 

southern African haze layer is a ubiquitous sub-continental-scale feature of the lower atmosphere 

that extends to a depth of ~5 km (~500 hPa level) on non-rain days, particularly in winter. They go 

further to state that aerosols derived from biomass burning are commonly thought to contribute 

substantially to the total background aerosol loading within the layer. According to Diab et al. 

(2004), and references therein, within the haze layer, trace gases and aerosols are recirculated until 

they exit the sub-continent toward the east as a giant plume, approximately 1 000 km wide. Stein et 

al. (2003) said this phenomenon was first described with respect to a plume of anomalously high 

ozone concentrations as measured by the TOMS (Total Ozone Mapping Spectrometer) satellite 

platform. Similarly, Chiloane (2006) studied the brown haze that forms over Cape Town in winter 

months under inversion conditions and found that VOCs are an important component of the haze 

layer, particularly because of their reactivity. Gwaze et al. (2007) also studied the intense brown 

haze episodes over Cape Town during winter by characterizing the physical, chemical and optical 

properties of aerosol particles. Wicking-Baird et al. (1997) have shown that vehicles account for up 

to 67% of the Cape Town brown haze pollution. O3, one of the main reactive oxidants in 

photochemical smog or haze, is particularly relevant for South Africa, with various studies indicating 

that O3 is currently the most problematic pollutant in South Africa (Zunckel et al., 2004, Martins et 

al., 2007, Lourens et al., 2011, Laakso et al., 2012, Josipovic et al., 2010, Laban et al., 2015). This 

secondary formed pollutant can have negative impacts on human health, the ecosystem and food 

security (Zunckel et al., 2006, Townsend et al., 2003). 

Despite the fact that VOCs play a significant role in many different atmospheric processes (see 

Figures 1-1 and 1-2), very few papers have been published in the peer-reviewed literature on VOCs 

in South Africa. Some industries do conduct anthropogenic VOC measurements for compliance 
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purposes, as do various governmentally controlled air quality measurement stations. According to 

Forbes and Rohwer (2008), VOCs (specifically benzene, toluene, ethylbenzene and xylenes, 

collectively referred to as BTEX) are monitored at nine sites across three provinces by local 

municipalities in South Africa. However, none of this data have been published in the peer-reviewed 

public domain. Brunke et al. (2001) reported interesting results for non-methane hydrocarbons 

monitored at Cape Point within the context of biomass burning episodes. Burger (2006) reported 

passive BTEX measurements in the Vaal Triangle and in Cape Town, whereas Van der Walt (2008) 

presented hydrocarbon emissions in a South African metropolitan area. Lourens et al. (2011) 

measured BTEX in the Mpumalanga Highveld and the Vaal Triangle with passive sampling 

techniques for a one-year period. Furthermore, VOCs have been studied within the context of 

emissions from spontaneous combustion of coal (Pone et al., 2007) and the Cape Town brown 

haze (Burger et al., 2004, Chiloane, 2006). 

Zunckel et al. (2007), with references therein (especially studies by Otter et al. (2002), Otter et al. 

(2003) and Guenther et al. (1996)), indicated that limited research has been conducted on BVOC 

emissions in southern Africa, which comprised mainly brief campaigns measuring BVOC emission 

rates. On an international level, long-term ambient BVOC measurements to establish seasonal 

cycles of emissions and concentrations have been conducted extensively, which include boreal 

forest (Hakola et al., 2009, Hakola et al., 2000, Rinne et al., 2000, Rinne et al., 2005, Räisänen et 

al., 2009, Lappalainen et al., 2009, Eerdekens et al., 2009, Rantala et al., 2015), hemiboreal mixed 

forest (Noe et al., 2012), temperate (Spirig et al., 2005, Stroud et al., 2005, Mielke et al., 2010, 

Fuentes et al., 2007), Mediterranean (Harrison et al., 2001, Davison et al., 2009) and tropical 

ecosystems (Rinne et al., 2002). Shorter campaigns have also been conducted in Western and 

Central Africa, which include several different studies in the framework of African Monsoon 

Multidisciplinary Analyses (AMMA) (Grant et al., 2008, Saxton et al., 2007) and EXPeriment for the 

REgional Sources and Sinks of Oxidants (EXPRESSO) (Serca et al., 2001). 

Detailed VOC inventories for South Africa are important in order to improve the understanding of 

regional and global atmospheric chemistry. The combination of relatively high atmospheric pollutant 

emissions and unique weather conditions necessitates that more comprehensive VOC 

measurements are conducted in South Africa. These unique weather conditions include relatively 

high temperatures, prolonged periods of high solar radiation and dominant anti-cyclonic recirculation 

climatology causing the trapping of pollutant species, which leads to the increased photochemical 

aging of pollutants, especially over the interior of South Africa (Tyson et al., 1996). 

In an effort to at least partially address the above-mentioned knowledge gap, VOCs were measured 

at the Welgegund measurement station (Booyens et al., 2015, Tiitta et al., 2014, Beukes et al., 

2015). The site is situated approximately 100 km west of Johannesburg and is considered to be a 
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regionally representative background site with no direct impacts from pollution sources within close 

proximity. The Welgegund measurement station is, however, affected by plumes from major 

anthropogenic source regions in the interior of South Africa, i.e. the western Bushveld Igneous 

Complex (BIC), the eastern BIC, the Johannesburg-Pretoria metropolitan conurbation (>10 million 

people), the Vaal Triangle and the Mpumalanga Highveld (Beukes et al., 2013). These source 

regions include the three national air pollution priority areas as declared by the South African 

government. In addition, Welgegund is also affected by air masses passing over a relatively clean 

sector in the western region with very few large point sources (Beukes et al., 2013). Measurements 

of VOCs at Welgegund will provide a good understanding of the influence of the major 

anthropogenic source regions on VOC concentrations, as well as the impacts from a relatively 

‘clean’ sector (Beukes et al., 2013). In addition, BVOC measurements at Welgegund will provide a 

better understanding of ambient BVOC levels and processes in the Dry Highveld Grassland Biome 

in which Welgegund is positioned. Most of South Africa’s maize, the local staple food, originates 

from this biome. Therefore, measurements at this site also contribute to ensuring future food 

security. 

1.2 OBJECTIVES 

The general objective of this investigation is to determine the ambient VOC concentrations at the 

Welgegund atmospheric measurement station, as well as the identification of sources and better 

understanding of processes in which VOCs participate in the interior of South. The specific 

objectives of this study include: 

1. The collection of ambient anthropogenic and biogenic VOCs with an appropriate sampling 

technique for at least a full seasonal cycle; 

2. The identification and quantification of atmospheric VOC species; 

3. To contextualise VOC concentrations measured at Welgegund to published VOC data from 

previous measurements conducted in South Africa and internationally; 

4. To determine the possible temporal trends of the atmospheric anthropogenic and biogenic 

VOC species;  

5. To determine the general transport patterns of VOCs; and 

6. To explain the observed trends by investigating the reactivity of VOCs, ozone formation 

potential, inter-compound correlations and ratios, as well as correlations with other high 

resolution ancillary data measured at Welgegund, e.g. meteorological data and trace gas 

concentrations. 
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7. Source apportionment of VOCs measured at Welgegund using positive matrix factorisation; 

8. To evaluate the potential health risk when exposed to VOCs in the plumes passing over the 

identified source regions; 

 

1.3 THESIS OVERVIEW 

In order to achieve the above-mentioned objectives, this thesis composes of seven chapters, i.e.: 

1. Chapter 1 provides the background and the major research objectives of this study 

2. Chapter 2 presents a brief literature review on the formation of oxidizing agents, reaction of 

VOCs and lifetimes 

3. Chapter 3 describes the methodology used in this study, including the description of the 

sampling site, measurement techniques, data analysis, quality control and assurance 

4. Chapter 4, which is related to ambient aromatic hydrocarbon measurements at Welgegund, 

South Africa 

5. Chapter 5, which is related to measurements of biogenic volatile organic compounds at a 

grazed savannah-grassland-agriculture landscape in South Africa 

6. Chapter 6, which is related to receptor modelling and risk assessment of volatile organic 

compounds measured at Welgegund, South Africa 

7. Chapter 7 contains the conclusions, project evaluation and future perspectives 
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CHAPTER 2 

LITERATURE REVIEW ON THE FORMATION OF 
OXIDISING AGENTS, REACTION OF VOCS AND 

LIFETIMES 

2.1 INTRODUCTION 

This chapter is devoted to a discussion of the chemistry of VOCs, to compliment the information 

already presented in Chapter 1. As mentioned in Chapter 1, once released into the atmosphere, 

VOCs are involved in various chemical reactions and are removed from the atmosphere through 

different reaction mechanisms and at different rates. A number of excellent reviews of reaction 

mechanisms for the process of degradation of VOCs have been presented by Seinfeld and Pandis 

(2006), Atkinson (2000), Atkinson and Arey (2003a), Calvert et al. (2002) and Mellouki et al. (2003). 

2.2 FORMATION OF OXIDIZING AGENTS OF THE 
TROPOSPHERE 

As indicated in Chapter 1, VOCs are linked to the oxidation of the most important oxidising agents in 

the troposphere. The main source of tropospheric O3 is the photo-dissociation (λ ≤ 430 nm) of NO2 

to yield NO and ground state oxygen, O (3P), which reacts with molecular oxygen to form O3 in the 

presence of a third species M (Seinfeld and Pandis, 2006). The O3 will quickly oxidise NO back to 

NO2, and a steady state concentration of O3 will be obtained as a balance of reactions 2.1, 2.2 and 

2.3 

NO2 + hv (λ ≤ 430 nm) → NO + O (3P) (2.1) 

O (3P) + O2 + M → O3 + M (M = air) (2.2) 

O3 + NO → NO2 + O2 (2.3) 

However, NO2 is also formed by means of the reaction of NO with other oxidants, i.e. hydroperoxy 

(HO2) and alkylperoxy radicals (RO2). These free radicals are formed in the degradation reactions of 

VOCs (Figure 2-2 in Section 2.3), which may compete with and replace O3 in the oxidation of NO. 
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This in combination with sufficient NOx can increase the formation of tropospheric O3; therefore, 

VOCs are important in tropospheric O3 formation. 

Degradation of VOCs → R → RO2 + HO2 (peroxy radicals) (2.4) 

RO2 + NO → NO2 + RO (2.5) 

HO2 + NO → NO2 + HO (2.6) 

Only 10% of all atmospheric O3 is located in the troposphere. Nevertheless, its presence is of 

fundamental importance to atmospheric chemistry, as it is the main source of OH radicals. It is now 

well recognised that the OH radicals, in terms of its reactivity, are the most important oxidant for 

several VOCs in the troposphere (Atkinson and Arey, 2003a, Calvert et al., 2002, Calvert et al., 

2000, Atkinson, 1997). OH radicals do not only oxidise most VOCs very efficiently, but also recycle 

NOx (NO + NO2) and HOx (OH + HO2, in some studies, RO2 are also included) radicals, while 

producing secondary pollutants such as O3 and SOA (Atkinson, 2000, Atkinson and Arey, 2003a). 

Therefore, the key to understanding tropospheric chemistry begins with understanding the role of 

the OH radical. These ubiquitous short-lived radical concentrations are strongly affected by O3 and, 

in turn, they substantially affect the O3 concentration. In the troposphere, OH radicals are highly 

reactive, with a lifetime of less than 1 s. They are formed by the photo-dissociation (at wavelengths 

< 319 nm) of gaseous O3 by solar ultraviolet (UV) radiation in the presence of water vapour (Rohrer 

and Berresheim, 2006). The photo-dissociation produces both ground state (O) (combines with O2 

to reproduce O3) and high excess energy singlet (O (1D)) oxygen atoms, which are important in both 

the troposphere and stratosphere: 

O3 + hv (λ ≤ 319 nm) → O2 + O (1D) (2.7) 

In the troposphere, this excess energy causes the singlet oxygen atom to every so often react with 

N2 and O2, removing its energy and quenching O (1D) to its ground state, thereby, in turn, 

replenishing O3 through reaction 2.9: 

O (1D) + M → O (3P) +M (M = N2 or O2) (2.8) 

O (3P) + O2 + M → O3+ M (2.9) 

Sometimes, O (1D) reacts with water vapour and produces two OH radicals: 

O (1D) + H2O → 2OH (2.10) 

Other sources of OH radicals in the troposphere include the photolysis of nitrous acid (HONO), the 

photolysis of formaldehyde and other carbonyls in the presence of NO, and the night-time reactions 
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of O3 with alkenes (Atkinson, 2000). From the above reactions, we can infer that once the OH 

radical is formed, it reacts effectively with most trace species present in the troposphere. However, 

since its formation is dependent on light, this is only true during daytime. The daytime concentration 

of OH is approximately 106 molecules cm-3 (Seinfeld and Pandis, 2006). Gaseous species that do 

not react with the OH radical have longer lifetimes (e.g. chlorofluorocarbons) and are transported 

into the stratosphere, where they are photochemically destroyed (Seinfeld and Pandis, 2006). 

Furthermore, NO3 radicals are also very important oxidants for several VOCs in the troposphere. 

The NO3 radicals are typically important during evening and night-time hours, because they are 

photolysed (decomposed) in the presence of sunlight. In the troposphere, NO emitted from both 

natural and anthropogenic sources will react with O3 leading to the formation of the NO3 radical 

(Atkinson, 2000). 

NO + O3 → NO2 + O2 (2.11) 

NO2 + O3 → NO3 + O2 (2.12) 

All the abovementioned radicals are generally considered to be the dominant oxidants that initiate 

the removal of pollutants (e.g. VOCs) from the atmosphere. However, recently, Welz et al. (2012) 

and Mauldin III et al. (2012) suggested that the Criegee intermediate radicals can play a crucial role 

in tropospheric oxidation. Boy et al. (2013) say that the Criegee intermediate formation mechanism 

starts from the reaction of ozone with unsaturated hydrocarbons (e.g. alkene), with the addition of 

ozone to the double bond of the alkene, thereby forming a primary ozonide with high excess energy. 

The excess energy causes the primary ozonide to decompose instantaneously to the CI, which will 

still possess excess energy. In order to release its excess energy, the Criegee intermediate either 

decomposes into different products or collisionally stabilises (we refer to the latter as a stabilised 

Criegee intermediate). The stabilised Criegee intermediate can then react with various atmospheric 

compounds, particularly H2O, SO2, VOCs and many others (Figure 2-1). The reaction with SO2 is 

important relative to SOA formation, because this reaction forms sulphuric acid (H2SO4), which, in 

turn, initiates new particle formation (Kulmala et al., 2013). Therefore, it is not only oxidants such as 

O3, OH and NO3 radicals that may have a substantial contribution to the atmospheric oxidation 

capacity, but also the stabilised Criegee intermediate (Taatjes et al., 2008, Boy et al., 2013, Mauldin 

III et al., 2012, Sipilä et al., 2014, Berndt et al., 2014). 
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Figure 2-1: A schematic illustration of the formation of Criegee Intermediates and their destiny in 

the atmosphere. Figure adapted from Mogensen (2015) 

2.3 REACTIONS OF VOCS IN THE TROPOSPHERE 

The most studied aspect of VOC degradation in the troposphere is the OH-initiated chemistry, for 

which a simplified schematic is shown in Figure 2-2. OH, NO3 radicals and O3 react with VOCs by 

either addition to a carbon-carbon double bond or by hydrogen abstraction from carbon-hydrogen 

bonds (and to a much lesser extent, from O-H bonds), resulting in the formation of highly reactive 

alkyl or substituted alkyl radical (R) and water. Since this alkyl radical that formed is very reactive, it 

is immediately further oxidised by oxygen (O2), generating an alkyl peroxy radical (RO2). As 

indicated in Figure 2-2, the formed RO2 can further react with either hydroperoxyl radicals (HO2), 

nitrogen dioxide (NO2), nitrogen oxide (NO) or other alkyl peroxy radicals. 

As discussed by Hallquist et al. (2009), at high NOx levels, the RO2 is efficiently converted to an 

alkoxy radical (RO) via the oxidation of NO to NO2. According to Atkinson (2007), under 

atmospheric conditions, RO can decompose by C-C bond scission (leading to a smaller carbonyl 

product and an organic radical), isomerize by a 1,5-H shift through a six-membered transition state 

(leading ultimately to a hydroxycarbonyl product and HO2), and react with O2 to form a carbonyl 
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product and HO2. In addition, the reactions of RO2 with NO also have terminating channels that form 

organic nitrate products (RONO2). The reaction with NO2 terminates the reaction sequence by 

forming peroxynitrates (RO2NO2), e.g. peroxyacetyl nitrate (PAN), which can be transported long 

range. Therefore, the outcome of VOC degradation at high NOx levels is the formation of carbonyls, 

hydroxycarbonyls, organic nitrates and PAN.  

Hallquist et al. (2009) further write that at lower NOx levels, the reactions of RO2 with HO2 and with 

the RO2 radical become competitive, leading to a progressive change in the product distribution with 

changing NOx levels. As shown in Figure 2-2, the reaction of simple RO2 radicals with HO2 is known 

to be dominated by termination reactions to form hydroperoxide products (ROOH). The reactions 

with the RO2 radical are partially propagating, to generate RO radicals (and therefore carbonyls and 

hydroxycarbonyls), and partially terminating to generate alcohol and carbonyl products. As a result, 

VOC degradation at very low NOx levels tends to generate a product distribution that is dominated 

by the formation of hydroperoxides, carbonyls, hydroxycarbonyls and alcohols. Therefore, in the 

subsequent sections, the specific oxidation of alkanes, alkenes and aromatics is discussed. 
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Figure 2-2: Simplified schematic of the OH-initiated degradation of generic VOCs to form first-

generation products (Hallquist et al., 2009) 

2.3.1 Reactions of alkanes 

In the troposphere, alkanes react predominately with OH radicals and to a lesser extent with NO3 

radicals and Cl atoms. Alkanes do not absorb in the actinic region (i.e. at wavelengths > 290 nm) or 

react significantly with O3 (Atkinson and Arey, 2003a). The reaction mechanisms of the OH-initiated 

degradation of butane, when NOx is present, are summarised in Figure 2-3. The figure also 

illustrates the sequential formation of the intermediate products methyl ethyl ketone (MEK), 

acetaldehyde (CH3CHO) and formaldehyde (HCHO). As indicated in the figure, the initial oxidation 

of butane (C4H10) to MEK is represented in the mechanism, but not shown, and therefore it will be 

discussed here. The C4H10-OH reaction proceeds via the hydrogen atom abstraction from the 

carbon-hydrogen bonds forming an alkyl (C4H9) radical (reaction 2.13). The alkyl radical (C4H9) 

reacts rapidly with O2 to yield an alkyl peroxy radical (C4H9O2) (reaction 2.14). 

C4H10 + OH → C4H9 + H2O (2.13) 
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C4H9 + O2 → C4H9O2 + M (M = N2 or O2) (2.14) 

C4H9O2 + NO → C4H9O + NO2 (2.15a) 

 → C4H9ONO2 (2.15b) 

C4H9O + O2→MEK + HO2 (2.16) 

In polluted environments, the main reaction of the C4H9O2 radicals with NO yields NO2 and alkoxy 

(C4H9O) radical (Reaction 2.15a), or the corresponding alkyl nitrate (C4H9ONO2) (reaction 2.15b). At 

very high NO2 concentrations, the alkyl peroxy radical can react with NO2 to yield peroxynitrate 

(C4H9O2NO2). Furthermore, the produced NO2 can undergo photolysis and in so doing promote 

tropospheric O3 formation. The alkoxy (C4H9O) radical has several possible atmospheric fates, 

which include reactions with O2 to yield MEK plus hydrogen peroxy radical (HO2) and decomposes 

to form CH3CHO and C2H5O. As shown in Figure 2-3, the further degradation of MEK, CH3CHO and 

HCHO, initiated by the reaction with OH, leads to further NO-to-NO2 conversion and therefore O3 

formation. As a result, the number of NO-to-NO2 conversions at each oxidation step, and the 

lifetimes of butane and the product carbonyl compounds (which are partially determined by their OH 

reactivity), have an important influence on the rate of NO oxidation and O3 formation. 
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Figure 2-3: Schematic representation of the major radical propagation pathways of the OH-

initiated degradation of butane, also illustrating the sequential formation of the intermediate products 

MEK, CH3CHO, HCHO and CO. The schematic is from Pinho et al. (2005); therefore, the electron 

balance is not shown. 

2.3.2 Reactions of alkenes 

Alkenes can be classified according to sources as either biogenic or anthropogenic and they are 

highly reactive towards OH radicals, NO3 radicals and O3 (Atkinson, 1997, Atkinson, 2000, Calvert 

et al., 2000). During daytime and night-time, reactions with O3 can be an important transformation 

process, which leads to the production of OH radicals, often in high yields (Atkinson, 1997, 2000). 

Furthermore, these reactions may also lead to the formation of SOA (see Figure 2-1) (Boy et al., 

2013, Mogensen, 2015). Reaction rates with NO3 radicals are fast and, according Hakola et al. 

(2003), NO3 radicals can be the foremost oxidant for at least BVOCs during the night. 
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In Figure 2-4, the atmospheric degradation of isoprene by OH radicals and NO3 radicals is 

presented. In Figure 2-4a, the reaction between isoprene and OH radical occurs by OH-addition to 

the >C=C< bonds. There are six different possible hydroxyalkyl radicals that can form from this 

reaction, after which the addition of O2 may occur. The reaction of the hydroperoxy radicals with NO 

results in either the formation of nitrates or the formation of hydroxyalkoxy radicals, along with the 

conversion of NO to NO2. The subsequent reaction of hydroxyalkoxy radicals involves competition 

between decomposition, isomerisation or reaction with O2, leading to the formation of various 

oxygenated organic compounds. In Figure 2-4b, the reaction of the NO3 radical with isoprene 

proceeds by NO3-addition to the >C=C< bonds, yielding nitrooxyalkyl radicals, with subsequent O2 

addition leading to nitrooxyalkyl peroxy radicals. If NO3 radicals are present in the troposphere, then 

NO will be at low concentrations due to the rapid reaction of NO with the NO3 radical (and of NO 

with O3). Therefore, as indicated in Figure 2-4b, the nitrooxyalkyl peroxy radicals formed will then 

either react with HO2 or other RO2 radicals. In Figure 2-1, the O3 reaction with an alkene was 

presented. This reaction is very competitive with the daytime OH radical reaction and the night-time 

NO3 radical reaction. 

 
Figure 2-4: Schematic representation of the atmospheric degradation of isoprene by OH radical 

(a) and (b) NO3 radical (Atkinson and Arey, 2003b) 
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2.3.3 Reactions of aromatics 

Under atmospheric conditions, the aromatics are oxidised by OH and NO3 radicals, with the OH 

radical reactions dominating as the tropospheric removal process. In Figure 2-5, the p-xylene-OH 

reaction proceeds by means of two different pathways: (a) a minor one (≤ 10%) involving H-atom 

abstraction from C-H bonds and (b) a major reaction pathway (≥ 90%) involving OH radical addition 

to the aromatic ring (Atkinson, 2000). The H-atom abstraction leads to the formation of aromatic 

aldehydes, while the second pathway generates an OH-xylene adduct (Seinfeld and Pandis, 2006). 

The reactions of benzyl and alkyl-substituted benzyl radicals formed from the H-atom abstraction 

are analogous to those for the alkyl radicals discussed above. OH-aromatic adducts react with O2 

and NO2. Depending on the symmetry of the aromatic hydrocarbon, there can be up to six distinct 

points for OH addition. However, literature indicates that the positions on the aromatic ring favoured 

for OH attack in relation to substituents vary in the general order ortho- > para- > ipso- > meta- 

(Jenkin et al., 2003). 
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Figure 2-5: Schematic representation of the OH-initiated oxidation of p-xylene to first generation 

products. The schematic is from Jenkin et al. (2003); therefore, the electron balance is not shown. 
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2.3.4 Lifetimes of VOCs 

As already mentioned in the previous sections, the foremost tropospheric oxidising agents are O3, 

OH radicals (the most important sink for VOCs) and NO3 radicals, whereas some VOCs can also 

undergo photolysis (Atkinson, 2000, Atkinson, 2007, Atkinson and Arey, 2003b). The lifetime of an 

organic compound can be defined as the time elapsed for 36.8 % (1/e) of the initial concentration of 

compound to be left in the atmosphere (Steiner and Goldstein, 2007). Reaction rate coefficients for 

gas-phase reactions of VOCs with the tropospheric oxidising agents have been elucidated over the 

past two decades (Atkinson, 2000, Atkinson, 1997, Atkinson and Arey, 2003b, Calvert et al., 2000). 

These rate constants can be combined with assumed ambient tropospheric concentrations of the 

oxidising agents to calculate the VOC lifetime using the equation 

τ = (𝑘𝑘𝑂𝐻[𝑂𝑂𝐻𝐻] + 𝑘𝑘𝑂3[𝑂𝑂3] + 𝑘𝑘𝑁𝑂3[𝑁𝑁𝑂𝑂3] + 𝑝ℎ𝑜𝑡𝑜𝑙𝑦𝑠𝑖𝑠)−1 (2.17) 

where 𝑘𝑘𝑂𝑂𝐻𝐻 is the reaction rate coefficient for the VOC towards the OH radical, 𝑘𝑘𝑂𝑂3 is the reaction rate 

coefficient for the VOC towards O3, and 𝑘𝑘𝑁𝑁𝑂𝑂3 is the reaction rate coefficient for the VOCs towards 

NO3 radical. In Table 2-1, the lifetimes of VOCs studied in this thesis according to literature are 

listed (Atkinson, 2000, Atkinson, 1997, Atkinson and Arey, 2003b, Calvert et al., 2000). The data in 

Table 2-1 indicate that the lifetimes of VOCs associated with anthropogenic emissions, i.e. alkanes 

and aromatics, are usually in the order of days. The lifetimes of VOCs associated with biogenic 

emissions, i.e. isoprene, mono- and sesquiterpenes, are typically a few hours or less. The BVOCs 

studied in this thesis, e.g. α-humulene, react so rapidly with O3 (Table 2-1) that if these particular 

BVOCs are emitted from vegetation, they will be rapidly removed by reaction, even at a ‘clean’ 

remote site such as Welgegund. Furthermore, since there are such huge variations in lifetimes of 

the VOCs, it can be used to determine the probable source, as well as the age of the pollution 

plume, based on ratios of the compounds (Hoque et al., 2008, Guo et al., 2007, Holzinger et al., 

2001, Kerbachi et al., 2006, Khoder, 2007). 
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Table 2-1: Calculated lifetimes of some of VOCs studied in this thesis according to literature 
with respect to reaction with the OH radical, reaction with the NO3 radical and reaction with O3 
(Atkinson, 2000, Atkinson and Arey, 2003b) 

 

Lifetime due to 

OH radical NO3 radical O3 
Isoprene 1.4 hr 1.6 hr 1.3 day 

MBO 2.4 hr 7.7 day 1.7 day 
α-Pinene 2.6 hr 11 min 4.6 hr 

Camphene 2.6 hr 1.7 hr 18 day 
β-Pinene 1.8 hr 27 min 1.1 day 

∆3-Carene 1.6 hr 7 min 11 hr 
1,8-Cineol 1 day 1.5 year >110day 
Limonene 49 min 5 min 2 hr 

Terpinolene 37 min 0.7 min 13 min 
iso-Longifolene 2.9 hr 1.6 hr >33day 
α-Humulene 28 min 2 min 2 min 

Benzene 9.4 day >4 yr >4.5 yr 
Toluene 1.9 day 1.9 yr >4.5 yr 

(m,p)-Xylene 5.9 hr 200 day >4.5 yr 
Styrene 2.4 hr 3.7 hr 1.0 day 

1,2,4-TMB 4.3 h 26 day >4.5 yr 
2,2,4-Trimethylpentane 3.2 day 1.4 yr 

 Octane 1.3 day 240 day 
  

2.4 CONCLUSION 

The general chemistry for VOCs is relatively well understood (as indicated in Chapter 2). However, 

limited VOC studies have been done for South Africa (as indicated in Chapter 1). Therefore, the 

concentration levels, sources, impacts and contribution of VOCs to various tropospheric processes 

are relatively poorly estimated in South Africa. The results presented in this study (Chapters 4-6) will 

make a contribution to address this knowledge gap. 
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CHAPTER 3 
MEASUREMENT LOCATION, TECHNIQUES AND DATA 

ANALYSIS 

3.1 MEASUREMENT LOCATION 

3.1.1 Site description 

Measurements were conducted at the Welgegund measurement station (26.57°S, 26.94°E, 1480 

meters above mean sea level, www.welgegund.org), which is located approximately 100 km west of 

Johannesburg on the property of a commercial maize and cattle farmer. The distances to the 

nearest blacktop road and nearest town are approximately 10 and 30 km, respectively. The station 

is considered to be a regionally representative background site with no direct impacts from pollution 

sources in close proximity. Welgegund is, however, affected by plumes from several different 

anthropogenic source regions in the interior of South Africa, i.e.: 

 pyrometallurgical smelters in the western and the eastern Bushveld Igneous Complexes 

(BIC), from which most of the world’s ferrochrome and platinum group metals (PGMs) are 

produced. This region has recently been incorporated into the newly declared Waterberg 

Priority Area (Department of Environmental Affairs, 2012). 

 Johannesburg-Pretoria (JHB-PTA) metropolitan conurbation with more than 10 million 

inhabitants (cf. the population density map in Figure 3-1), which Lourens et al. (2012) 

indicated as being relatively heavily polluted. 

 petrochemical industries, conglomeration of large coal-fired power plants and metallurgical 

smelters in the Vaal Triangle. This area, together with part of southern Gauteng, was the first 

area to be declared a priority area, i.e. the Vaal Triangle Airshed Priority Area (Department 

of Environmental Affairs, 2005). 

 coal-fired power plants, large petrochemical industries and several pyrometallurgical 

smelters in the Mpumalanga Highveld. This area, together with parts of Gauteng, was 

declared a priority area in 2007, i.e. the Highveld Priority Area (Department of Environmental 

Affairs, 2007). 
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In Figure 3-1, the position of Welgegund (indicated with a blue star), in relation to most of the major 

point sources occurring in the abovementioned anthropogenic source regions, is presented. From 

Figure 3-1, it is also evident that most of the industrial activities are concentrated around the JHB-

PTA megacity as seen in the total emissions of SO2 based on the SAFARI 2000 emission inventory 

(Fleming and van der Merwe, 2002). In addition, a prominent NO2 hotspot seen in global maps from 

satellite retrievals is visible over the South African Highveld (Lourens et al., 2011, Lourens et al., 

2012). Furthermore, because of the lure of employment, the JHB-PTA megacity and surrounding 

areas are very populated, as shown in Figure 3-2. The population density is an indicator of non-

industrial human activities, as well as the propitiousness of local ecosystem for human living. 

Figure 3-1: Southern African map indicating the location of the Welgegund measurement station 

(blue star), total SO2 emissions based on SAFARI 2000 emission inventory (Fleming and van der 

Merwe, 2002), large point sources in the industrial hub of South Africa and anthropogenic source 

regions affecting Welgegund. The figure was reproduced with permission from Vakkari (2013). 

It is also evident from Figures 3-1 and 3-2 that to the west of Welgegund both anthropogenic SO2 

emissions and population density decrease quite rapidly, which indicates that much fewer 

anthropogenic sources occur there. Therefore, the site has a wide, clean sector to the west. 

However, the clean sector cannot be directly comparable to other directions because the vegetation 

type also changes from west to east (Figure 3-4). The western sector has large areas where 

vegetation is sparse and consequently BVOC emissions are also lower than in the northern and 
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eastern sectors (Otter et al., 2002, Otter et al., 2003, Harley et al., 2003, Greenberg et al., 2003, 

Guenther et al., 1996). 

 

Figure 3-2: Population density over southern Africa. The measurement site is indicated with a 

blue star. The population hot-spot north-east of the measurement site is the JHB-PTA megacity and 

the Vaal Triangle. The figure was reproduced with permission from Vakkari (2013). 

Welgegund is geographically located on the Highveld, a plateau approximately 1 500 metres above 

sea level in central southern Africa. Seasons in the southern African interior can roughly be divided 

into two distinct seasonal periods, i.e. a dry season from May to September that predominantly 

coincides with winter (June to August), and a wet season during the warmer months from October to 

April. The dry period is characterised by low relative humidity, while the wet season is associated 

with higher relative humidity and frequent rains that predominantly occur in the form of 

thunderstorms. The mean annual precipitation is approximately 500 mm with approximately >80% 

of rain events occurring during the wet season. During the sampling period, the coldest temperature 

recorded in winter at Welgegund was -5.1 °C in June 2011, while the highest temperature recorded 

in summer was +35.6 °C in October 2011. At the end of the dry season, wind speeds increase, 

which provide favourable conditions for the development of both dust storms and wild fires (Tyson 

and Preston-Whyte, 2000). 

The prevailing feature in horizontal air mass movement over the South African interior is dominated 

by anticyclonic circulation (Garstang et al., 1996), which is also seen in the back-trajectory overlay 

graphics for Welgegund in Figure 3-3. These recirculated air masses are usually not representative 
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of the clean regional background, since they represent aged air masses that had passed 

over/around the industrial hub of South Africa. The back trajectories have been calculated for 

Welgegund from 20 May 2010 to 15 April 2012, i.e. coinciding with the first campaign of VOC 

measurements. The trajectories have been calculated with the HYSPLIT 4.8 model (Draxler and 

Hess, 2004) using GDAS meteorological data (Air Resources Laboratory, 2016) for arrival height of 

100 metres and length of 96 hours backwards. Back trajectories were calculated for each hour, i.e. 

24 trajectories per day. Individual back trajectories generated in HYSPLIT were superimposed and 

further analysed in MATLAB to form overlay back trajectory maps. In these overlay back trajectory 

maps, a colour code indicates the percentage of trajectories passing over 0.2º x 0.2º grid cells, with 

red being the highest percentage. Air masses that indicate the afore-mentioned characteristic 

anticyclonic circulation therefore have to be considered as a separate source region, since the 

composition of these air masses is likely to differ from that of the previously discussed 

anthropogenic source regions. 

 

Figure 3-3: Air mass history at Welgegund. The trajectories have been calculated for arrival 

height of 100 metres and length of 96 hours backwards. The figure was reproduced with permission 

from Vakkari (2013). 

3.1.2 Vegetation 

Apart from anthropogenic sources affecting Welgegund, biogenic sources are also important at this 

background site. Welgegund is located in the Grassland Biome (Figure 3-4), which covers 28% of 

South Africa’s land surface (Mucina and Rutherford, 2006). This biome has been significantly 

transformed, primarily as a result of cultivation, forestry, urbanisation and mining (Daemane et al., 
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2010), while it has also been severely degraded by erosion and agricultural development. The 

station is situated within the Vaal-Vet Sandy Grassland with Andesite Mountain Bushveld of the 

Savannah Biome prominent on nearby ridges (< 1 km). At present, only 0.3 % of the Vaal-Vet 

Sandy Grassland is statutorily conserved, while the rest is mostly used for grazing and crop 

production. 

 

Figure 3-4: The International Geosphere-Biosphere Programme (IGBP) vegetation classification 

for southern Africa for 2010 based on MODIS collection 5 land cover type product. The blue star 

indicates Welgegund. The figure was reproduced with permission from Vakkari (2013). 

In Figure 3-5, a land cover map within a 60 km radius from Welgegund is presented indicating the 

extent of cultivation in this region. The land cover survey was performed within a region that was 

estimated to represent the BVOC footprint at Welgegund, which was calculated from typical 

atmospheric lifetimes of the species measured (Atkinson, 2000, Atkinson and Arey, 2003b) and the 

general wind speed(s) at Welgegund. The immediate area surrounding Welgegund is grazed by 

livestock, with the remaining area being covered by crop fields (mostly maize and to a lesser degree 

sunflower). In the demarcated 60 km radius, a further three vegetation units of the Dry Highveld 

Grassland Bioregion (Grassland Biome) and another two of the Central Bushveld Bioregion 

(Savannah Biome) are also present. In addition, alluvial vegetation is found associated with major 

rivers and inland saline vegetation in scattered salt pans. 
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Figure 3-5: General vegetation map for 60 km radius of Welgegund measurement station. Figure 

is from Article II (Chapter 5). 

The study area comprises a highly variable landscape with scattered hills and sloping, slightly 

irregular, undulating plains that are dissected by prominent rocky ridges. Soil in the catchment area 

is heterogeneous and rocky, varying from sandy to clayey depending on the underlying rock types, 

such as andesite, chert, dolomite, mudstone, quartzite, sandstone and shale.   

Land use within the surrounding area is divided into six major land cover types, i.e. cultivated land, 

grasslands, mountainous areas, plantations, urban areas and water bodies, as indicated in Figure 

3-5. Mountainous areas, grassland and water bodies (riparian areas) comprise many different 

vegetation units. The other homogenous areas were anthropogenically altered and no longer 

representative of the surrounding natural vegetation. The study area is characterised by a 

grassland-woodland vegetation complex, dominated by various grass and woody species, and 

recognised by the presence of non-native species in altered environments. 
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The most dominant woody species of the entire study area include the trees Celtis africana, Searsia 

pyroides, Vachellia karroo and Ziziphus mucronata, and the thorny shrub Asparagus laricinus. Tree 

diversity increases where there are patches of deep sand, characterised by Gymnosporia buxifolia 

and Vachellia erioloba, or in mountainous areas, where Euclea undulata, Grewia flava and 

Senegallia caffra become most prominent. Woody vegetation occurs sparsely in grasslands and 

when present are found on isolated ridges, including the small trees Pavetta zeyheri, Vangueria 

infausta and Zanthoxylum capense. In anthropogenically altered environments, native species 

decrease and introduced species dominate, such as Eucalyptus camaldulensis, Pinus roxburghiana 

and Populus canescens in plantations; Gleditsia triacanthos, Pyracantha coccinea and Salix 

babylonica along rivers and water bodies; and Celtis sinensis, Melia azedarach and Robinia 

pseudoacacia in the urban footprint.  

The most dominant species of the grass sward in the entire study area include Cynodon dactylon, 

Eragrostis chloromelas, Heteropogon contortus, Setaria sphacelata and Themeda triandra. The dry, 

western grassland (Vaal-Vet Sandy Grassland specifically) is characterised by Anthephora 

pubescens, Cymbopogon caesius, Digitaria argyrograpta, Elionurus muticus and Eragrostis 

lehmanniana, and the moist Rand Highveld Grassland in the south-east by Ctenium concinnum, 

Digitaria monodactyla, Monocymbium ceresiforme, Panicum natalense and Trachypogon spicatus. 

The north-eastern parts of the study area on dolomite are dominated by Brachiaria serrata, Digitaria 

tricholaenoides, Eragrostis racemosa and Loudetia simplex. 

3.2 MEASUREMENT TECHNIQUES 

In Figure 3-6, the Welgegund atmospheric research station is presented. Some of the 

measurements conducted are also indicated. The atmospheric measurement station, which was 

commissioned in May 2010, is operated in collaboration between the North-West University (NWU), 

the University of Helsinki (UH) and the Finnish Metrological Institute (FMI). A more detailed 

description of the station, measurement instruments, operation procedures, data analysis, as well 

as calibration and maintenance procedures has been presented by Beukes et al. (2015) and Tiitta 

et al. (2014). 
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Figure 3-6: Welgegund atmospheric research station indicating some of the measurements 

conducted 

3.2.1 VOC measurements and analysis 

VOC measurements were conducted for a period of more than two years through a 13-month 

sampling campaign from February 2011 to February 2012 and a 15-month sampling campaign from 

December 2013 to February 2015. Samples were collected twice a week for two hours during 

daytime (11:00 to 13:00 local time, LT) and two hours during night-time (23:00 to 1:00 LT) on 

Tuesdays and Saturdays. Several previous studies have demonstrated that the maximum emissions 

of isoprene and monoterpenes from vegetation occur around midday (Kuhn et al., 2002, Fuentes et 

al., 2000). Obviously, this repetitive sampling schedule, i.e. same days each week and same hours 

of the day, was prone to some bias. Large point sources in South Africa, i.e. industrial stack 

emissions, are regulated on an availability basis. This implies that off-gas cleaning equipment must 

be operational for a certain percentage of the overall operating time (typically 97-99 %) and not on a 

time basis, e.g. specific days or hours when emissions are allowed. It was therefore impossible to 

set a sampling schedule to capture possible large releases of VOCs by such point sources. Traffic 

emissions, which can be considered as a point or area source, depending on how far the emissions 

are from the measurement site, are another example of a potential time-bound VOC source that had 

to be considered. At the Welgegund site, only a small gravel road, used by a few farmers, is nearby. 

Local traffic emissions are therefore almost negligible. Large traffic volumes in especially the 

Johannesburg-Pretoria megacity could be a significant area source of VOCs for Welgegund. 

However, since Welgegund is ~ 100 km west of Johannesburg, it was difficult to set a sampling 

schedule to capture such time-bound emissions that are transported at different rates on different 
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days with different meteorological conditions. Considering the distance of the sampling site from the 

nearest town and logistical limitations during the sampling campaigns, the sampling schedule 

applied was the most feasible option that enabled the collection of more than two years data. 

VOCs were sampled at a height of 2m above ground level, with a 1.75m long inlet. The first 1.25m 

of the inlet was made of stainless steel and the second 0.5m of Teflon. The first 1.2m of the 

stainless steel section of the inlet was heated to 120 oC using heating cables and thermostats 

(Thermionic), thereby removing O3 from the sample stream, which could possibly lead to sample 

degradation (Hellén et al., 2012a). The last 0.5 m of the stainless steel section and the entire Teflon 

section were housed within the measurement container, wherein the temperature was regulated at 

24 oC. The O3 removal efficiency was checked with an O3 monitor at regular intervals, which 

revealed that O3 concentrations decreased from median values ~30 to <2 ppb (Beukes et al., 2013). 

Prior to sampling, all adsorbent tubes were tested for leaks and preconditioned with helium for 30 

min at 350 oC at a flow of 40 mL min-1. After treatment, the tubes were sealed with Swagelok® brass 

0.25 inch caps and stored in a fridge at temperatures below 18 oC before they were transported to 

the field for sampling. VOC samples were collected on Tenax-TA and Carbopack-B adsorbent tubes 

(6.3mm ED×90 mm, 5.5mm ID) by using a constant-flow-type automated programmable sampler. A 

needle valve attached to the pump was used to keep the flow constant, while magnetic valves were 

used to direct flow to a specific sample tube. After a specific tube was sampled, the tube was 

automatically sealed off and the next tube selected for sampling. The flow of the pump was 

calibrated each week. A sampling flow between 100 and 110 mL min-1 was used throughout the 

study. (Hellén et al., 2002) reported no breakthrough for Tenax-TA and Carbopack-B tubes when 

sampling for 4 h at a flow rate of 100 mL min-1. Once a week, the tubes were removed from the 

automated sampler and closed with Swagelok® caps. Each tube was separately wrapped in 

aluminium foil and stored in a container for transport to the laboratory. Tubes were stored in the 

laboratory in a freezer within a clean environment to minimise pre-analysis elution and breakdown 

of the sampled compounds. For each month, a field blank was analysed to compensate for the 

possibility of contamination from sample handling and storage. 

The analyses and preparation of the adsorbent tubes were done at the FMI. In Figure 3-7, the 

instrumental setup is presented, which were a thermal desorption instrument (TD) (Perkin-Elmer 

TurboMatrix™ 650, Waltham, USA) connected to a gas chromatograph (GC) (Perkin-Elmer® 

Clarus® 600, Waltham, USA) with a DB-5MS (60 m, 0.25 mm, 1 μm) column and a mass selective 

detector (MSD) (Perkin-Elmer® Clarus® 600T, Waltham, USA). The sample tubes were desorbed at 

300 oC for 5 min and cryofocused in a Tenax cold trap (−30 oC) prior to injection of the sample into 

the column by rapidly heating the cold trap (40 oC min-1) to 300 oC. A three-point calibration curve 

was obtained by using liquid standards dissolved in methanol. Standard solutions were injected into 
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adsorbent tubes and were flushed with nitrogen (100mL min−1) for 10 min in order to evaporate the 

methanol. The tubes containing the standards were desorbed and analysed with the same method 

used for the sampled tubes. 

 

Figure 3-7: Thermal desorption instrument connected to a gas chromatograph and a mass 

selective detector 

3.2.2 Ancillary measurements 

Ancillary measurements continuously performed at the Welgegund measurement station were used 

to assist in the interpretation of the measured VOC concentrations. General meteorological 

parameters, i.e. temperature (T), relative humidity (RH), wind speed and direction, and precipitation 

were measured. Soil temperature and moisture at different depths (5 and 20 cm) were measured 

with a PT-100 and Theta probe ML2x (Delta-T), respectively. Additional soil moisture information 

was obtained with a 100 cm PR2 soil moisture profile probe (Delta-T). Direct photosynthetic photon 

flux density (PPFD) between 400 and 700 nm was measured with a Kipp & Zonen pyranometer 

(The CMP 3 pyranometer (ISO 9060:1990 Second Class)). 

Trace gas measurements were performed by utilising a Thermo-Electron 43S sulphur dioxide (SO2) 

analyser (Thermo Fisher Scientific Inc., Yokohama-shi, Japan), a Teledyne 200AU nitrogen oxide 

(NOx) analyser (Advanced Pollution Instrumentation Inc., San Diego, Cam USA), an Environment 

SA 41M O3 analyser (Environment SA, Poissy, France) and a Horiba APMA-360 carbon monoxide 

(CO) analyser (Horiba, Kyoto, Japan). The net ecosystem exchange (NEE) of carbon dioxide (CO2) 

was measured with the eddy covariance method with a Licor 7000 closed path infrared gas analyser 

(IRGA) and a three-dimensional Metek sonic anemometer at a height of 9 m, which is well above 
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the average tree height of 2.5 m. A more detailed description of additional parameters monitored at 

Welgegund is given by Beukes et al. (2015). 

3.3 DATA ANALYSIS 

3.3.1 Positive matrix factorisation analysis 

PMF analysis of the VOCs and trace gases was performed with the EPA PMF 5.0 program. The 

PMF method is described in literature (Paatero, 1997, Paatero and Tapper, 1994) and the principle 

of the model is explained here briefly. PMF is, in essence, a factor analysis tool that decomposes a 

data matrix into two matrices, i.e. factor contributions and factor profiles. The objective of PMF 

analysis is to identify a user-specified number of factors, which are regarded as pollution sources. 

The equation to be solved by PMF analysis is: 

𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘
𝑝
𝑘=1 𝑓𝑘𝑗 + 𝑒𝑖𝑗 , (3.1) 

where xij is the jth species concentration in the ith sample; gik is the particulate mass concentration 

from the kth source contributing to the ith sample; fkj is the mass fraction of the jth species from the kth 

source; eij is the residual associated with the jth species concentration, measured in the ith sample; p 

is the total number of independent factors. The results are constrained to ensure that there are no 

negative source contributions. 

Each data point is individually weighted by utilising the estimated uncertainty for each species. In 

this study, the uncertainties for each sample were calculated by using measurement uncertainties 

(MU%) and minimum detection limits (MDL) in an equation-based uncertainty procedure described 

by Polissar et al. (1998). The conditional probability function (CPF) (Kim et al., 2003) was applied to 

the daily PMF dataset in order to estimate the impacts of sources from different directions. The CPF 

was calculated for each factor using relative source contributions and average wind directions for 

each sample – data collected on days with low wind speeds (<1 m/s) were removed from the 

dataset. CPF was calculated as follows: 

𝐶𝑃𝐹𝜃 = 𝑚𝜃
𝑛𝜃

 , (3.2) 

where mθ is the number of average wind vectors (days) that fall in the wind sector θ that exceed the 

threshold criteria (80th percentile), while nθ is the total number of vectors occurring in the same wind 

sector. The largest peak contributions in the time series were then selected for each factor for 

further analysis. If several factors were peaking at the same time, the largest peak was selected. In 

many cases, the CPFs of the factors showed quite mixed wind direction contributions, which were in 

particular the case for biogenic factors, where the source is located in close proximity to the station 

and the source direction is not evident. 

Chapter 3 34 



 

3.3.2 Reactivity of VOCs 

The destruction rates between O3 and VOCs were calculated as per Eq. (3.3): 

destruction rates = 𝑘𝑘X,O3[ X][ O3], (3.3) 

where kX,O3 is the reaction rate constant between X and O3, [X] is the VOC concentration and [O3] is 

the ozone concentration. The OH reactivities (s-1) of the various compounds were calculated using 

Eq. (3.4): 

OH reactivity = 𝑘𝑘X,OH[ X], (3.4) 

where kX,OH is the reaction rate constant between X and OH, [X] is the VOC concentration. The O3 

formation potential of VOCs was calculated by multiplying the average concentration of a specific 

VOC with the maximum incremental reactivity (MIR) coefficient of each compound, i.e. 

OFP = VOC×MIR (Carter, 2009). 

3.3.3 Risk assessment 

The Risk Assessment Guidance for Superfund (RAGS) Volume I: Human Health Evaluation Manual 

part F, Supplemental Guidance for Inhalation Risk Assessment (USEPA, 2009) was used as a 

guideline to estimate the nature and the possibility of adverse health effects of each VOC in plumes 

that have passed over the source regions identified by in Article one or reported in other studies. 

Risk probability values, i.e. inhalation reference concentration (RfC) and unit risk (UR) were 

obtained through the risk model calculator established by the University of Tennessee ((RAIS, 

2016) and reference therein), by giving priority to the most recent available data and are listed in 

Table 3-1. The impacts of VOCs on human health were assessed by estimating the non-

carcinogenic and carcinogenic risks. The hazard ratio (HR) of each compound was calculated by 

Eqs. (3.5) and (3.6) in order to estimate the non-carcinogenic influence as follows: 

𝐻𝐻𝑅 = 𝐸𝐶
𝑅𝑓𝐶 

 , (3.5) 

𝐸𝐶 = 𝐶𝐴 × 𝐸𝑇 ×𝐸𝐹 × 𝐸𝐷

𝐸𝐷 × 365�𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟� �×24(ℎ𝑜𝑢𝑟𝑠 𝑑𝑎𝑦� )
 , (3.6) 

where EC is the exposure concentration (µg m-3); RfC (µg m-3) corresponding to a specific 

compound (Table 3-1); CA is the concentrations (µg m-3) of each VOC in plumes that have passed 

over the source regions identified or reported in other studies; ET is the exposure time (hours day-1); 

EF is the exposure frequency (days year-1); and ED is the exposure duration (years). 

Chapter 3 35 



 

Table 3-1: Non-cancer reference concentrations, cancer unit risks of the VOCs found during the 

campaigns and their carcinogenic classifications in the IARC at Welgegund. Risk probability values 

(inhalation reference concentration and unit risk) were obtained through the risk model calculator, 

established by the University of Tennessee ((RAIS, 2016) and reference therein), by giving priority 

to the most recent available data 

 Non-cancer   Cancer  
 RfC (μg m-3) Source MW (g mol-1) UR (μg m-3)-1 Source 
Benzene 9.6 ATSDR 78.11 6.00E-06 WHO 
Toluene 3770 ATSDR 92.14 - - 
Ethylbenzene 1300 ATSDR 106.17 2.50E-06 CALEPA 
(m,p)-xylene 217 ATSDR 106.17 - - 
Styrene 850 ATSDR 104.15 - - 
o-xylene 217 ATSDR 106.17 - - 
Propylbenzene 100 PPRTV 120.1916 - - 
3-ET n.a. - 120.1916 - - 
4- ET n.a. - 120.1916 - - 
1,3,5-TMB 6 PPRTV 120.1916 - - 
2- ET n.a. - 120.1916 - - 
1,2,4-TMB 7 PPRTV 120.1916 - - 
1,2,3-TMB 5 PPRTV 120.1916 - - 
2,2,4-trimethylpentane n.a. - 114.23 - - 
heptane n.a. - 100.21 - - 
hexane 700 IRIS 86.175 - - 
2-methylpentane n.a. - 86.175 - - 
octane n.a. - 114.229 - - 
nonane 20 PPRTV 128.26 - - 

Agency for Toxic Substances and Disease Registry (ATSDR); Integrated Risk Information System 

(IRIS); Provisional Peer Reviewed Toxicity Values (PPRTV); California Environmental Protection 

Agency (CALEPA) Office of Environmental Health Hazard Assessment (OEHHA); World Health 

Organization (WHO). 

The lifetime cancer risk (LCR) was calculated in order to determine the number of individuals likely 

to acquire cancer due to their exposure to the VOCs of concern from inhalation intake as follows: 

𝐿𝐶𝑅 = 𝑈𝑅 × 𝐶𝐴 × 𝐸𝑇 ×𝐸𝐹 × 𝐸𝐷

𝐿𝑇 × 365�𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟� �×24(ℎ𝑜𝑢𝑟𝑠 𝑑𝑎𝑦� )
 , (3.7) 

where UR is the estimated unit risk value (µg-1 m3) (Table 1) and LT is the lifetime expectancy 

(years). 

The assumptions made by Paralovo et al. (2016) were used as a reference in calculating the LCR 

and HR values: ED of 25 years (assuming that a resident lives 25 years at the same place on 
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average); the average LT of South Africans is 60 years; EF of 350 days in a year (if we assume that 

a person spends on average 15 days a year outside the area that they live); and ET of 15 h per day. 

3.3.4 Air mass back trajectory analysis 

Individual hourly back trajectories were calculated with the Hybrid Single-Particle Lagrangian 

Integrated Trajectory (HYSPLIT) model version 4.8, developed by the National Oceanic and 

Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) (Draxler and Hess, 2004). 

This model was run with meteorological data from the GDAS archive of the US National Weather 

Service’s National Center for Environmental Prediction (NCEP) and archived by the ARL (Air 

Resources Laboratory, 2012). Each hourly arriving back trajectory was calculated for 96 h (4 days) 

backwards. An arrival height of 100 m was chosen since VOCs are mainly emitted within the 

lowermost layer of the troposphere. Furthermore, the orography in HYSPLIT is not very well 

defined, and therefore lower arrival heights could result in larger error margins on individual 

trajectory calculations. Back trajectories were calculated for the start, middle and end of each 

measurement period, i.e. three-hourly arriving back trajectories calculated for each 2 h sample. 
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Abstract. Aromatic hydrocarbons are associated with direct
adverse human health effects and can have negative impacts
on ecosystems due to their toxicity, as well as indirect nega-
tive effects through the formation of tropospheric ozone and
secondary organic aerosol, which affect human health, crop
production and regional climate. Measurements of aromatic
hydrocarbons were conducted at the Welgegund measure-
ment station (South Africa), which is considered to be a re-
gionally representative background site. However, the site is
occasionally impacted by plumes from major anthropogenic
source regions in the interior of South Africa, which include
the western Bushveld Igneous Complex (e.g. platinum, base
metal and ferrochrome smelters), the eastern Bushveld Ig-
neous Complex (platinum and ferrochrome smelters), the
Johannesburg–Pretoria metropolitan conurbation (>10 mil-
lion people), the Vaal Triangle (e.g. petrochemical and py-
rometallurgical industries), the Mpumalanga Highveld (e.g.
coal-fired power plants and petrochemical industry) and also
a region of anticyclonic recirculation of air mass over the in-
terior of South Africa. The aromatic hydrocarbon measure-
ments were conducted with an automated sampler on Tenax-
TA and Carbopack-B adsorbent tubes with heated inlet for
1 year. Samples were collected twice a week for 2 h dur-
ing daytime and 2 h during night-time. A thermal desorp-
tion unit, connected to a gas chromatograph and a mass se-
lective detector was used for sample preparation and analy-
sis. Results indicated that the monthly median (mean) total
aromatic hydrocarbon concentrations ranged between 0.01

(0.011) and 3.1 (3.2) ppb. Benzene levels did not exceed the
local air quality standard limit, i.e. annual mean of 1.6 ppb.
Toluene was the most abundant compound, with an annual
median (mean) concentration of 0.63 (0.89) ppb. No statisti-
cally significant differences in the concentrations measured
during daytime and night-time were found, and no distinct
seasonal patterns were observed. Air mass back trajectory
analysis indicated that the lack of seasonal cycles could be
attributed to patterns determining the origin of the air masses
sampled. Aromatic hydrocarbon concentrations were in gen-
eral significantly higher in air masses that passed over anthro-
pogenically impacted regions. Inter-compound correlations
and ratios gave some indications of the possible sources of
the different aromatic hydrocarbons in the source regions de-
fined in the paper. The highest contribution of aromatic hy-
drocarbon concentrations to ozone formation potential was
also observed in plumes passing over anthropogenically im-
pacted regions.

1 Introduction

Atmospheric measurements – which include, but are not lim-
ited to, speciated volatile organic compounds and other trace
gasses, as well as size-resolved aerosols – are well estab-
lished in developed countries. However, less emphasis is
placed on such environmental issues in developing countries,
since resources are mostly utilised for economic growth. For
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this reason, Africa is one of the least studied regions with
respect to air quality (Laakso et al., 2006). South Africa has
the largest industrialised economy in Africa and is known for
its diverse anthropogenic pollutant sources, which include
agriculture, metallurgical and mining operations, coal-fired
power generation, petrochemical operations, coal dumps and
transportation (Lourens et al., 2011). Unique meteorologi-
cal conditions are prevalent in South Africa, which include
relatively high atmospheric temperatures and solar radiation,
which increases photochemical activity in the atmosphere,
and dominant anticyclonic climatology and the presence of
low-level inversion layers in winter cause trapping of pollu-
tants (Tyson et al., 1996).

Atmospheric volatile organic compounds (VOCs) are
emitted from both natural and anthropogenic sources (Bates
et al., 2000; Brasseur et al., 1999; Hewitt, 1999). Anthro-
pogenic VOC emissions result from petrochemical indus-
tries, combustion processes (e.g. fossil fuel, power plants),
vehicular emissions, storage and transport of fuel, usage and
production of solvents, hazardous waste facilities and land-
fills (Srivastava et al., 2005; Derwent et al., 2000; Kourtidis
et al., 1999; Jose et al., 1998). Biomass burning (veld fires)
can also be an important source of VOCs, especially in south-
ern Africa, where large-scale biomass combustion occurs ev-
ery year in the dry season (e.g. Crutzen and Andreae, 1990;
Crutzen et al, 1979). However, these emissions are difficult to
evaluate, as they are highly dependent on fuel type, humidity
and burn rate (Lobert et al., 1990).

A large fraction of anthropogenic VOCs consists of aro-
matic hydrocarbons, of which benzene; toluene; ethylben-
zene; ando-, m- andp-xylene (BTEX) are the most com-
monly measured compounds. Aromatic hydrocarbons par-
ticipate in complex chemical reactions in the atmosphere to
form secondary pollutants. Although reactions of aromatic
hydrocarbons do not directly produce ozone (O3), they play a
role in O3 formation when they are oxidised by the hydroxyl
radical (

q
OH) in the troposphere, producing peroxy radi-

cals (RO
q
2) and hydroperoxy radicals (HO

q
2), which then oxi-

dise nitric oxide (NO), which removes a sink for O3 (Atkin-
son, 2000). Aromatic hydrocarbons can also react with ni-
trate radicals (NO

q
3) (Atkinson, 1994; Penkett et al., 1993)

and halogen radicals (Finnlayson-Pitts et al., 1986). Vari-
ous researchers have investigated gas-phase photooxidation
of aromatic hydrocarbons (e.g. Birdsall et al., 2010; Arey et
al., 2009; Coeur-Tourneur et al., 2006; Johnson et al., 2004,
2005; Takekawa et al., 2003; Calvert et al., 2002, and refer-
ences therein; Olariu et al., 2002; Volkamer et al., 2002).

VOCs are also associated with adverse human health ef-
fects (Mukund et al., 1996; Kostiainen, 1995; Sweet and Ver-
mette, 1992; Edgerton et al., 1989; Duce et al., 1983) and
can also be harmful to ecosystems (Atkinson, 2000; Dewulf
and Van Langenhove, 1997; Kuran and Sojak, 1996; Der-
went, 1995). Benzene, for instance, is known as a genotoxic
carcinogen (Hellén et al., 2002; WHO, 2000) and is closely
linked to the induction of leukaemia. Studies have also indi-

cated that VOCs can have detrimental impacts on crop pro-
duction, which is important for global food security (Zunckel
et al., 2006).

Limited research has been conducted to determine the
emission rates of biogenic VOCs in southern Africa (Harley
et al., 2003; Otter et al., 2002a, 2002b; Swap et al., 2002a,
2002b; Greenberg et al., 2002; Greenberg et al., 1999; Guen-
ther et al., 1996). Even fewer data are available to charac-
terise aromatic VOC levels in South Africa. Benzene is the
only aromatic hydrocarbon that has a standard included in
the National Ambient Air Quality Standards (NAAQS) (Gov-
ernment Gazette, 2009). According to the knowledge of the
authors, only Lourens et al. (2011) has conducted a study
in this region on BTEX concentrations that was published
in the peer-reviewed public domain. This study was limited
to measurements in the industrialised Mpumalanga Highveld
and Vaal Triangle for 1 year. Additionally, some postgradu-
ate studies focusing on BTEX have been conducted (van der
Walt, 2008; Burger, 2006; Chiloane, 2005), but these were
not published in the peer-reviewed public domain. Various
industries also perform VOC measurements in South Africa
to comply with legislation, but these results are in most in-
stances not peer-reviewed and not available in the public do-
main.

To at least partially address the above-mentioned knowl-
edge gap, i.e. very limited data on atmospheric aromatic hy-
drocarbons in South Africa, measurements were conducted
for 1 year at the Welgegund measurement station. This sta-
tion was strategically positioned to enable measurements of
air masses that have passed over the regional background, as
well as all the major anthropogenic source regions in South
Africa (Beukes et al., 2014).

2 Measurement location and methods

2.1 Site description

The Welgegund measurement station (www.welgegund.org)
is situated approximately 100 km west of Johannesburg
(Fig. 1) on the property of a commercial farmer. The sta-
tion is considered to be a regionally representative back-
ground site with no direct impacts from pollution sources
in close proximity. The entire western sector (from north to
south-east) contains no major point sources and can there-
fore be considered as representative of a relatively clean
regional background. The site is, however, impacted by
plumes from major anthropogenic source regions in the in-
terior of South Africa, which include the western Bushveld
Igneous Complex (WBIC), the eastern Bushveld Igneous
Complex (EBIC), the Johannesburg–Pretoria metropolitan
conurbation (>10 million people), the Vaal Triangle, the
Mpumalanga Highveld and also a region of anticyclonic re-
circulation of air mass over the interior of South Africa. The
impacts of regional biomass combustion occurring mainly in
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Figure 1.Map of southern Africa indicating the location of the Wel-
gegund measurement station, large point sources in the industrial
hub of South Africa and anthropogenic source regions impacting
Welgegund.

the dry winter and spring are also observed at Welgegund. A
detailed description of the Welgegund measurement station
and related source regions was recently presented by Beukes
et al. (2014). In Fig. 1, the location of Welgegund is indicated
(latitude 26◦34′10′′ S, longitude 26◦56′21′′ E; 1480 m a.s.l.)
within a regional perspective, which also indicates the large
point sources and source regions.

2.2 Measurement methods

The measurement instruments were placed inside a Eu-
rowagon 4500u (length 4.5 m, width 2.1 m, height 2.3 m)
measurement container. A detailed description of the mea-
surement instruments, operation procedures and data anal-
ysis, as well as calibration and maintenance procedures
has been presented by Beukes et al. (2014), Tiitta et al.,
2014, Petäjä et al. (2013), Hirsikko et al. (2012), Venter et
al. (2012), Vakkari et al. (2011) and Laakso et al. (2008).

2.2.1 Aromatic hydrocarbon measurements

The VOC measurement campaign was conducted for 1 year
(9 February 2011 to 4 February 2012) to observe seasonal
variability. Samples were collected twice a week for 2 h dur-
ing daytime (11:00 to 13:00 local time, LT) and 2 h during
night-time (23:00 to 1:00 LT) on Tuesdays and Saturdays.
Obviously this repetitive sampling schedule, i.e. same days
each week and same hours of the day, was prone to some
bias. Large point sources, i.e. industrial stack emissions, in
South Africa are regulated on an availability basis. This im-
plies that off-gas cleaning equipment must be operational for
a certain percentage of the overall operating time (typically
97–99 %) and not on a time basis, e.g. specific days or hours
when emissions are allowed. It was therefore impossible to
set a sampling schedule to capture possible large releases of
VOCs by such point sources. Traffic emissions, which can be
considered as a point or area source, depending on how far
the emissions are from the measurement site, are another ex-
ample of a potential time-bound VOC source that had to be

considered. At the Welgegund site only a small gravel road,
used by a few farmers, is nearby. Local traffic emissions are
therefore almost negligible. Large traffic volumes in espe-
cially the Johannesburg–Pretoria megacity could be a signif-
icant area source of VOCs for Welgegund. However, since
Welgegund is∼ 100 km west of Johannesburg, it was diffi-
cult to set a sampling schedule to capture such time-bound
emissions that are transported at different rates on different
days with different meteorological conditions. Considering
the remote nature of the sampling site and logistical limita-
tions during the sampling campaign, the sampling schedule
applied was the most feasible option that enabled the collec-
tion of a full year of data. VOCs were sampled at a height
of 2 m above ground level, with a 1.75 m long inlet. The first
1.25 m of the inlet was made of stainless steel and the second
0.5 m of Teflon. The first 1.2 m of the stainless steel section
of the inlet was heated to 120◦C using heating cables and
thermostats (Thermionic) to remove O3, which could possi-
bly lead to sample degradation (Hellén et al., 2012). The last
0.05 m of the stainless steel section and the entire Teflon sec-
tion was housed within the measurement container, wherein
the temperature was regulated at 24◦C. The O3 removal effi-
ciency was checked with an O3 monitor at regular intervals,
which revealed that O3 concentrations decreased from me-
dian values≥ 30 ppb (Beukes et al., 2014) to< 2 ppb.

Prior to sampling, all adsorbent tubes were tested for leaks
and preconditioned with helium for 30 min at 350◦C at a
flow of 40 mL min−1. After treatment, the tubes were sealed
with Swagelok® brass 0.25 in. caps and stored in a fridge at
temperatures below 18◦C before they were transported to the
field for sampling. VOC samples were collected on Tenax-
TA and Carbopack-B adsorbent tubes (6.3 mm ED× 90 mm,
5.5 mm ID) by using a constant-flow-type automated pro-
grammable sampler. A needle valve attached to the pump
was used to keep the flow constant, while magnetic valves
were used to direct flow to a specific sample tube. After a
specific tube was sampled, the tube was automatically sealed
off and the next tube selected for sampling. The flow of the
pump was calibrated each week. A sampling flow between
100 and 110 mL min−1 was used throughout the study. Hel-
lén et al. (2002) reported no breakthrough for Tenax-TA and
Carbopack-B tubes when sampling for 4 h at a flow rate of
100 mL min−1. Once a week, the tubes were removed from
the automated sampler and closed with Swagelok® caps.
Each tube was separately wrapped in aluminium foil and
stored in a container for transport to the laboratory. Tubes
were stored in the laboratory in a freezer within a clean en-
vironment to minimise pre-analysis elution and breakdown
of the sampled compounds. For each month, a field blank
was analysed to compensate for the possibility of contami-
nation from sample handling and storage. The total concen-
tration of aromatic hydrocarbons in all field blanks was found
to be< 0.076 ppb. Actual concentrations of all compounds
reported in this paper were significantly higher than blank
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values and also well above the detection limits. Blank values
were subtracted from exposed samples.

The analyses and preparation of the adsorbent tubes were
done by the Finnish Meteorological Institute. The instrumen-
tal setup was a thermal desorption instrument (Perkin-Elmer
TurboMatrix™ 650, Waltham, USA) connected to a gas chro-
matograph (Perkin-Elmer® Clarus® 600, Waltham, USA)
with a DB-5MS (60 m, 0.25 mm, 1 µm) column and a mass
selective detector (Perkin-Elmer® Clarus̋o 600T, Waltham,
USA). The sample tubes were desorbed at 300◦C for 5 min
and cryofocused in a Tenax cold trap (−30◦C) prior to in-
jection of the sample into the column by rapidly heating the
cold trap (40◦C min−1) to 300◦C. A three-point calibration
curve was obtained by using liquid standards dissolved in
methanol. Standard solutions were injected into adsorbent
tubes and were flushed with nitrogen (100 mL min−1) for
10 min in order to evaporate the methanol. The tubes con-
taining the standards were desorbed and analysed with the
same method used for the sampled tubes. Thirteen aromatic
hydrocarbons were detected and quantified during this study.

2.2.2 Ancillary measurements

Trace gas measurements continuously conducted at Welge-
gund were used to assist in the interpretation of aromatic
hydrocarbon results obtained. These were measured by util-
ising a Thermo-Electron 43S sulfur dioxide (SO2) anal-
yser (Thermo Fisher Scientific Inc., Yokohama-shi, Japan),
a Teledyne 200AU NOx analyser (Advanced Pollution In-
strumentation Inc., San Diego, CA, USA), an Environment
SA 41M O3 analyser (Environment SA, Poissy, France) and
a Horiba APMA-360 CO analyser (Horiba, Kyoto, Japan). A
more detailed description of additional parameters monitored
at Welgegund is given by Beukes et al. (2014) and Petäjä et
al. (2013).

2.2.3 Air mass back trajectory analysis

Individual hourly back trajectories were calculated with
the Hybrid Single-Particle Lagrangian Intergrated Trajectory
(HYSPLIT) model version 4.8, developed by the National
Oceanic and Atmospheric Administration (NOAA) Air Re-
sources Laboratory (ARL) (Draxler and Hess, 2004). This
model was run with meteorological data of the GDAS archive
of the US National Weather Service’s National Center for
Environmental Prediction (NCEP) and archived by the ARL
(Air Resources Laboratory, 2012). Each hourly arriving back
trajectory was calculated for 96 h (4 days) backwards. An
arrival height of 100 m was chosen, since aromatic hydrocar-
bons are mainly emitted within the lowermost layer of the
troposphere. Furthermore, the orography in HYSPLIT is not
very well defined, and therefore lower arrival heights could
result in larger error margins on individual trajectory calcula-
tions. Back trajectories were calculated for the start, middle

and end of each measurement period, i.e. 3-hourly arriving
back trajectories calculated for each 2 h sample.

3 Results and discussion

3.1 Contextualising aromatic hydrocarbon
concentrations measured at Welgegund

The monthly mean (median) aromatic hydrocarbon concen-
trations determined in this study ranged between 0.011 (0.01)
and 3.2 (3.1) ppb). As previously mentioned, benzene is cur-
rently the only VOC listed as a criteria pollutant in the
NAAQS (Lourens et al., 2011; Government Gazette, 2009),
with an annual average limit of 1.6 ppb (2015 standard). The
Welgegund annual mean (median) benzene concentration
was 0.29 (0.13) ppb, which is well below the South African
standard. The highest benzene concentration measured was
8.7 ppb, which indicates that the site is occasionally signifi-
cantly impacted by pollution sources. Liu et al. (2000), who
conducted a study in a relatively non-polluted area in the
northeast of China, reported an average benzene concentra-
tion of 9.4 µg m−3 (2.94 ppb). Lourens et al. (2011) reported
an annual median of 0.91 ppb in the Mpumalanga Highveld
and the Vaal Triangle, which is higher than the annual median
value measured at Welgegund. This can be attributed to the
measurement sites in the Mpumalanga Highveld and the Vaal
Triangle being closer to the large point sources than Wel-
gegund. In another investigation, van der Walt (2008) mea-
sured benzene levels in a South African metropolitan area
and reported an annual mean of 1.8 ppb. A comparison of the
benzene concentrations measured at Welgegund with these
studies indicates that Welgegund can be considered as a re-
gional background site that is on occasion impacted by major
plumes from different sources.

Toluene was the most abundant aromatic hydrocar-
bon, with an annual mean (median) concentration of 0.89
(0.63) ppb – nearly 5 times higher than the benzene annual
median concentration. Lourens et al. (2011) also reported
ambient toluene concentrations to be substantially higher
than that of benzene over the interior of South Africa. Con-
sidering that toluene also has negative effects on human
health, as well as that it is a precursor for O3 and secondary
organic aerosol formation, it should be considered to be in-
cluded in future South African air quality legislation.

The second and third most abundant aromatic hydro-
carbons measured were styrene and (m,p)-xylene with an-
nual mean (median) concentrations of 0.83 (0.66) and 0.77
(0.50) ppb, respectively.o-Xylene and ethyl benzene had an-
nual mean (median) concentrations of 0.30 (0.20) and 0.34
(0.25) ppb, respectively. The other aromatic hydrocarbons
measured had annual median concentrations that were signif-
icantly lower. This does not necessarily mean that their emis-
sion sources were lower, since the ambient concentrations are
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Figure 2. Monthly annual variation in aromatic hydrocarbon concentrations measured during the 1-year sampling period. The red line of
each box indicates the median (50th percentile), the black dot the mean, the top and bottom edges of the box the 25th and 75th percentiles,
and the whiskers± 2.7σ or 99.3 % coverage if the data have a normal distribution (MATLAB, 2010). The values displayed near the top of
the graphs indicate the number of samples (N ) analysed for each month.
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determined by the emission rate and their atmospheric life-
times (Parra et al., 2006).

3.2 Temporal variations

Although samples were collected during daytime and night-
time in order to identify possible diurnal influences, results
indicated no statistically significant differences in the con-
centrations of aromatic hydrocarbons measured during day-
time and night-time. Also, no statistically significant differ-
ences were observed between Tuesdays and Saturdays. This
indicates that there are no major local sources such as traf-
fic that would result in a distinct diurnal pattern. Therefore,
no distinction in the results was made in subsequent sections
based on daytime and night-time, or day of the week.

The monthly temporal variations of the measured aromatic
hydrocarbons are presented in Fig. 2. These figures indicate
the median, mean and 25th and 75th percentiles, as well as
±2.7 of the quartiles for each compound (Matlab, 2010). The
number of samples collected per month (N) is also provided.
In general, no distinct seasonal pattern is observed for any of
the compounds measured. The results indicate relatively high
values during February 2011 and March 2011 for all the aro-
matic hydrocarbons, with the exception of benzene. If these
higher values coincided with a seasonal cycle, it would have
been expected that similar higher values had been observed
in the corresponding months in the next year, which was not
the case. The reason for these higher levels of aromatic hy-
drocarbons observed during these 2 months will be explored
in Sect. 3.3. No seasonal patterns for BTEX were observed in
a previous investigation conducted in the Mpumalanga High-
veld and Vaal Triangle (Lourens et al., 2011).

3.3 Influence of source regions

Since no distinct seasonal cycles could be identified for the
measured aromatic hydrocarbons (Fig. 2), the possible influ-
ence of air masses passing over different source regions on
the concentration of these compounds was explored. Since
VOCs were collected for only four 2 h sampling periods per
week, the allocation of hourly back trajectories to air masses
passing over all of the source regions defined by Beukes
et al. (2014) was statistically not significant. Therefore, it
was decided to group the Johannesburg–Pretoria megacity,
the Vaal Triangle and the Mpumalanga Highveld source re-
gions together, since these source regions were identified by
Beukes et al. (2014) as the regions with the highest anthro-
pogenic impacts. In this paper, this combined source regions
will be referred to as area I. The WBIC, the EBIC and the
anticyclonic source regions that lie on the anticyclonic re-
circulation path of air masses moving towards Welgegund
(Beukes et al., 2014) were grouped together and are referred
to as area II. Lastly, the “regional background” source region
was kept as defined by Beukes et al. (2014). In Fig. 3, the dif-
ferent source regions considered in this study are presented.

Figure 3. Map of the north-eastern part of South Africa indicat-
ing the location of the Welgegund measurement station, large point
sources in the industrial hub of South Africa and the source regions
defined in this study.

For the entire VOC measurement period, 582 back trajec-
tories were generated. Back trajectory sets, i.e. three trajec-
tories per sampling period, were classified as passing over
the different source regions defined in Fig. 3. For the two an-
thropogenically influenced source regions, i.e. areas I and II,
only back trajectory sets that had passed over one of these
source regions were considered. Therefore, back trajectory
sets that had passed over both these source regions were not
considered in further discussions on the influence of source
regions. Back trajectory sets were considered as passing over
the regional background if such trajectories did not pass over
either area I or II, or both area I and II. Taking this into con-
sideration, 86 % of all back trajectory sets could be classified
as passing over just one of the three source regions defined.

In Fig. 4, the back trajectories of air masses passing over
the different source region are presented. In total, 39 % of the
VOC samples were collected during periods when air mass
back trajectory sets had passed over area II, while 33 and
14 % of VOC samples were collected when air mass back
trajectory sets passed over the regional background and area
I, respectively. The reason for the lower percentage of air
masses passing over area I can be attributed to the persis-
tence of the anticyclonic circulation pattern over the interior
of South Africa, which favours the arrival of air masses at
Welgegund from the north to north-eastern sector.

In Fig. 5, the monthly fractional distribution of VOC sam-
ples collected during periods when air mass back trajectory
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Figure 4. Graphical representations of back trajectories considered
as passing over the defined source regions. The percentage of the
trajectories considered as passing over a specific source region and
the number of trajectories it represents are provided in brackets.

sets had passed over the different source regions is presented.
In this figure, air masses that had passed over multiple source
regions were defined as mixed. The monthly fractional dis-
tribution (Fig. 5) can possibly be used to explain the lack
of seasonal pattern observed for the aromatic hydrocarbons
(Fig. 2). During February 2011, more than 60 % of the air
masses that arrived at Welgegund passed over area I, which
consists of the Johannesburg–Pretoria metropolitan conurba-
tion, the Vaal Triangle and the Mpumalanga Highveld. Ac-
cording to Lourens et al. (2012), the Johannesburg–Pretoria
megacity is relatively heavily polluted, while both the Vaal
Triangle and the Mpumalanga Highveld source regions have
been included in areas declared as pollution hotspots (na-
tional priority areas) by the South African government (Gov-
ernment Gazette, 2007; Government Gazette, 2005). Consid-
ering the high frequency of air masses arriving at Welgegund
after passing over area I during the initial period of the study
(Fig. 5), the relatively high aromatic hydrocarbon levels mea-
sured in February 2011 and March 2011 (Fig. 2) can be re-
lated to the relatively polluted air masses arriving during this
period. Conversely, during the rest of the study, most of the
air masses that arrived at Welgegund passed only over area
II and the regional background, which corresponds to lower
concentrations measured (Fig. 2). It is therefore postulated
that the monthly seasonal cycles presented for the aromatic
hydrocarbons (Fig. 2) are not directly related to seasonal pat-

Figure 5.Monthly fractional distribution of VOC samples allocated
according to air mass back trajectory sets after passing over the de-
fined source regions.

terns in emissions, but rather depend on the origin of the air
masses sampled. Any monthly differences are likely to be a
result of month-to-month differences in air mass trajectories.
The aforementioned postulation is strengthened by a slight
concentration increase in most of the aromatic hydrocarbons
observed during August and September 2011 (Fig. 2), which
correlated with an increase in frequency of the arrival of air
masses that had passed over area I (Fig. 5).

The aromatic hydrocarbon concentrations measured for air
masses passing over the three source regions are presented
in Fig. 6. As expected, aromatic hydrocarbon concentrations
were in general significantly higher for air masses that passed
over area I, which are considered to be more polluted. Air
masses that passed over area II and the regional background
had much lower aromatic hydrocarbon levels and were of the
same order. The large point sources in area II are mainly py-
rometallurgical smelters (Fig. 2) that produce metals from
ores by means of reducing processes (e.g. ferrochromium, as
indicated by Beukes et al., 2010, 2012). Aromatic hydrocar-
bon emissions are not usually associated with these activities
and so the relatively low values are expected. In addition,
the large point sources in area II are on average further away
from Welgegund than the large point sources in area I. This
longer travelling time can result in the increased oxidation
of the aromatic hydrocarbons. Aromatic hydrocarbons mea-
sured in air masses from the regional background can possi-
bly be attributed to smaller cities and agricultural activities in
this region, but may also be associated with natural emissions
(e.g. Heiden et al., 1999).

3.4 Inter-compound correlations: an indication of
sources

Several authors (Hoque et al., 2008, and references therein)
have performed correlation analyses to determine the pos-
sible source(s) for aromatic hydrocarbons. In this section,
Pearson’s correlation analyses were applied to correlate
the concentrations of the different aromatic hydrocarbons
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Figure 6. BTEX concentrations measured in air masses arriving at Welgegund, after they had passed over the defined source regions. The
red line of each box indicates the median (50th percentile), the black dot the mean, the top and bottom edges of the box the 25th and 75th
percentiles, and the whiskers± 2.7σ or 99.3 % coverage if the data have a normal distribution (MATLAB, 2010). The values displayed near
the top of the graphs indicate the number of samples (N) analysed for each source area.
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measured to one another, as well as to trace gas concentra-
tions for air masses passing over each of the three source
regions defined. These correlations are graphically presented
in Fig. 7.

For air masses that had passed over area I, relatively good
correlations (r >0.8) between the aromatic hydrocarbons
were observed, except for benzene. The correlations of ben-
zene with the other aromatic hydrocarbons were less signif-
icant, i.e.r > 0.6. This indicates that all the aromatic hy-
drocarbons, except possibly benzene, could be from similar
sources. Karl et al. (2009) used aircraft flux measurements to
show that toluene to benzene ratios can vary greatly (<factor
of 3 to> factor of 15) on a spatial scale of tens of kilometres,
indicating differences associated with various sources within
a region, indicating that a high correlation between benzene
and toluene will not always be the case. Large coal-fired
power stations and petrochemical operations in source area I,
together with vehicle emissions, are expected to be the dom-
inant sources of aromatic hydrocarbons in this source region.
Venter et al. (2012) recently indicated that household com-
bustion, which is a very common occurrence in semi- and in-
formal settlements in particular, could also contribute signif-
icantly. None of the aromatic hydrocarbons correlated with
any of the inorganic gaseous compounds, except benzene,
which had a correlation coefficient of 0.612 with CO. Ben-
zene also showed a negative correlation with O3. Both the
correlation with CO and the negative correlation with O3 in-
dicate that benzene was mainly present in fresher plumes ar-
riving at Welgegund. The partial correlation of benzene with
CO indicates that incomplete combustion sources such as
vehicle emissions, household combustion and biomass com-
bustion may be the dominant benzene emissions sources in
area I.

With the exception of benzene and toluene, the other aro-
matic hydrocarbons in air masses that had passed over area II
correlated relatively well (r >0.73) with one another. Al-
though benzene and toluene did not correlate with the other
aromatic hydrocarbons, they correlated relatively well (r
=0.74) with one another. Therefore, it seems that benzene
and toluene hada similar source(s), while the other aro-
matic hydrocarbons had a different source(s). However, nei-
ther benzene nor toluene correlated with CO, as was the case

efor benzene in air masses that had passed ov r area I. Incom-
plete combustion sources were therefore unlikely to be the
main sources of these two compounds. The nature of large
point sources in area II is dramatically different to that of
area I. Virtually no large combustion point sources occur in
area II, since pyrometallurgical operations mainly focussing
on reductive smelting are dominant.

For air masses that had passed over the regional back-
ground, benzene correlated well (r= 0.92) with toluene.
However, in contrast to air masses that had passed over ar-
eas I and II, not all of the remaining aromatic hydrocarbons
correlated with one another. Only a few significant correla-
tions existed, e.g. ethylbenzene, styrene, (m,p)-xylene and
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Figure 7. Correlation analysis for aromatic hydrocarbons with
one another and with inorganic trace gases in samples that were
collected when back trajectory sets had passed over area I(a),

area II(b) and the regional background(c).

o-xylene correlated well (r >0.8) with each other. This in-
dicates that the sources of benzene and toluene were again
linked but that the sources of the other aromatic hydrocar-
bons were not necessarily linked. The lower concentrations
measured in air masses that had passed over the regional
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Table 1.The aromatic hydrocarbon ratios for the specific source regions.

Area I Area II Regional background Automotive exhaust

toluene / benzene 6.51 2.38 2.66 2.7a

(m,p)-xylene / benzene 7.31 1.97 2.05 1.8b

o-xylene / benzene 2.84 0.76 0.85 0.9c

ethylbenzene / benzene 2.87 0.89 0.93
1,3,5-TMB / benzene 1.27 0.15 0.13
styrene / benzene 5.66 2.23 2.44
propylbenzene / benzene 0.62 0.07 0.07
(m,p)-xylene / ethylbenzene 2.55 2.20 2.19
o-xylene / ethylbenzene 0.99 0.85 0.91

a Brocco et al. (1997), Guicherit (1997),b Stevenson et al. (1997),c Guicherit (1997).

background also resulted in more uncertainty, which could
lead to lower correlations. Additionally, the natural emis-
sions of aromatic hydrocarbons were also explored. Heiden
et al. (1999) proved that some plant species release toluene.
Of the species evaluated by Heiden et al. (1999), only sun-
flower is relevant to the situation at Welgegund – sunflower
is the second most common crop species in the area. Hei-
den et al. (1999) stated that significant diurnal variation in
toluene emissions from sunflowers occur, with daytime emis-
sions being a factor of 2 higher than night-time emissions.
This was attributed to either differences in photo active ra-
diation (PAR) and/or temperature (T) between daytime and
night-time. As is evident from Fig. 7c, toluene did not cor-
relate or anti-correlate withT for the regional background.
Therefore, although it is not impossible that vegetation con-
tributes to toluene concentrations measured, it does not seem
to be the dominant source.

3.5 Inter-compound ratios: an indication of sources
and aging

In addition to inter-compound correlations, inter-compound
ratios can also be used as an indicative method to determine
possible sources for aromatic hydrocarbon and the age of
air masses (Hoque et al., 2008, and references therein). The
inter-compound ratios of the average atmospheric concentra-
tions of aromatic hydrocarbons with benzene are presented in
Table 1. Since most of the aromatic hydrocarbons are more
reactive than benzene, the toluene / benzene (T / B), (m,p)-
xylene / benzene ((m,p)-X / B), o-xylene / benzene (o-X / B)
and (m,p)-xylene / ethylbenzene ((m,p)-X / EB) ratios can
provide information on the distance from emission sources
and the estimated photochemical age of the air mass (Monod
et al., 2001; Derwent et al., 2000). The atmospheric T / B ra-
tio, for instance, is usually high close to anthropogenic emis-
sions and will decrease with an increase in distance from the
sources (Lee et al., 2002). Globally a T / B ratio below 3 was
found to be characteristic of fresh emissions originating from
traffic, while a T / B ratio> 4.3 is typical for solvent sources
(Lan et al., 2013, and references therein).

As indicated in Table 1, the highest aromatic hydrocar-
bon ratios were observed for plumes passing over area I,
whereas lower ratios were detected in plumes passing over
area II and the regional background. The ratios (calculated
from the average concentrations) for plumes passing over
area I were 6.51, 7.31, 2.84, 2.55 and 2.87 for (T / B), ((m,p)-
X / B), (o-X / B) ((m,p)-X / EB) and (EB / B), respectively.
These ratios indicate the influence of anthropogenic activi-
ties in this area, as well as the closer proximity of especially
the Johannesburg–Pretoria megacity, which is part of area I,
to the Welgegund monitoring station.

The ratios for plumes passing over area II were 2.38,
1.97, 0.76, 2.20 and 0.89 for (T / B), ((m,p)-X / B), (o-X / B)
((m,p)-X / EB) and (EB / B), respectively. As mentioned pre-
viously, although anthropogenic activities are also present in
this source area, the major industrial activities in this area
are not usually associated with high emissions of VOCs. Ad-
ditionally, sources in area II are also further away from the
measurement site compared to sources in area I. The ratios
therefore also indicate aged air masses, which might be trans-
ported by the dominant anticyclonic circulation pattern of air
masses from the industrial hub of South Africa. Therefore, it
is likely that most of the aromatic hydrocarbons in air masses
that had passed over area II had undergone photochemical
degradation.

For air masses passing over the regional background,
the aromatic hydrocarbon inter-compound ratios were 2.66,
2.05, 0.85, 2.19 and 0.93 for (T / B), ((m,p)-X / B), (o-X / B)
((m,p)-X / EB) and (EB / B), respectively. These ratios com-
pared well with the ratios calculated for area II, which also
indicate no local sources of atmospheric aromatic hydrocar-
bons.

According to the literature, the use of solvents (e.g. in
paint) is thought to be a major non-traffic source of aro-
matic hydrocarbons. Brocco et al. (1997) stated that toluene,
ethylbenzene ando,m,p-xylene (TEX) make up the largest
portions of solvents. In Fig. 8, the concentration ratios of
TEX / total aromatics for air masses that had passed over
the three sources regions are illustrated. The ratios show a
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Table 2.Ozone formation potential of the aromatic hydrocarbon concentrations of air masses passing over the three source regions.

Area I Area II Regionalbackground

Mean MIR coefficient O3 formation potential Mean O3 formationpotential Mean O3 formationpotential

benzene 0.228 0.42 0.096 0.335 0.141 0.299 0.125
toluene 1.482 2.70 4.001 0.796 2.148 0.796 2.148
ethylbenzene 0.653 2.70 1.762 0.300 0.809 0.279 0.753
(m,p)-xylene 1.665 8.20 13.653 0.661 5.418 0.612 5.014
styrene 1.288 2.20 2.834 0.746 1.641 0.730 1.607
o-xylene 0.647 6.50 4.208 0.254 1.651 0.253 1.645
propylbenzene 0.142 2.10 0.298 0.025 0.053 0.021 0.043
1,3,5-TMB 0.289 10.10 2.916 0.051 0.512 0.038 0.381
1,2,4-TMB 1.073 8.80 9.444 0.196 1.728 0.146 1.289
1,2,3-TMB 0.518 8.90 4.608 0.101 0.900 0.076 0.674

Note: TMB stands for trimethylbenzene.

Figure 8. Temporal variation in the concentration ratios of the sum
of toluene, ethylbenzene and xylenes (TEX) to total aromatics from
air masses arriving at Welgegund after passing over the three source
regions.

seasonal pattern with the maximum values in summer and
minimum in winter. This is similar to the observation made
by Rappenglück and Fabian (1999) who reported that the
evaporation of solvents makes a greater contribution to at-
mospheric VOCs during summer. The average temperatures
measured during the sampling periods, as presented in Fig. 8,
also indicate a similar pattern than the TEX concentration ra-
tios. This further supports the hypothesis that TEX concen-
trations are strongly influence by the effect of temperature
on evaporation rates. Although not tested in this paper, it is,
however, also possible that the differences in aromatic hy-
drocarbon lifetimes between the different season could result
in the aforementioned temporal pattern. It is therefore clear
that aromatic hydrocarbons originating from solvents make
a contribution to aromatic hydrocarbons in air masses that
had passed over all three source regions, including the re-
gional background. However, the magnitude of this contri-
bution was not determined from these data.

3.6 O3 formation potential of aromatic hydrocarbons

While the evaluation of aromatic hydrocarbons on a con-
centration (ppb) basis is of interest in order to assess hu-
man exposure to toxic compounds such as benzene, it is
also of interest to examine the relative importance of these
pollutants pertaining to their role in the production of O3
(Carter, 1994). Beukes et al. (2014), Laakso et al. (2013)
and Venter et al. (2012) indicated that O3 is currently the
most problematic pollutant in South Africa. Tropospheric O3
impacts air quality, food security (Zunckel et al., 2006) and
regional climate change (Fry et al., 2013). Therefore, the rel-
ative contributions of aromatic hydrocarbons to photochemi-
cal O3 formation in air masses that had passed over the three
source regions were examined. Several reactivity scales can
be used to estimate O3 formation for specific hydrocarbons.
One method that determines the ability of aromatic hydro-
carbons to produce O3 entails calculating the product of the
average concentration and the maximum incremental reac-
tivity coefficient (MIR) of each compound, i.e. O3 formation
potential= VOC× MIR (Carter, 1994). The MIR scale has
been used to assess O3 formation potential for aromatic hy-
drocarbon in numerous previous studies (Hoque et al., 2008;
Na et al., 2005; Grosjean et al., 1998).

The ranking of the aromatic hydrocarbons according to air
mass origin for O3 formation potential is provided in Table 2.
As indicated (Table 2), the highest contributions of aromatic
hydrocarbon concentrations to O3 formation potential were
observed for plumes passing over area I. The O3 formation
potential for air masses that had passed over area II and the
regional background was of the same order of magnitude.
Based on the O3 formation potential values, xylenes ((m,p)-
xylene pluso-xylene) are the dominant contributor to O3 for-
mation for air masses that have passed over area I, with 1,2,4-
trimethylbenzene the second largest contributor. The O3 for-
mation potential of benzene was the lowest, even though it is
considered to be the most hazardous compound of the atmo-
spheric aromatic hydrocarbons. As previously stated, the use
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of solvents (e.g. in paint) is thought to be a major non-traffic
source of aromatic hydrocarbons, with toluene, ethylbenzene
and o,m,p-xylene (TEX) making up the largest portion of
solvents (Brocco et al., 1997). It was also shown that the ratio
of TEX / total aromatic hydrocarbons followed a typical sea-
sonal pattern, demonstrating the contribution from solvents
(Fig. 8) in all three source regions. From Table 2 it is evident
that TEX contributes significantly to O3 formation relative
to the other compounds considered in this paper. The con-
tribution of the evaporation of solvents to O3 formation as a
fraction of the overall aromatic hydrocarbons O3 formation
potential therefore seems to be significant.

4 Conclusions

Benzene is the only VOC listed as a criteria pollutant in
the NAAQS, and had an annual average (median) of 0.29
(0.13) ppb, which was well below the South African standard
limit of 1.6 ppb. Toluene was the most abundant aromatic hy-
drocarbon, with an annual average (median) concentration
of 0.89 (0.63) ppb. Lourens et al. (2011) also previously re-
ported ambient toluene concentrations in the interior of South
Africa as being significantly higher than that of benzene. It is
therefore recommended that a national air quality threshold
for toluene be considered in future. Since the concentrations
of ethylbenzene, (m,p)-xylene, o-xylene and styrene were
also of the same order as that of toluene, these compounds
could also be considered for inclusion in such legislation.

No statistically significant differences in the concentra-
tions of aromatic hydrocarbons measured during daytime and
night-time, or during Tuesdays and Saturdays, were found.
This indicates the lack of local sources. However, it should be
regarded as an important future perspective to set sampling
schedules that would eliminate all possible time-bound bi-
ases. This could be achieved with continuous online analysis,
which would also enable proper assessment of diurnal cycles
and specific case studies. Additionally, no distinct seasonal
patterns were observed for any of the compounds measured,
which could be attributed to the origin of the air masses sam-
pled. Aromatic hydrocarbon concentrations were in general
significantly higher in air masses that had passed over an-
thropogenically influenced source regions.

Inter-compound correlations indicated that all the aro-
matic hydrocarbons, except benzene, originated from the
same source(s) in area I, where benzene most likely origi-
nated from incomplete combustion. For area II and the re-
gional background, benzene and toluene were found to orig-
inate from the same source(s), while all the other aromatic
hydrocarbons were emitted by a different source(s). Inter-
compound ratios indicated the influence of anthropogenic ac-
tivities, especially in area I, and also the closer proximity of
the Johannesburg–Pretoria megacity in area I to the Welge-
gund monitoring station, i.e. less aged plumes. The concen-
tration ratios of TEX / total aromatics for air masses that had

passed over the three sources regions indicated a seasonal de-
pendence, i.e. higher temperatures resulting in higher evapo-
ration rates that contribute to higher ambient concentrations.

The highest contributions of aromatic hydrocarbon con-
centrations to O3 formation potential were observed for
plumes passing over area I. Xylenes ((m,p)-xylene pluso-
xylene) were the dominant contributor to O3 formation, with
1,2,4-trimethylbenzene being the second largest contributor.
The O3 formation potential of benzene was the lowest.
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Abstract 16 

Biogenic volatile organic compounds (BVOCs) are an important role player in the chemistry of the 17 

troposphere, especially in the formation of tropospheric ozone (O3) and secondary organic aerosols 18 

(SAO).  Ecosystems produce and emit a large number of BVOCs, and as a result it is estimated on a 19 

global scale that approximately 90 % of annual VOC emissions are BVOCs.  In this study, 20 

measurements of BVOCs were conducted at the Welgegund measurement station (South Africa), which 21 

is considered to be a regionally representative background site situated in savannah grassland. Very few 22 

BVOC measurements exist for grassland savannah and results presented in this study are the most 23 

extensive for this type of landscape.  Samples were collected twice a week for two hours during daytime 24 

and two hours during night-time through two long-term sampling campaigns from February 2011 to 25 

February 2012 and from December 2013 to February 2015.  Individual BVOCs were identified and 26 

quantified using a thermal desorption instrument, connected to a gas chromatograph and a mass 27 

selective detector.  The annual median concentrations of isoprene, 2-methyl-3-butene-2-ol (MBO), 28 

monoterpenes and sesquiterpenes (SQT) during the first campaign were 14, 7, 120 and 8 pptv and 14, 4, 29 

83 and 4 pptv during the second campaign.  The sum of the concentration of the monoterpenes were at 30 
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least an order of magnitude higher than the concentrations of other BVOC species during both sampling 1 

campaigns, with α-pinene being the most abundant species.  The highest BVOC concentrations were 2 

observed during the wet season and elevated soil moisture was associated with increased BVOC 3 

concentrations.  However, comparisons with measurements conducted at other landscapes in southern 4 

Africa and the rest of the world that have more woody vegetation indicated that BVOC concentrations 5 

were, in general, significantly lower.  Furthermore, BVOC concentrations were an order of magnitude 6 

lower compared to total aromatic concentrations measured at Welgegund.  An analysis of 7 

concentrations by wind direction indicated that isoprene concentrations were higher from the western 8 

direction, while wind direction did not indicate any significant differences in the concentrations of the 9 

other BVOC species. Statistical analysis indicated that soil moisture had the most significant impact on 10 

atmospheric levels of MBO, monoterpenes and SQT concentrations, while temperature had the greatest 11 

influence on isoprene levels. The combined O3 formation potentials of all the BVOCs measured 12 

calculated with MIR coefficients during the first and second campaign were 1162 and 1022 pptv, 13 

respectively.  α-Pinene and limonene had the highest reaction rates with O3, while isoprene exhibited 14 

relatively small contributions to the O3 depletion.  Limonene, α-pinene and terpinolene had the largest 15 

contributions to the OH-reactivity of BVOCs measured at Welgegund for all of the months during both 16 

sampling campaigns. 17 

1 Introduction 18 

Ecosystems produce and emit a large number of biogenic volatile organic compounds (BVOCs) that are 19 

involved in plant growth and reproduction, as well as acting as defensive compounds, e.g. enhancing 20 

tolerance to heat and oxidative stress (Sharkey and Yeh, 2001;Loreto and Schnitzler, 2010), preventing 21 

the colonisation of pathogens after wounding, and deterring insects or recruiting natural enemies of 22 

herbivores (Holopainen and Gershenzon, 2010).  The BVOC production rate in an ecosystem depends 23 

on several physical (e.g. temperature, precipitation, moisture, solar radiation and CO2 concentration) 24 

and biological parameters (e.g. plant species and the associated emission capacity, phenology, biotic 25 

and abiotic stresses, attraction of pollinators) (Blande et al., 2014;Fuentes et al., 2000;Kesselmeier and 26 

Staudt, 1999;Sharkey and Yeh, 2001), with typically 0.2 to 10 % of the carbon uptake in photosynthesis 27 

being converted to BVOCs (Kesselmeier et al., 2002).  It is estimated that, on a global scale, 28 

approximately 90 % of annual VOC emissions are by vegetation (~1000 Tg C year-1) (Guenther et al., 29 

2012). 30 

BVOCs can contribute significantly to the carbon balance in certain ecosystems (Kesselmeier et al., 31 

2002;Malhi, 2002).  BVOC concentrations in ambient air depend on several factors, which include 32 

emission rates from vegetation, atmospheric transport and mixing, and the chemical composition and 33 

oxidative state of the atmosphere, which determines the sink of these species.  BVOCs are important in 34 
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the formation of tropospheric ozone (O3) and secondary organic aerosol (SOA).  BVOCs in the 1 

troposphere react with the major oxidants in the atmosphere, which include tropospheric O3, hydroxyl 2 

radicals (•OH, referred to, from here on, as OH for simplicity) and nitrate radicals (NO3
•, referred to, 3 

from here on, as NO3 for simplicity) (Atkinson and Arey, 2003a).  These oxidants strongly affect the 4 

concentrations of atmospheric BVOCs (Lelieveld et al., 2008;Di Carlo et al., 2004).  BVOCs are also 5 

crucial in the formation of the stabilised Criegee intermediate – a carbonyl oxide with two free-radical 6 

sites – or its derivative (Mauldin III et al., 2012;Welz et al., 2012), which also contributes to 7 

atmospheric oxidation.  A complex range of reaction products are formed from atmospheric BVOCs, 8 

including less volatile oxygenated compounds that condense to form aerosol particles. 9 

Various studies have indicated the link between BVOCs and the formation of SOA (Vakkari et al., 10 

2015;Andreae and Crutzen, 1997;Ehn et al., 2014), while BVOCs also have an influence on the growth 11 

of newly formed aerosol particles (Kulmala et al., 2004;Tunved et al., 2006).  However, there are many 12 

uncertainties associated with the exact chemical reactions and physical processes involved in SOA 13 

formation and aerosol particle growth, which largely depends on regional emissions and atmospheric 14 

processes (Kulmala et al., 2013;Ehn et al., 2014).  Vakkari et al. (2015) indicated the importance of 15 

VOCs for new particle formation and growth in clean background air in South Africa.  Therefore, it is 16 

essential to understand the sources, transport and transformations of these compounds for air quality 17 

management and climate change-related studies, as well as for the modelling of atmospheric chemistry 18 

at global, regional and local scales (Laothawornkitkul et al., 2009;Peñuelas and Staudt, 2010;Peñuelas 19 

and Llusià, 2003). 20 

Long-term ambient BVOC measurements to establish seasonal cycles have been conducted extensively 21 

in several regions, which include boreal forest (Hakola et al., 2009;Hakola et al., 2000;Rinne et al., 22 

2000;Rinne et al., 2005;Rantala et al., 2015;Räisänen et al., 2009;Eerdekens et al., 2009;Lappalainen et 23 

al., 2009), hemiboreal mixed forest (Noe et al., 2012), temperate (Spirig et al., 2005;Stroud et al., 24 

2005;Fuentes et al., 2007;Mielke et al., 2010), Mediterranean (Davison et al., 2009;Harrison et al., 25 

2001) and tropical (Rinne et al., 2002) ecosystems.  Shorter campaigns have also been conducted in 26 

Western and Central Africa, which include several different studies in the framework of African 27 

Monsoon Multidisciplinary Analyses (AMMA) (Grant et al., 2008;Saxton et al., 2007) and EXPeriment 28 

for the REgional Sources and Sinks of Oxidants (EXPRESSO) (Serca et al., 2001)).  Zunckel et al. 29 

(2007) and references therein indicated that limited research has been conducted on BVOC emissions in 30 

southern Africa, which consisted mainly of short campaigns measuring BVOC emission rates. 31 

Considering that BVOC emissions on a global scale are considered to be significantly higher (ca. 10 32 

times) than the emission of anthropogenic VOCs, it is very important that longer-term BVOC 33 

measurements are conducted in southern Africa.  Furthermore, a large part of the land cover in South 34 
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Africa consists of a grassland bioregion, as indicated in Fig. 1. Although it is considered that grasslands 1 

cover approximately one quarter of the Earth’s land surface, relatively few studies have been conducted 2 

on BVOC emissions from grasslands, while there are no long-term BVOC studies reported for these 3 

landscapes (Bamberger et al., 2011;Ruuskanen et al., 2011;Wang et al., 2012).  Therefore, the aim of 4 

this study was to quantify the ambient BVOC concentrations over different seasons at a regional 5 

background site in South Africa.  In addition, it the aim was also to characterise their seasonal patterns, 6 

as well as to relate BVOC concentrations measured in southern Africa to levels in other regions in the 7 

world.  According to the knowledge of the authors, this is the first record of ambient BVOC 8 

concentrations covering a full seasonal cycle in southern African and for a grassland bioregion 9 

anywhere in the world. 10 

 11 

Fig. 1.  Map of southern African indicating the location of the Welgegund measurement station within 12 

the context of bioregion and large point sources in the industrial hub of South Africa (Mucina and 13 

Rutherford, 2006). 14 
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2 Measurement location and methods 1 

2.1 Site description 2 

Measurements were conducted at the Welgegund measurement station (26.57°S, 26.94°E, 1480 m a.s.l.) 3 

(Welgegund measurement station, 2016), which is located on the property of a commercial maize and 4 

cattle farmer approximately 100 km west of Johannesburg, as indicated in Fig.1.  Welgegund is a 5 

regional background station with no pollutant sources in close proximity.  The distances to the nearest 6 

blacktop road and nearest town are approximately 10 and 30 km, respectively. Welgegund is, however, 7 

affected by the major anthropogenic source regions in the north-eastern interior of South Africa (as 8 

indicated by the major large point sources in Fig.1), which also include the Johannesburg-Pretoria 9 

conurbation.  From Fig.1, it is also evident that the western sector contains no major point sources and 10 

can therefore be considered to be representative of a relatively clean regional background. 11 

Welgegund is geographically located within the South African Highveld, which is characterised by two 12 

distinct seasonal periods, i.e. a dry season from May to September that predominantly coincides with 13 

winter (June to August), and a wet season during the warmer months from October to April.  The dry 14 

period is characterised by low relative humidity, while the wet season is associated with higher relative 15 

humidity and frequent rains that predominantly occur in the form of thunderstorms.  The mean annual 16 

precipitation is approximately 500 mm with approximately >80% of rain events occurring during the 17 

wet season.  During the sampling period, the coldest temperature recorded in winter at Welgegund was -18 

5.1 °C in June 2011, while the highest temperature recorded in summer was +35.6 °C in October 2011.  19 

The mean maximum temperature ranges between 16 and 32 ⁰C, while the mean minimum temperature 20 

ranges between 0 and 15⁰C.  Winters are also characterised by frequent and severe frost days (26-37 per 21 

year) (Mucina and Rutherford, 2006). 22 

2.2 Vegetation 23 

The Welgegund measurement station is located in the Grassland Biome (Fig. 1), which covers 28% of 24 

South Africa’s land surface (Mucina and Rutherford, 2006).  This biome has been significantly 25 

transformed, primarily as a result of cultivation, plantation forestry, urbanisation and mining (Daemane 26 

et al., 2010) and references therein). It has also been severely degraded by erosion and agricultural 27 

development.  The station is situated within Vaal-Vet Sandy Grassland with Andesite Mountain 28 

Bushveld of the Savannah Biome prominent on nearby ridges.  At present, only 0.3 % of the Vaal-Vet 29 

Sandy Grassland is statutorily conserved, while the rest is mostly used for grazing and crop production.  30 

In Fig. 2, a land cover map within a 60 km radius from Welgegund is presented indicating the extent of 31 

cultivation in this region.  The land cover survey was performed within a region that was estimated to 32 
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represent the BVOC footprint at Welgegund, which was calculated from typical atmospheric lifetimes 1 

(Table 1) of the species measured and the general wind speed(s) (Fig. 3) at Welgegund.  The immediate 2 

area surrounding Welgegund is grazed by livestock, with the remaining area covered by crop fields 3 

(mostly maize and to a lesser degree sunflower).  In the demarcated 60 km radius, a further three 4 

vegetation units of the Dry Highveld Grassland Bioregion (Grassland Biome) and another two of the 5 

Central Bushveld Bioregion (Savannah Biome) are also present.  In addition, alluvial vegetation is 6 

found associated with major rivers and inland saline vegetation in scattered salt pans. 7 

 8 

Fig. 2.  General vegetation map for 60 km radius of Welgegund measurement station. 9 
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The study area comprises a highly variable landscape with scattered hills and sloping, slightly irregular, 1 

undulating plains, which are dissected by prominent rocky ridges.  Soil in the catchment area is 2 

heterogeneous and rocky, varying from sandy to clayey depending on the underlying rock types, such as 3 

andesite, chert, dolomite, mudstone, quartzite, sandstone and shale. 4 

Land use within the surrounding area is divided into six major land cover types, i.e. cultivated land, 5 

grasslands, mountainous areas, plantations, urban areas and water bodies, as indicated in Fig. 2.  6 

Mountainous areas, grassland and water bodies (riparian areas) comprised many different vegetation 7 

units.  The other homogenous areas were anthropogenically altered and no longer representative of the 8 

surrounding natural vegetation.  The study area is characterised by a grassland-woodland vegetation 9 

complex, dominated by various grass and woody species, and recognised by the presence of non-native 10 

species in altered environments. 11 

The dominant woody species of the entire study area include the trees Celtis africana, Searsia pyroides, 12 

Vachellia karroo and Ziziphus mucronata, and the thorny shrub Asparagus laricinus.  Tree diversity 13 

increases where there are patches of deep sand, characterised by Gymnosporia buxifolia and Vachellia 14 

erioloba, or in mountainous areas, where Euclea undulata, Grewia flava and Senegallia caffra become 15 

most prominent.  Woody vegetation occurs sparsely in grasslands and when present is found on isolated 16 

ridges, including the small trees Pavetta zeyheri, Vangueria infausta and Zanthoxylum capense.  In 17 

anthropogenically altered environments, native species decrease and introduced species dominate, such 18 

as Eucalyptus camaldulensis, Pinus roxburghiana and Populus canescens in plantations; Gleditsia 19 

triacanthos, Pyracantha coccinea and Salix babylonica along rivers and water bodies; and Celtis 20 

sinensis, Melia azedarach and Robinia pseudoacacia in the urban footprint.  21 

The most dominant species of the grass sward in the entire study area include Cynodon dactylon, 22 

Eragrostis chloromelas, Heteropogon contortus, Setaria sphacelata and Themeda triandra.  The dry, 23 

western grassland (Vaal-Vet Sandy Grassland specifically) is characterised by Anthephora pubescens, 24 

Cymbopogon caesius, Digitaria argyrograpta, Elionurus muticus and Eragrostis lehmanniana, and the 25 

moist Rand Highveld Grassland in the south-east by Ctenium concinnum, Digitaria monodactyla, 26 

Monocymbium ceresiforme, Panicum natalense and Trachypogon spicatus.  The north-eastern parts of 27 

the study area on dolomite are dominated by Brachiaria serrata, Digitaria tricholaenoides, Eragrostis 28 

racemosa and Loudetia simplex. 29 
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2.3 Measurement methods 1 

2.3.1 BVOC measurements and analysis 2 

BVOC measurements were conducted for a period of more than two years through a 13-month sampling 3 

campaign from February 2011 to February 2012 and a 15-month sampling campaign from December 4 

2013 to February 2015.  Samples were collected twice a week for two hours during daytime (11:00 to 5 

13:00 local time, LT) and two hours during night-time (23:00 to 1:00 LT) on Tuesdays and Saturdays.  6 

Several previous studies have demonstrated that the maximum emissions of isoprene and monoterpenes 7 

from vegetation occur around midday (Fuentes et al., 2000;Kuhn et al., 2002).  Understandably, the 8 

chosen sampling schedule, i.e. same days each week and same hours of the day, was prone to some bias.  9 

As mentioned by Jaars et al. (2014), considering the distance of the sampling site from the nearest town 10 

and logistical limitations during the sampling campaigns, the sampling schedule applied was the most 11 

feasible option that enabled the collection of data for more than two years. VOCs were sampled at a 12 

height of 2 m above ground level, with a 1.75 m long inlet.  The first 1.25 m of the inlet was a stainless 13 

steel tube (grade 304 or 316) and the second 0.5 m was Teflon. To prevent the degradation of BVOC by 14 

O3, the stainless steel part of the inlet was heated to 120ºC using heating cables and thermostats 15 

(Thermonic), thereby removing ozone from the sample stream (Hellén et al., 2012a). At regular 16 

intervals, the efficiency of this O3 removal was verified with an O3 monitor.  17 

VOCs were collected with stainless steel adsorbent tubes (6.3 mm ED x 90 mm, 5.5 mm ID) packed 18 

with Tenax-TA and Carbotrap-B by using a constant flow type automated programmable sampler.  A 19 

detailed description of the sampling procedure is presented by Jaars et al. (2014).  In short, the flow rate 20 

of the pump was set at between 100 and 110 ml min-1 throughout the campaigns and was calibrated 21 

each week.  Prior to sampling, all adsorbent tubes were tested for leaks and preconditioned with helium 22 

for 30 minutes at 350 ºC at a flow of 40 ml min-1. 23 

Individual BVOCs were identified and quantified using a thermal desorption instrument (Perkin-Elmer 24 

TurboMatrixTM 650, Waltham, USA) connected to a gas chromatograph (Perkin-Elmer® Clarus® 600, 25 

Waltham, USA) with a DB-5MS (60 m, 0.25 mm, 1 µm) column and a mass selective detector (Perkin-26 

Elmer® Clarus® 600T, Waltham, USA).  Samples were analysed using the selected ion mode (SIM).  A 27 

five-point calibration was performed by using liquid standards in methanol solutions.  Standard 28 

solutions were injected onto adsorbent tubes that were flushed with helium at a flow of 100 ml min-1 for 29 

10 min in order to remove methanol.  BVOCs quantified for the two campaigns included isoprene with 30 

method detection limit (MDL) between 1.2 and 2.4 pptv and for 2-methyl-3-butene-2-ol (MBO) 31 

between 0.9 and 1.4 pptv.  The monoterpenes (MT) (α-pinene, camphene, β-pinene, ∆3-carene, p-32 

cymene, limonene, 1,8-cineol, terpinolene, 4-acetyl-1-methylcyclohexene (AMCH), nopinone, 33 
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bornylacetate and 4-allylanisole) MDL was between 0.6 and 1.6 pptv.  The sesquiterpenes (SQT) 1 

(longicyclene, iso-longifolene, aromadendrene, α-humulene and alloaromadendrene) MDL was ~0.6 2 

pptv.  Since the analytical system did not separate myrcene and β-pinene, β-pinene concentrations 3 

determined were the sum of these two species.  VOC concentrations were field and lab blank corrected.  4 

When monthly median BVOC concentrations were calculated, sample concentrations below the method 5 

detection limit (MDL) were replaced with ½MDL. 6 

2.3.2 Ancillary measurements 7 

Ancillary measurements continuously performed at the Welgegund station were used to interpret the 8 

measured BVOC concentrations.  General meteorological parameters, i.e. temperature (T), relative 9 

humidity (RH), wind speed and direction, and precipitation were measured.  Soil temperature and 10 

moisture at different depths (5 and 20 cm) were measured with a PT-100 and Theta probe ML2x (Delta-11 

T), respectively.  Additional soil moisture information was obtained with a 100 cm PR2 soil moisture 12 

profile probe (Delta-T).  Direct photosynthetic photon flux density (PPFD) between 400 and 700 nm 13 

was measured with a Kipp & Zonen pyranometer (CMP 3 pyranometer, ISO 9060:1990 Second Class). 14 

Trace gas measurements were performed utilising a Thermo-Electron 43S sulphur dioxide (SO2) 15 

analyser (Thermo Fisher Scientific Inc., Yokohama-shi, Japan), a Teledyne 200AU nitrogen oxide 16 

(NOx) analyser (Advanced Pollution Instrumentation Inc., San Diego, Cam USA), an Environment SA 17 

41M O3 analyser (Environment SA, Poissy, France) and a Horiba APMA-360 carbon monoxide (CO) 18 

analyser (Horiba, Kyoto, Japan).  The net ecosystem exchange (NEE) of carbon dioxide (CO2) was 19 

measured with the eddy covariance method with a Licor 7000 closed path infrared gas analyser (IRGA) 20 

and a three-dimensional Metek sonic anemometer at a height of 9 m, which is well above the average 21 

tree height of 2.5 m (Räsänen et al., 2016).  A more detailed description of additional parameters 22 

monitored at Welgegund is given by Beukes et al. (2015). 23 

2.3.3 Lifetime of BVOCs 24 

In Table 1, the atmospheric lifetimes (τ) of BVOCs measured in this study calculated from OH- and O3 25 

reactivity are reported. BVOC lifetimes according to O3 reactivity were calculated with Eq. (1):  26 

τ = τO3 = 1
𝑘O3,[ O3]           (1) 27 

where [O3] is the annual average O3 concentration (ca. 36 ppbv) measured during the two campaigns at 28 

Welgegund and kO3 the reaction rate constant for the reaction between a specific BVOC and O3.  Since 29 

direct OH reactivity measurements were not available, the average concentration of OH radicals ([OH]) 30 

(ca. 0.04 pptv) reported by Ciccioli et al. (2014) was used in the calculations, using Eq. (2): 31 
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τ = τOH = 1
𝑘OH,[ OH]           (2) 1 

where kOH is the reaction rate constant for the reaction between a specific BVOC and OH. 2 

Table 1.  Lifetime (τ) of BVOCs calculated for the average concentration of OH radicals (ca. 0.04 pptv) 3 

as reported by Ciccioli et al. (2014) and the annual average O3 (ca. 36 ppbv) concentration measured for 4 

the two campaigns at Welgegund. 5 

  
τOH τO3 

  Isoprene 2.8 hr 1 day 

 
MBO 10.3 hr 7.5 day 

  α-Pinene 5.3 hr 3.6 hr 

 
Camphene 5.3 hr 14.5 day 

 
β-Pinene 3.6 hr 20.9 hr 

 
∆3-Carene 3.2 hr 8.5 hr 

 
p-Cymene 18.8 hr 261.6 day 

 
1,8-Cineol 12.5 hr - 

Monoterpenes Limonene 1.7 hr 1.6 hr 

 
Terpinolene 12.6 hr 2.3 hr 

 
AMCH 2.9 hr - 

 
Nopinene 1.4 day - 

 
Bornylacetate 1.5 day - 

  4-Allylanisole 5.2 hr 1.1 day 

 
Longicyclene 1.3 day - 

 
iso-Longifolene 2.9 hr 1.1 day 

Sesquiterpenes Aromadendrene 4.5 hr 1.1 day 

  α-Humulene 1 hr 21.6 min 

 6 

3 Results and discussion 7 

3.1 Meteorological conditions during the measurement campaigns 8 

Local meteorological influences on the measured BVOC concentrations are likely to be more significant 9 

than regional impacts of air masses due to the short lifetimes associated with atmospheric BVOCs 10 

(Table 1).  Therefore, BVOC concentrations were only interpreted in terms of local meteorological 11 

patterns and no back trajectory analyses were employed.  In Fig. 3, the monthly medians of the 12 

meteorological parameters – precipitation, T, RH, wind speed and -direction, and soil moisture depth (5 13 

and 20 cm) – measured at Welgegund during each of the two sampling campaigns are presented.  From 14 

Fig. 3a and b, the wet season (October to April) associated with warmer months and the dry season 15 

(May to September) associated with colder months as discussed in section 2.1 are evident.  Rainfall in 16 

this region of South Africa is typically characterised by relatively large inter-annual variability 17 
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(Conradie et al., 2016).  The monthly median temperatures for the periods during which samples were 1 

collected ranged between 8.8 and 13oC in winter and 19.7 and 24.9 oC in summer (Fig. 3b).  During the 2 

warmer months, temperatures up to 30 oC and higher were reached frequently.  During the wet season, 3 

the monthly median RH ranged between 30 (with the onset of the wet season) and 80% (at the end of 4 

the wet season), while the RH ranged between 20 and 50% during the dry season (Fig. 3c).  The highest 5 

monthly median wind speeds occurred during the warmer months (Fig. 3d) when unstable 6 

meteorological conditions are prevalent in the interior of South Africa (Tyson et al., 1996).  The 7 

seasonal variations of wind direction during the two sampling campaigns (Fig. 3e) indicated that the 8 

prevailing wind direction was from the northern to eastern sector, which agrees with the back trajectory 9 

analysis performed for the first sampling period at Welgegund by Jaars et al. (2014).  Soil moisture 10 

measurements mimicked the seasonal precipitation pattern, i.e. higher soil moisture associated with the 11 

wet season (Fig. 3f and 3g).  The soil moisture measurements conducted from January to August at a 12 

depth of 20 cm were significantly higher during the first sampling campaign.  During December 2010 13 

and January 2011, prior to the first sampling campaign, precipitation (Fig. 3a) was clearly higher than 14 

during the second campaign, i.e. December 2013 to January 2014.  Subsequently, the soil moisture 15 

measured at 20 cm (Fig. 3g) was clearly higher during the first sampling campaign than during the 16 

second campaign from the beginning of the campaign until the middle of the dry season. 17 

 18 

Fig. 3.  Monthly variation of (a) accumulated precipitation, (b) temperature, (c) relative humidity, (d) 19 

wind speed, (e) wind direction, and (f) and (g) soil moisture at 5 and 20 cm depth, respectively.  Error 20 

bars indicate upper and lower quartiles. 21 
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Fig. 3.  Continued. 3 

 4 
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 1 

Fig. 3.  Continued. 2 

Fig. 4 presents micrometeorological CO2 flux measurements at Welgegund, which indicate typical 3 

changes in the seasonal uptake of CO2 by vegetation. Negative values (downward CO2 flux) indicate the 4 

net uptake of CO2 by vegetation, with the gross primary production (GPP) exceeding the total 5 

respiration. Positive values indicate the emission of CO2 by the vegetation.  A period of an 6 

approximately 0 (small positive) net CO2 flux is observed in the winter months that extend until 7 

September, which can be attributed to decreased microbial activity associated with lower temperatures, 8 

low rainfall and most of the vegetation losing their leaves.  The net ecosystem exchange (NEE) at full 9 

light (maximum downward flux) increases gradually until February in response to the increases of the 10 

photochemical efficiency of CO2 assimilation in the vegetation surrounding the site and the solar 11 

elevation angle.  The daily maximum NEE starts to decrease in March/April when the solar elevation 12 

angle declines and soil moisture drops. 13 
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 1 

Fig. 4.  Micrometeorological CO2 flux measurements at Welgegund (Räsänen et al., 2016). 2 

3.2 Contextualising BVOC concentrations measured at Welgegund 3 

In Table 2, the median (mean) and inter-quartile range (IQR, 25th to 75th) concentrations of the BVOC 4 

species determined during the two sampling campaigns at Welgegund are presented.  In Table 3, the 5 

concentrations of BVOC species measured during other campaigns in South Africa and the rest of the 6 

world are presented. 7 

Table 2.  The ambient BVOC concentration for the two campaigns measured at Welgegund. 8 

 
First campaign Second campaign 

pptv 
Median 
(Mean) 

IQR (25th - 
75th) N 

Median 
(Mean) IQR (25th - 75th) N 

Isoprene 14 (28) 6-35 187 14 (23) 7-24 175 
MBO 7 (12) 3-16 178 4 (8) 3-10 163 

α-Pinene 37 (71) 28-83 197 15 (57) 9-23 191 
Camphene 4 (8) 2-9 178 2 (4) 1-3 113 
β-Pinene 9 (19) 5-48 195 3 (5) 2-6 171 
∆3-Carene 3 (6) 2-5 156 2 (4) 1-4 58 
p-Cymene 20 (48) 12-33 197 7 (15) 4-13 186 
1,8-Cineol 3 (13) 1-7 162 1 (2) 1-2 75 
Limonene 21 (30) 9-40 197 16 (54) 9-36 187 

Terpinolene 4 (14) 3-11 141 22 (28) 16-34 25 
AMCH 5 (7) 1-12 41 3 (4) 2-5 24 

Nopinene 6 (7) 4-9 167 8 (11) 6-13 176 
Bornylacetate 1 (2) 1-2 49 2 (3) 1-3 101 
4-Allylanisole 8 (11) 5-13 118 1 (12) 1-3 70 

Σ Monoterpenes 120 (235) 73-242 
 

83 (198) 54-145 
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Table 2.  Continued 1 

Longicyclene 2 (4) 1-4 152 1 (2) 1-3 34 
iso-Longifolene 2 (3) 1-4 52 1 (1) 1 7 
Aromadendrene 1 (1) 1 2 2 (2) 1-3 73 

a-Humulene 1 (1) 1 3 1 (3) 1-5 4 
Alloaromadendrene 2 (3) 1-4 31 

   Σ Sesquiterpenes 8 (12) 5-14 
 

4 (8) 3-11 
  2 

Table 3.  Ambient BVOC concentrations (pptv) as reported by Noe et al. (2012) for various ecosystems 3 

and then modified.  avg = mean value, med = median value, max = maximal value of the measurements 4 

reported. 5 
Location Isoprene MBO Monoterpenes Date  References 
Grassland 
Welgegund, SA 28 (avg), 202(max) 12 (avg), 61(max) 235(avg), 1744(max) Febr. 2011-Febr. 2012 this study 

 
23(avg), 182(max) 7 (avg), 47(max) 198(avg), 3081(max) Dec. 2013-Febr. 2015 this study 

Savannah 
KNP, SA 390(avg),860(max) 

  
Febr. 2001 Harley et al. (2003) 

Benin, WA >3000(max) 
 

>5000(max) 7-13 Jun. 2006 Saxton et al. (2007) 
Rural village, Senegal 300(avg) 

  
Sept. 2006 Grant et al. (2008)  

Boreal 
Hyytiälä 

  
900(avg), 1800(max) 2000-2007 Hakola et al. (2009) 

 
40–110 

 
100–700 Apr. 2005 Eerdekens et al. (2009) 

 
220(med), 360(max) 

 
300(med), 600(max) Summer 2006/2007 

Lappalainen et al. 
(2009) 

 
70(med), 110(max) 

 
200(med), 300(max) Winter 2006/2007  

 
110(avg), 430(max) 

 
100(avg), 2700(max) Jul. 2004 Rinne et al. (2005) 

   
40–450 37 m, Aug. 1998 Rinne et al. (2000) 

   
140–500 19.5 m, Aug. 1998 

 
   

450–630 2 m, Aug. 1998 
 Huhus, Finland 

  
900(avg), 2160(max) Jun.–Sept. 2003 Räisänen et al., (2009) 

Pötsönvaara, Finland 320–1690 
 

1700–3200 Apr.–Oct. 1997, 1998 Hakola et al. (2000) 
Hemiboreal 
Järvselja, Estonia 360–2520 

 
1800–7200 Spring and Summer 2010 Noe et al. (2012) 

 
120–200 (med) 

 
400–1400 (med) Oct. 2009–Sep. 2010 Noe et al. (2012) 

Temperate 

Michigan, USA 
2520(avg), 
8160(max) 

 
310(avg), 1100(max) Summer 2008 Mielke et al. (2010) 

Jülich, Germany 1980(avg), 
10790(max) 

 
250(avg), 1470(max) Jul. 2003 Spirig et al. (2005) 

Duke Forest, USA 1500–2200 
 

310–790 Jul. 2003 Stroud et al. (2005) 
Oak Ridge, USA 5000–15000 

 
500–1600 Jul. 1999 Fuentes et al. (2007) 

MEF, USA 70(avg) 1346(avg) 0.497(avg) 22-28 Aug. 2008 Nakashimaet al. (2014) 
Mediterranean 
Castelpoziano, Italy 141–250 

 
100–200 May–Jun. 2007 Davison et al. (2009) 

AM, Greece 
1500(avg), 
7900(max) 

 
900(avg), 5000(max) Jul.–Aug. 1997 Harrison et al. (2001) 

Tropical 

FNT, Brazil 
2000(avg), 
4000(max)   50(avg), 130(max) Jul. 2000 Rinne et al. (2002) 

NNNP, NC 1820±870 
  

16–24 Mar. 1996 Serca et al. (2001) 

 730±480     21 Nov.–11 Dec. 1996   
SA = South Africa, WA = West Africa, KNP = Kruger National Park, MEF = Manitou Experimental Forest, AM = Agrafa Mountains, 6 
FNT = Floresta Nacional do Tapajos, NNNP = Nouabale-Ndoki National Park, NC = Northern Congo 7 

The most abundant species observed throughout the study was the monoterpene, α-pinene, and the total 8 

monoterpene concentration was at least an order of magnitude higher compared to the concentrations of 9 

other BVOC categories.  The total annual median (IQR) monoterpene concentration was 120 (73-242) 10 
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pptv during the first campaign and 83 (54-145) pptv during the second campaign.  As indicated in Table 1 

2, α-pinene, p-cymene and limonene were the predominant compounds measured during the first 2 

campaign, constituting more than 63% of the ambient monoterpene concentrations, while during the 3 

second campaign, the dominant monoterpenes were α-pinene, limonene and terpinolene, constituting 4 

more than 70% of the ambient monoterpene concentrations.  BVOC flux measurements conducted by 5 

Greenberg et al. (2003) during SAFARI 2000 at a mopane woodland in Botswana indicated that 60% of 6 

the monoterpene flux was attributed to α-pinene, while limonene and β-pinene contributed almost all of 7 

the rest of the monoterpenes.  Various studies in other regions have also indicated that α-pinene is the 8 

dominant monoterpene in ambient air reflecting the ubiquitous nature of its emission (Hellén et al., 9 

2012b;Hakola et al., 2012;Noe et al., 2012).  During the AMMA experiment, Saxton et al. (2007) also 10 

detected several monoterpenes in ambient air at Djougou with concentrations generally higher than 11 

monoterpene concentrations recorded by Serca et al. (2001) (less than 20 pptv) during EXPRESSO at a 12 

forest in northern Congo.  Monoterpene concentrations reported for boreal forest (Hakola et al., 13 

2009;Hakola et al., 2000;Rinne et al., 2000;Rinne et al., 2005;Rantala et al., 2015;Räisänen et al., 14 

2009;Eerdekens et al., 2009;Lappalainen et al., 2009), hemiboreal mixed forest (Noe et al., 2012), 15 

temperate (Spirig et al., 2005;Stroud et al., 2005;Fuentes et al., 2007;Mielke et al., 2010), 16 

Mediterranean (Davison et al., 2009;Harrison et al., 2001) and tropical (Rinne et al., 2002) ecosystems 17 

ranged between 40 and 7 200 pptv (Table 3).  Therefore, there is a large variation in the monoterpene 18 

concentrations measured in different ecosystems, with concentrations measured at Welgegund being in 19 

the low to mid-range.  Unlike isoprene that is approximately 10 times lower than isoprene levels at 20 

other ecosystems in the world, the mean monoterpene concentration at Welgegund is comparable to the 21 

previous studies at other ecosystems summarised in Table 3. 22 

The annual median (IQR) isoprene concentration measured during the first campaign was 14 (6-35) 23 

pptv, while the annual median (IQR) isoprene concentration measured during the second sampling 24 

campaign was 14 (7-24) pptv.  The highest isoprene concentration, i.e. 202 pptv, was recorded in 25 

summer (wet season).  Harley et al. (2003) reported that the maximum isoprene concentration measured 26 

during an eight-day campaign in the wet season at a Combretum-Acacia savannah in southern Africa 27 

was 860 pptv with a mean midday concentration of 390 pptv, which is considerably higher than 28 

isoprene levels measured at Welgegund.  Ambient BVOC measurements conducted by Saxton et al. 29 

(2007) at a rural site near Djougou, Benin in June 2006 during the AMMA project indicated isoprene 30 

concentrations >3 000 pptv.  Grant et al. (2008) conducted VOC measurements at a small rural 31 

Senegalese village during September 2006 that was also a sampling location for the AMMA project and 32 

reported that isoprene, which had a mean concentration of 300±100 pptv, was the only biogenic 33 

hydrocarbon present in all air samples.  Serca et al. (2001) reported ambient the mean isoprene 34 
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concentration for a tropical forest of Northern Congo during the EXPRESSO study to be 1820±870 pptv 1 

at the beginning of the wet season and 730±480 pptv at the end of the wet season.  Nakashima et al. 2 

(2014) reported that the mean isoprene concentration at the Manitou Experimental Forest (MEF) was 3 

68 ± 69 pptv.  In general, mean isoprene concentrations measured at Welgegund were at least an order 4 

of magnitude smaller compared to other isoprene measurements in South Africa, Africa and most other 5 

parts of the world. 6 

The annual median (IQR) MBO concentrations measured during the first and second campaign were 7 7 

(3-16) and 4 (3-10) pptv, respectively.  MBO and isoprene are both produced from dimethylallyl 8 

diphosphate (DMADP) (Gray et al., 2011).  Guenther (2013) indicated that MBO is emitted from most 9 

isoprene emitting vegetation at an emission rate of ∼1% of that of isoprene.  However, MBO measured 10 

at Welgegund was approximately 30% of the isoprene concentrations, which indicated that the main 11 

source of MBO at Welgegund is not from isoprene emitters, but from other MBO emitters.  MBO 12 

concentration measurements at Manitou Experimental Forest, USA were 1 346 ± 777 pptv (Nakashima 13 

et al., 2014), which is three orders of magnitude higher compared to the MBO levels measured at 14 

Welgegund.  According to the knowledge of the authors, there are no previous ambient MBO 15 

concentrations measured for Africa. 16 

Most SQTs are highly reactive species and are difficult to detect in ambient air samples, which resulted 17 

in concentrations of these species being frequently below the detection limit of the analytical procedure.  18 

This is also reflected in the concentrations of these species being an order of magnitude lower compared 19 

to the other BVOC species measured in this study.  The total annual median (IQR) SQT concentration 20 

measured during the first sampling campaign was 8 (5-14) pptv and 4 (3-11) pptv during the second 21 

sampling campaign.  The most abundant SQT during the first sampling campaign was longicyclene with 22 

an annual mean concentration of 4 (1-4) pptv.  During the second sampling campaign, α-humulene was 23 

the most abundant SQT with an annual mean concentration of 3 (1-5) pptv. 24 

The lower BVOC concentrations measured at Welgegund compared to other regions can mainly be 25 

attributed to the much lower isoprene concentrations measured. However, monoterpenes that are 26 

important for SOA formation are similar to levels thereof in other environments.  In an effort to explain 27 

the BVOC concentrations measured at Welgegund, a comprehensive vegetation study was conducted, 28 

as described in section 2.2. The influence of the type of vegetation in the region surrounding 29 

Welgegund on ambient BVOC concentrations will be further explored. 30 

Jaars et al. (2014) presented concentrations of aromatic VOCs measured at Welgegund during the same 31 

two sampling campaigns discussed in this paper. The total BVOC concentrations measured were at least 32 

an order of magnitude lower compared to concentrations of aromatic VOCs measured at Welgegund. 33 

The most abundant aromatic compound, toluene, had a median value of 630 pptv, while the most 34 
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abundant BVOC measured, α-pinene, had a median value of 37 pptv.  In addition, the median of the 1 

concentrations of the all the monoterpene species (120 and 83 pptv) was approximately six times lower 2 

compared to toluene concentrations (Jaars et al., 2014). 3 

3.3 Seasonal variations 4 

In Fig. 5, the panels on the left show monthly median concentrations of (a) isoprene, (b) MBO, (c) 5 

monoterpenes and (d) SQT measured for the two campaigns, while the panels on the right present the 6 

wet (October to April) and dry (May to September) season concentrations of the respective compounds 7 

measured for the two campaigns.  Seasonal variations in BVOC concentrations are expected due to the 8 

response of emissions to changes in environmental conditions, e.g. temperature and rainfall, as 9 

discussed in section 3.1, and the associated biogenic activity.  In addition, BVOC emission is expected 10 

to be lower during the winter months (June to August), since foliar densities rapidly decrease due to 11 

deciduous trees dropping their leaves in winter (Otter et al., 2002).  As expected, it is evident that the 12 

concentrations of all the BVOC species, with the exception of the isoprene (Fig. 5a), and SQT values 13 

(Fig. 5d) measured during the second sampling campaign, were higher in the wet season.  The wet 14 

season also had more occurrences of BVOC concentrations that were higher than the range of the box 15 

and whisker plot (whiskers indicating ±2.7σ or 99.3% coverage if the data have a normal distribution).  16 

In an isoprene and monoterpene emissions modelling study for southern Africa conducted by Otter et al. 17 

(2003), it was estimated that BVOC emissions will decrease by as much as 85% in the dry winter 18 

season for grassland and savannah regions.  BVOC concentrations measured in this study indicated 19 

much lower decreases from summer (December to February) to winter (June to August), with isoprene 20 

and monoterpene decreasing by only 37 and 29%, respectively during the first sampling campaign, 21 

while isoprene and monoterpene decreased by only 42 and 23%, respectively during the second 22 

sampling campaign.  This can partially be attributed to the significant transformation of this biome, as 23 

discussed in section 2.2, with large areas transformed to cultivated land, as indicated in Fig. 2.  In 24 

addition, the study by Otter et al. (2003) was conducted for the entire southern African region. 25 
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Fig. 5.  The panels on the left show monthly median concentrations of (a) isoprene, (b) MBO, (c) 3 

monoterpenes and (d) SQT measured for the two campaigns.  Error bars indicate upper and lower 4 

quartiles.  The values displayed near the top of the graphs indicate the number of samples (N1st and N2nd 5 

campaign) analysed for each month.  The panels on the right show the wet and dry season 6 

concentrations of the respective compounds measured for the two campaigns.  The red line of each box 7 

indicates the median (50th percentile), the black dot the mean, the top and bottom edges of the box the 8 

25th and 75th percentiles, the whiskers ±2.7σ or 99.3% coverage if the data have a normal distribution 9 

and the red circles outliers of the range of the box and whisker plot.  The values displayed near the top 10 

of the graphs indicate the number of samples (N) analysed for the wet and dry season. 11 
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Fig. 5.  Continued. 4 

The monthly median isoprene concentrations (Fig. 5a) measured during the first sampling campaign 5 

indicated the expected seasonal pattern with higher isoprene concentrations coinciding with the wet and 6 

warmer months, with the exception of April that had lower isoprene concentrations.  Surprisingly, 7 

during the second sampling campaign, there was no distinct seasonal pattern observed.  However, 8 

higher isoprene concentrations seem to coincide with higher wind speeds (Fig. 3d), which are observed 9 

for both sampling campaigns.  This indicates that the major sources of isoprene measured at Welgegund 10 

can be considered not to be within close proximity.  However, since oxidation products of isoprene (e.g. 11 
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methyl vinyl ketone, methacrolein) were not measured in this study, more distant sources of isoprene 1 

could not be verified.  It is evident from Fig. 2 that the region in close proximity of Welgegund in the 2 

south-western to north-eastern sector largely comprises cultivated land, while in the north-eastern to 3 

south-western sector the predominant land coverage is grassland and natural vegetation.  It is expected 4 

that isoprene emissions from the cultivated land will be lower compared to savannah grassland (Otter et 5 

al., 2003).  Therefore, if Welgegund is more frequently affected by winds from the south-western to 6 

north-eastern sector, higher wind speeds will coincide with higher isoprene levels, since the savannah 7 

grassland fetch region is distant from Welgegund and related to the approximately three-hour 8 

atmospheric lifetime of isoprene due to OH radicals. 9 

In Fig. 6, the wind roses for the BVOCs species measured in this study are presented.  It is evident that 10 

the highest isoprene concentrations for the first sampling period were associated with winds originating 11 

from the south to south-western sector, i.e. predominantly from the grassland region in close proximity 12 

during the first sampling campaign resulting in a relatively more distinct seasonal pattern for isoprene 13 

levels.  During the second sampling campaign, higher isoprene concentrations were associated with 14 

winds originating from the south-western to the northern sector, i.e. from the cultivated land area.  15 

Therefore, isoprene concentrations measured during the second sampling period coincided 16 

predominantly with stronger wind speeds from more distant fetch regions. 17 

 18 

Fig. 6.  BVOC concentration rose at Welgegund for the two sampling campaigns.  Different colours 19 

represent percentiles: blue 25%, aquamarine 50%, azure75% and the black solid line the average. 20 

Chapter 5 77 



 1 

 2 

 3 

Fig. 6.  Continued. 4 
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Distinct seasonal patterns are observed for MBO (Fig. 5b) concentrations during both sampling 1 

campaigns, i.e. higher MBO concentrations coinciding with wet warm months and lower levels 2 

corresponding with dry cold months (Fig. 3).  The MBO concentrations also corresponded to the 3 

seasonal CO2 uptake (Fig. 4).  It is also evident from Fig. 5b that MBO concentrations during the wet 4 

season in the first sampling campaign were higher compared to the second sampling campaign, 5 

especially from February to April 2011.  As mentioned in section 3.1, the soil moisture measured at a 6 

depth of 20 cm (Fig. 3g) during the first sampling campaign was significantly higher from February to 7 

August compared to the second sampling campaign.  Therefore, these increased MBO levels measured 8 

during the first sampling campaign can be attributed to increased emissions from deep-rooted plants, 9 

e.g. shrubs and trees.  In addition to decreased biogenic activity in the dry winter, the conversion of 10 

MBO to isoprene in the atmosphere could also lead to decreased MBO levels during this period.  Jaoui 11 

et al. (2012) reported that MBO conversion to isoprene increased by an order of magnitude during dry 12 

conditions compared to humid conditions. This can also contribute to elevated isoprene concentrations 13 

measured during the dry months at Welgegund (Fig. 5a). 14 

No distinct seasonal pattern is observed for monoterpene and SQT concentrations, with the exception of 15 

significantly higher levels measured from February to April 2011 during the first sampling campaign.  16 

These increased monoterpene and SQT concentrations can also be attributed to the significantly higher 17 

soil moisture measured at a depth of 20 cm during the first sampling campaign (Fig. 3g), as observed 18 

for the MBO.  The monoterpene and SQT concentrations measured during the first sampling campaign 19 

were generally higher compared to the second sampling campaign.  Otter et al. (2002) also reported a 20 

more pronounced seasonal pattern for isoprene compared to monoterpene emissions at the Nylsvley 21 

Nature Reserve, which is approximately 200 km north-west from Welgegund. 22 

3.4 BVOC emissions from surrounding vegetation 23 

As discussed in section 2.2 and indicated in Fig.2, Welgegund is situated in a region that has been 24 

significantly transformed through cultivation.  Cultivated land within the demarcated 60 km radius (Fig. 25 

2) consists mainly of maize and, to a lesser degree, sunflower production.  These cultivated lands are 26 

also typically characterised by eucalyptus trees, which have a very high BVOC emission potential 27 

(Kesselmeier and Staudt, 1999), planted on their peripheries as is evident in Fig. 2.  The grassland 28 

region in close proximity of Welgegund (south-western to north-eastern sector) has a high diversity of 29 

grass and woody species, as mentioned in section 2.2.  In general, it can be considered that the woody 30 

species in the grasslands are major sources of all the BVOCs measured in this study. Otter et al. (2003) 31 

also considered woody vegetation to be the most important in terms of BVOC emissions in southern 32 

Africa.  It is generally considered that crops and grass have very low isoprene-emitting capacities 33 
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(Kesselmeier and Staudt, 1999;Guenther, 2013).  However, Schuh et al. (1997) indicate that sunflowers 1 

emit isoprene; the monoterpenes α-pinene, β-pinene, sabinene, 3-carene and limonene; and the 2 

sesquiterpene β-caryophyllene predominantly. In addition, Chang et al. (2014) (with references therein) 3 

also indicated that isoprene has anthropogenic sources in urban areas, which indicates that the 4 

surrounding towns can also contribute to the isoprene concentrations. 5 

In an effort to determine possible sources of BVOC species concentrations, roses were compiled, as 6 

presented in Fig. 6.  In general, the concentration roses indicated that isoprene concentrations were 7 

higher from the western direction (indicated by the average and highest concentrations), while wind 8 

direction did not indicate any significant differences in the concentrations of the other BVOC species. 9 

On occasion, higher MBO, monoterpene and SQT concentrations were observed from the south-eastern 10 

region, which may be attributed to a large eucalyptus plantation approximately 15 km south-east from 11 

Welgegund, indicated in Fig. 2. However, high isoprene emissions are also usually associated with 12 

eucalyptus trees, which are not observed in the isoprene concentration roses.  Therefore, other sources 13 

of MBO, monoterpene and SQT in these regions are most likely to be the main sources, which can 14 

possibly include the urban footprint indicated in this region.  15 

The similar concentration roses determined for monoterpenes and SQT during the first sampling 16 

campaign can be attributed to similar sources of these species.  However, most SQTs have short 17 

atmospheric lifetimes (< 4 min) (Atkinson and Arey, 2003a), which indicated similar sources within 18 

close proximity (~1 – 2 km radius) of Welgegund.  Gouinguené and Turlings (2002) indicated the 19 

emissions of several SQT from young maize plants by testing the effects of soil humidity, air humidity, 20 

temperature, light and fertilisation rate on the emission of BVOCs from these plants.  Therefore, maize 21 

production may be a source of monoterpenes and SQT.  The higher SQT concentrations in the south-22 

west and north-west can most likely be attributed to smaller eucalyptus plantations within a 1 to 2 km 23 

radius, as indicated in Fig. 2.  The high monoterpene concentrations determined during the second 24 

sampling campaign may be associated with specific monoterpene emitting plants in the region. 25 

Although a comprehensive vegetation survey has been conducted within a 60 km radius of Welgegund, 26 

vegetation types have been identified only generally at this stage, as indicated in section 2.2.  Therefore, 27 

the predominant woody species in each of the regions surrounding Welgegund associated with specific 28 

BVOC emissions have not yet been characterised. 29 

3.5 Statistical correlations 30 

Spearman’s correlation analyses were applied to correlate the measured concentrations of isoprene, 31 

MBO, monoterpenes and SQT measured to each other in order to substantiate sources of these species.  32 

These correlations for the two sampling campaigns are presented in Table 4, with correlations in the wet 33 
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seasons listed in the lower bottom (highlighted light blue) and correlations in the dry season presented 1 

in the top right (highlighted light grey).  It is evident that MBO had good correlations with 2 

monoterpenes and SQT in the wet season, as well as with monoterpenes in the dry season during the 3 

first sampling campaign.  Although not as distinct as during the first sampling campaign, MBO did also 4 

correlate with monoterpenes during the wet and dry season, as well as with SQT in the dry season 5 

during the second sampling campaign.  During the first sampling campaign, monoterpenes had a strong 6 

correlation with SQT in the wet season and moderate correlation during the dry season, while strong 7 

correlations between monoterpene and SQT were determined in the dry season and a moderate 8 

correlation during the wet season during the second sampling campaign.  As indicated previously, 9 

concentration roses did indicate similar sources of MT and SQT, especially during the first sampling 10 

campaign, which is signified by these correlations. 11 

Table 3.  Spearman’s correlation coefficients between the BVOCs during the wet and dry season of the 12 
first campaign (a) and second campaign (b). 13 
 14 

(a) 15 
 16 

  Dry season 
  Isoprene MBO MT SQT 

W
et

 se
as

on
 Isoprene 1.00 0.52 0.03 -0.10 

MBO 0.09 1.00 0.57 -0.10 
MT -0.20 0.68 1.00 0.27 
SQT -0.04 0.56 0.80 1.00 

 17 
(b) 18 

 19 
  Dry season 
  Isoprene MBO MT SQT 

W
et

 se
as

on
 Isoprene 1.00 0.39 -0.11 0.09 

MBO 0.50 1.00 0.39 0.48 
MT 0.27 0.38 1.00 0.60 
SQT 0.20 0.01 0.26 1.00 

 20 

Spearman correlations between BVOCs and other paramaters measured at Welgegund did not show 21 

significant correlations. However, in certain instances, good correlations were observed between soil 22 

moisture and MBO, monoterpenes and SQT concentrations. This is expected, since the monthly average 23 

concentrations of these species indicated increased levels thereof that were associated with increased 24 

soil moisture from February to April 2011.  Therefore, in an effort to further statistically explore the 25 

dataset, explorative multilinear regression was performed by using all ancillary measurements as input 26 
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data in order to indicate parameter interdependencies on the BVOC concentrations measured.  In Fig. 7, 1 

the root mean square error (RMSE) difference between the calculated and measured BVOC 2 

concentrations, as a function of the number of independent variables included in the optimum MLR 3 

solution, is presented.  It is evident that interdependence between temperature, soil temperatures and 4 

PAR yielded the largest decrease in RMSE for isoprene concentrations measured.  However, for MBO, 5 

monoterpenes and SQT, a much more significant contribution from soil moisture is observed to 6 

decrease the RMSE differences between calculated and measured BVOC levels. It is also evident that 7 

the interdependence between soil moisture and soil temperature at 20 cm is important to estimate MBO, 8 

monoterpene and SQT concentrations. Therefore, explorative MLR indicated that temperature had the 9 

largest influence on isoprene concentrations, while soil moisture was the most significant for MBO, 10 

monoterpenes and SQT levels. 11 

 12 

Fig. 7.  The optimum combination of independent variables to include in a MLR equation to calculate 13 

the dependant variable, i.e. BVOC concentrations.  The root mean square error (RMSE) difference 14 

between the calculated and measured concentrations indicated that the inclusion of (a) 9 parameters for 15 

isoprene, (b) 10 parameters for MBO, (c) 7 parameters for MT, and (d) 12 parameters for SQT in the 16 

MLR solution was the optimum. 17 
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 1 

Fig. 7.  Continued. 2 

3.6 Reactivity of BVOCs 3 

It is important to evaluate the significance of BVOCs on their atmospheric reactivity, since these 4 

species are important precursor species in the photochemical formation of tropospheric O3 and SOA. 5 

This is particularly relevant for South Africa, with various recent studies indicating that O3 is currently 6 

the most problematic pollutant in South Africa (Laakso et al., 2013;Venter et al., 2012;Beukes et al., 7 

2013).  In addition, Vakkari et al. (2015) also indicated the importance of VOCs for new particle 8 

formation and growth. Therefore, the O3 formation potential (OFP), reaction rates with O3 and OH 9 

reactivities of the BVOCs measured in this study were evaluated. 10 

The OFP of BVOCs was determined by calculating the product of the average concentration and the 11 

maximum incremental reactivity (MIR) coefficient of each compound, i.e. OFP = VOC×MIR (Carter, 12 

2009).  The MIR scale has been used to assess OFP for aromatic hydrocarbons in numerous previous 13 

studies (Hoque et al., 2008;Jaars et al., 2014;Na et al., 2005).  The reaction rates for reactions between 14 

O3 and BVOCs were calculated with Eq. (3): 15 

reaction rates = 𝑘X,O3[ X][ O3],           (3) 16 

where [X] is the BVOC concentration, [O3] the ozone concentration and kX,O3 the reaction rate constant 17 

for the reaction between X and O3.  Since direct OH reactivity measurements were not available, the 18 

OH reactivities (s-1) of the BVOCs were calculated, using Eq. (4): 19 

OH reactivity = 𝑘X,OH[ X]           (4) 20 

Chapter 5 83 



where [X] is the BVOC concentration and kX,OH the reaction rate constant of the reaction between X and 1 

OH.  In Table 5, the OFP calculated for each of the BVOCs measured in this study, as well as the 2 

reaction rate constants for the reactions of these species with O3 and OH, are listed. 3 

Table 5.  Photochemical properties of measured BVOCs during the first and second campaign at 4 

Welgegund. 5 

   
First period Second period [cm3 molecule-1 s-1] 

 
  MIRa Average OFP Average OFP 

𝑘𝑂𝐻 × 1012 𝑘𝑂3 × 1018 

 
Isoprene 10.28 28 289 23 234 101.0 13.0 

 
MBO 4.73 12 56 7.7 37 27.5 1.8 

 
α-Pinene 4.38 71 313 57 251 53.7 86.6 

 
Camphene 

 
7.9 

 
3.8 

 
53.0 0.9 

 
β-Pinene 3.38 19 64 4.6 16 78.9 15.0 

 
∆3-Carene 3.13 6.1 19 4.1 13 88.0 37.0 

 
p-Cymene 4.32 48 206 15 66 15.0 0.05 

 
1,8-Cineol 

 
13 

 
1.9 

 
22.6 

 Monoterpenes Limonene 4.4 30 131 54 236 171.0 200.0 

 
Terpinolene 6.16 14 84 28 170 22.5 138.0 

 
AMCH 

 
6.7 

 
4.2 

 
98.6 430.0 

 
Nopinene 

 
7.3 

 
11 

 
8.6 

 
 

Bornylacetate 
 

1.7 
 

3.1 
 

7.7 
 

 
4-Allylanisole 

 
11 

 
12 

 
54.3 12.0 

 
Longicyclene 

 
4.2 

 
1.7 

 
9.4 

 
 

iso-Longifolene 
 

3.0 
 

0.9 
 

96.2 11.4 
Sesquiterpenes Aromadendrene 

 
1.0 

 
2.4 

 
62.5 12.0 

 
α-Humulene 

 
0.9 

 
2.7 

 
290.0 870.0 

 
Alloaromadendrene 

 
3.2 

     aMIR denotes maximum incremental reactivity (g O3/g VOCs) (Carter, 2009). The rate constants are from Atkinson (2000) and Atkinson 6 
and Arey (2003b) except those for α-humulene and longifolene OH reaction rates, which are from Shu and Atkinson (1995).  Other 7 
sesquiterpene data is from CSID:1406720, http://www.chemspider.com/Chemical-Structure.1406720.html (last access: 2 May 2016). 8 
Predicted data is generated using the US Environmental Protection Agency’s EPI Suite. 9 

Table 5 indicates that, according to the OFP calculated with MIR coefficients, α-pinene, isoprene and p-10 

cymene had the highest OFP in descending order during the first sampling campaign.  During the 11 

second sampling campaign, α-pinene also had the highest OFP, while limonene and isoprene had the 12 

second and third highest OFPs, respectively.  A comparison of the OFP calculated in this study to the 13 

OFP calculated by Jaars et al. (2014) for anthropogenic aromatic hydrocarbons measured at Welgegund 14 

(with MIR coefficients) indicates that the OFP of BVOCs is an order of magnitude smaller than the 15 

OFP of aromatic hydrocarbons at Welgegund.  The combined O3 formation potentials of all the BVOCs 16 

measured calculated with MIR coefficients during the first and second campaign were 1162 and 1022 17 

pptv, respectively. 18 
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In Fig. 8 (a), the monthly mean reaction rates for the reactions between O3 and BVOCs measured in this 1 

study are presented.  Higher reaction rates between BVOCs and O3 contribute to increased atmospheric 2 

O3 depletion.  Significantly higher reaction rates were calculated for February 2015.  It is evident from 3 

Fig. 8(a) that α-pinene and limonene had the highest reaction rates with O3, while isoprene exhibited 4 

relatively small contributions the O3 depletion.  The other BVOCs also had relatively low reaction rates 5 

for their reactions with O3.  In Fig. 8(b), the relative monthly contributions of each of the BVOCs to the 6 

total OH-reactivity of BVOCs are presented.  It is evident that largest contributions to the OH-reactivity 7 

of BVOCs measured at Welgegund are from limonene, α-pinene and terpinolene for all of the months 8 

during both sampling campaigns.  This is expected, since monoterpenes had the highest atmospheric 9 

concentrations compared to the other BVOCs measured in this study.  It is also evident, especially 10 

during the first sampling campaign, that isoprene levels increased with the onset of spring in September. 11 

 12 

Fig. 8a.  Monthly means of reaction rates calculated for reactions between O3 and BVOCs at 13 

Welgegund. A secondary axis is introduced for reaction rates calculated for February 2015 due to much 14 

higher reaction rates caluclated for this month. 15 
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 1 

Fig. 8b.  The relative monthly contribution of different BVOCs to the OH-reactivity at Welgegund. 2 

4 Conclusions 3 

The annual median concentrations of isoprene, MBO, monoterpenes and SQT during the first campaign 4 

were 14, 7, 120 and 8 pptv and 14, 4, 83 and 4 pptv during the second campaign.  The concentrations of 5 

BVOCs measured during the second campaign were generally lower compared to levels during the first 6 

campaign, which can be attributed to significantly higher rainfall during the wet season preceding the 7 

first campaign.  The sum of the concentration of the monoterpenes was an order of magnitude higher 8 

than the concentrations of other BVOC species during both sampling campaigns, with α-pinene being 9 

the most abundant species.  Very low isoprene concentrations at Welgegund led to a significantly lower 10 

total BVOC concentration compared to levels measured at other regions in the world as well as during 11 

the SAFARI 2000 campaign in a South African national park.  However, monoterpene concentrations 12 

were similar to levels reported in most previous studies.  In addition, total BVOC concentrations were 13 

an order of magnitude lower compared to the total aromatic VOC concentrations measured by Jaars et 14 

al. (2014) at Welgegund. 15 

The monthly median MBO levels measured during both campaigns, as well as, although less 16 

pronounced, the monthly median isoprene concentrations measured during the first campaign indicated 17 

a distinct seasonal pattern with higher isoprene concentrations coinciding with the wet and warmer 18 

months.  During the second campaign, higher isoprene concentrations were associated with higher wind 19 

speeds, which were attributed to a larger fetch and a distant source region.  No distinct seasonal pattern 20 

was observed for monoterpene and SQT concentrations, with the exception of significantly higher 21 

levels measured from February to April 2011 during the first campaign.  In addition, MBO 22 

concentrations measured during these months were also significantly higher.  These increased MBO, 23 
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monoterpene and SQT concentrations were attributed to the significantly higher soil moisture measured 1 

at a depth of 20 cm resulting from the wet season preceding the first campaign, which is indicative of 2 

biogenic emissions from deep-rooted plants. 3 

Concentration roses indicated that isoprene concentrations were higher from the western direction, 4 

while wind direction did not indicate any significant differences in the concentrations of other BVOC 5 

species.  Woody species in the grassland region were considered to be the main sources of BVOCs 6 

measured, while sunflower and maize crops were also considered to be potential sources for BVOCs in 7 

this region. 8 

Multilinear regression analysis utilising all the ancillary measurements at Welgegund indicated that soil 9 

moisture had the most significant impact on atmospheric levels of MBO, monoterpenes and SQT 10 

concentrations, while temperature had the greatest influence on isoprene levels.  MLR was not 11 

performed to indicate how the plant physiological mechanisms are involved in the emission of the 12 

BVOCs, since the plant physiological mechanisms were not measured during this study. 13 

The combined O3 formation potentials of all the BVOCs measured calculated with MIR coefficients 14 

during the first and second campaign were 1162 and 1022 pptv, respectively, with isoprene and the 15 

monoterpenes: α-pinene, isoprene, p-cymene, limonene and terpinolene, having the largest contribution 16 

to O3 formation potential.  α-Pinene and limonene had the highest reaction rates with O3, while isoprene 17 

exhibited relatively small contributions to the O3 depletion.  Limonene, α-pinene and terpinolene had 18 

the largest contributions to the OH-reactivity of BVOCs measured at Welgegund for all of the months 19 

during both sampling campaigns. 20 

A comprehensive study on BVOC emissions from important plant species must also be performed in 21 

order to relate the emission capacities of vegetation types in the area surrounding Welgegund to the 22 

measured atmospheric BVOCs.  It is also recommended that oxidation products of BVOC species are 23 

measured in future studies in order to verify distant source regions. 24 
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Abstract 

Volatile organic compounds (VOCs) can have significant impacts on climate and human health. Certain 

VOCs are proven to be carcinogenic and toxic, which can affect human health directly and indirectly. In 10 

order to develop climate change reduction strategies and to assess the impacts of VOCs on human 

health, it is crucial to determine the sources of VOCs, which can be emitted from biogenic and 

anthropogenic sources. The aim of this study was to perform positive matrix factorisation (PMF) 

analysis on VOC data collected at a regional background atmospheric monitoring station affected by the 

major sources in the interior of South Africa in order to conduct a source apportionment study. In 15 

addition, a risk assessment study was also performed in view of the major source regions affecting 

Welgegund in order to quantify the impacts of anthropogenic VOCs measured at Welgegund on human 

health. Measurements were conducted at the Welgegund measurement station located on a commercial 

farm approximately 100 km west of Johannesburg for a period of more than two years. PMF analysis 

revealed ten meaningful factor solutions, of which five factors were associated with biogenic emissions 20 

and five with anthropogenic sources. Three of the biogenic factors were characterised by a specific 

biogenic species, i.e. isoprene, limonene and 2-methyl-3-buten-2-ol (MBO), while the other two 

biogenic factors comprised mixtures of biogenic species with different tracer species. The temporal 

factor contribution for the isoprene, limonene and MBO factors correlated relatively well with the 

seasonal wet pattern. Wind roses indicated that Welgegund was affected by biogenic species from all 25 

wind directions in the surrounding environment. Two anthropogenic factors were associated with 

emissions from a densely populated anthropogenic source region to the east of Welgegund with a large 
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number of industrial activities. An anthropogenic factor was also identified that reflected the influence 

of solvents on atmospheric VOC concentrations, while two anthropogenic factors were determined that 

indicated the influence of farming activities in close proximity to Welgegund. A non-cancer- (hazard 

ratios) and cancer-risk (lifetime cancer risks) assessment study conducted for VOCs measured at 

Welgegund in relation to three source regions identified indicated that the non-cancerous influence of 5 

VOCs measured in the source regions is significantly lower compared to the cancerous influence of 

these species on human health, which poses a significant cancer risk. An assessment of the OH 

reactivity of anthropogenic VOCs indicated that OH reactivity was higher for VOCs in air masses 

passing over a highly industrialised source region; while the highest OH reactivity was determined for 

species for which high ozone formation potential was determined in previous studies. 10 
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1 Introduction 

Volatile organic compounds (VOCs) can have significant impacts on the oxidising capacity and 

radiative balance of the atmosphere through their role in tropospheric ozone and secondary organic 

aerosol (SOA) formation, as well as their effect on stratospheric ozone depletion and the enhancement 

of the global greenhouse effect (Seinfeld and Pandis, 2012;Kulmala et al., 2004;Tunved et al., 5 

2006;Sillman, 1999). In addition to their climatic impacts, VOCs also have significant effects on human 

health. It has been proven that certain VOCs and their reaction products are carcinogenic and toxic, 

which can affect human health directly and indirectly (Delfino et al., 2003;Kim et al., 2002;Otto et al., 

1992;Payne-Sturges et al., 2004;Wichmann et al., 2009). Benzene, for instance, is classified by the 

International Agency for Research on Cancer (IARC) and the United States Agency for Toxic 10 

Substances and Disease Registry (ATSDR) as being a carcinogen and toxic (IARC, 2012;ATSDR, 

2015). It has been estimated that a lifetime exposure to atmospheric benzene levels of 0.31 ppbv leads 

to approximately six cases of leukaemia per million inhabitants (World Health Organization, 2000). 

Therefore, an annual ambient limit for benzene of 1.6 ppbv has been set by South Africa (Government 

Gazette Republic of South Africa, 2009), the European Union (European Union, 2008), India and South 15 

Korea (The Gazette of India, 2009;Korean Ministry of Environment, 2011), while an Inhalation 

Minimal Risk Level (MRL, at a cancer risk of 1 in 10 000) of 4 ppbv was established by ATSDR 

(ATSDR, 2016). 

It is crucial to determine the sources of VOCs to develop efficient ozone and particulate pollution 

control, as well as for the development of climate change reduction strategies. VOCs can be emitted 20 

from various anthropogenic and biogenic sources. Globally, the major anthropogenic sources of 

atmospheric VOCs are considered to be fossil fuel combustion, petrochemical industries, vehicular 

emissions, storage and transport of fuel, usage and production of solvents, hazardous waste facilities 

and landfills (Shi et al., 2015). Biomass burning (veld fires) can also be an important source of VOC, 

especially in southern Africa, where large-scale biomass combustion occurs every year in the dry season 25 

(Vakkari et al., 2015). Shi et al. (2015) state that a lack of information exists for VOC emissions 

specifically from coal-fired sources, while a number of studies have been performed on VOC emissions 

from vehicles, biomass burning, solvents, petrochemical industries and refineries. In addition to 
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anthropogenic sources, biogenic VOCs (BVOCs) from ecosystems are also important and it is estimated 

on a global scale that ~90 % of annual VOC emissions are from vegetation (~1000 Tg C year-1) 

(Guenther et al., 2012). 

Notwithstanding the importance of atmospheric VOCs on climate, the environment and human health, 

very few papers have been published in the peer-reviewed literature on atmospheric VOCs in South 5 

Africa, while, especially, limited research has been conducted on BVOC emissions in southern Africa 

(Otter et al., 2003;Scholes and Andreae, 2000;Jaars et al., 2016). Continuous VOC measurements are 

mainly limited to compliance monitoring by industries, while certain provincial governments and local 

municipalities perform atmospheric VOC measurements. According to Forbes and Rohwer (2008), 

VOCs (specifically benzene, toluene, ethylbenzene and xylenes, collectively referred to as BTEX) are 10 

monitored at nine sites across three provinces by local municipalities in South Africa. Brunke et al. 

(2001) reported interesting results for non-methane hydrocarbons monitored at Cape Point within the 

context of biomass burning episodes. Burger (2006) reported measurements of BTEX in the Vaal 

Triangle and Cape Town, whereas Van der Walt (2008) measured hydrocarbons in a metropolitan area 

in the Vaal Triangle. Lourens et al. (2011) measured BTEX in the Mpumalanga Highveld and the Vaal 15 

Triangle with passive samplers for one year. VOCs have also been studied within the context of 

emissions from spontaneous combustion of coal (Pone et al., 2007) and the Cape Town brown haze 

(Burger et al., 2004;Chiloane, 2006).  

Jaars et al. (2014) and Jaars et al. (2016) presented concentrations of aromatic hydrocarbons and 

BVOCs, respectively obtained from active VOC measurements conducted at the regionally 20 

representative Welgegund background site in South Africa. In these papers, the concentrations of 

aromatic carbons and BVOCs measured at Welgegund were contextualised, while the seasonal patterns 

of these species were also presented. The impacts of source regions according to back trajectory 

analysis (aromatic hydrocarbons) and meteorological patterns (BVOCs) on concentrations of these 

species were also discussed, while calculations (e.g. inter-compound ratios) and explorative statistical 25 

analysis were also performed in order to indicate possible sources of these species. In addition, the 

ozone formation potential of aromatic hydrocarbons and BVOCs, as well as the atmospheric reactivity 

of BVOCs, was also estimated.  
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Receptor modelling is an effective technique applied in source appointment studies ((Zhang et al., 

2014;Yuan et al., 2009) and references therein) with positive matrix factorisation (PMF) analysis 

commonly employed. PMF is a very effective statistical method for environmental source 

apportionment analysis, which can apportion ambient concentration data to sources by identifying the 

intrinsic characteristics of the data, while limiting all the elements in the factor profiles and the factor 5 

loading matrix to positive values (Yuan et al., 2009). Therefore, the aim of this paper was to perform 

PMF analysis on all the VOC data collected at the Welgegund atmospheric monitoring station for more 

than two years in order to conduct a source apportionment study, which could substantiate sources 

identified with back trajectory and meteorological pattern analysis, and explorative statistical methods 

employed by Jaars et al. (2014) and Jaars et al. (2016). In addition, an exposure and risk assessment 10 

study was also performed in view of the major source regions affecting Welgegund in order to quantify 

the impacts of anthropogenic VOCs measured at Welgegund on human health. According to the 

knowledge of the authors, this is the first study in South Africa where PMF analysis is applied to long-

term VOC measurements and the impacts of VOCs on health is assessed. 

2 Experimental 15 

2.1 Site description and measurement methods 

Measurements were conducted at the Welgegund measurement station (26.57°S, 26.94°E, 1480 m a.s.l.) 

(Welgegund measurement station, 2016), which is located on a commercial maize and cattle farm 

approximately 100 km west of Johannesburg, as indicated in Fig.1. Welgegund is a regional background 

site with no sources in close proximity. It is, however, affected by the major pollutant source regions in 20 

the interior of South Africa, as well as a relatively clean western sector with no large point sources. It is 

also frequently affected by regional savannah and grassland fires (Vakkari et al., 2015). Detailed 

descriptions of the Welgegund atmospheric measurement station in view of geographical and bioregion 

location, meteorology and the major source regions affecting Welgegund were presented by Jaars et al. 

(2014) and Jaars et al. (2016), as well as in a number of papers published on atmospheric measurements 25 

conducted at Welgegund (Vakkari et al., 2015;Tiitta et al., 2014;Beukes et al., 2015;Räsänen et al., 
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2016;Booyens et al., 2015;Kuik et al., 2015). In addition, Jaars et al. (2016) also presented a detailed 

land cover map indicating the typical vegetation surrounding the Welgegund station. 

 

Fig. 1. On the left, a geographical map of southern Africa indicating the location of the Welgegund 

measurement station, as well as the JHB-PTA megacity. On the right is a map of the north-eastern part 5 

of South Africa indicating the International Geosphere-Biosphere Programme (IGBP) vegetation 

classification for southern Africa for 2010 based on MODIS collection 5 land cover type product (Friedl 

et al., 2002;Friedl et al., 2010;Scepan, 1999;Belward et al., 1999). Also on the left, the large point 

sources in the industrial hub of South Africa and the source regions defined are indicated. 

Jaars et al. (2014) and Jaars et al. (2016) presented a detailed description on the VOC measurements. In 10 

short, VOC samples were collected at a height of 2 m above ground level, with a 1.75 m long inlet on 

Tenax-TA and Carbopack-B adsorbent tubes with an automated programmable sampler for a period of 

more than two years, i.e. a 13-month sampling campaign from February 2011 to February 2012 and a 

15-month sampling campaign from December 2013 to February 2015. O3 was also removed from the 

sample stream to prevent degradation of VOCs by heating the inlet. Samples were collected on 15 

Tuesdays and Saturdays each week for two hours during daytime (11:00 to 13:00 local time, LT) and 

Chapter 6 100 



two hours during night-time (23:00 to 1:00 LT). The bias associated with the sampling schedule was 

realised. However, Jaars et al. (2014) indicated that considering the distance of the sampling site from 

the nearest town and logistical limitations during the sampling campaigns, the sampling schedule 

applied was the most feasible option. A total of ~395 samples were collected during the two sampling 

campaigns. Analysis of the collected VOC samples was performed with a thermal desorption instrument 5 

(Perkin-Elmer TurboMatrixTM 650, Waltham, USA) connected to a gas chromatograph (Perkin-

Elmer® Clarus® 600, Waltham, USA) with a DB-5MS (60 m, 0.25 mm, 1 µm) column and a mass 

selective detector (Perkin-Elmer® Clarus® 600T, Waltham, USA). 

Trace gas measurements were included in the PMF analysis in order to support the source 

apportionment of VOCs. Trace gas measurements were performed utilising a Thermo-Electron 43S 10 

sulphur dioxide (SO2) analyser (Thermo Fisher Scientific Inc., Yokohama-shi, Japan), a Teledyne 

200AU nitrogen oxide (NOx) analyser (Advanced Pollution Instrumentation Inc., San Diego, Cam 

USA), an Environment SA 41M O3 analyser (Environment SA, Poissy, France) and a Horiba APMA-

360 carbon monoxide (CO) analyser (Horiba, Kyoto, Japan). 

2.2 Data analysis 15 

2.2.1 Positive matrix factorisation (PMF) analysis 

PMF analysis of the VOCs and trace gases was performed with the EPA PMF 5.0 program. The PMF 

method is described in literature (Paatero, 1997;Paatero and Tapper, 1994) and the principle of the 

model is explained here briefly. PMF is, in essence, a factor analysis tool that decomposes a data matrix 

into two matrices, i.e. factor contributions and factor profiles. The objective of PMF analysis is to 20 

identify a user-specified number of factors, which are regarded as pollution sources. The equation to be 

solved by PMF analysis is: 

𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘
𝑝
𝑘=1 𝑓𝑘𝑗 + 𝑒𝑖𝑗 , (1) 

where xij is the jth species concentration in the ith sample; gik is the particulate mass concentration from 

the kth source contributing to the ith sample; fkj is the mass fraction of the jth species from the kth source; 25 

eij is the residual associated with the jth species concentration, measured in the ith sample; p is the total 
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number of independent factors. The results are constrained to ensure that there are no negative source 

contributions. 

Each data point is individually weighted by utilising the estimated uncertainty for each species. In this 

study, the uncertainties for each sample were calculated by using measurement uncertainties (MU%) 

and minimum detection limits (MDL) in an equation-based uncertainty procedure described by Polissar 5 

et al. (1998). The conditional probability function (CPF) (Kim et al., 2003) was applied to the daily 

PMF dataset in order to estimate the impacts of sources from different directions. The CPF was 

calculated for each factor using relative source contributions and average wind directions for each 

sample – data collected on days with low wind speeds (<1 m/s) were removed from the dataset. CPF 

was calculated as follows: 10 

𝐶𝑃𝐹𝜃 = 𝑚𝜃
𝑛𝜃

 , (2) 

where mθ is the number of average wind vectors (days) that fall in the wind sector θ that exceed the 

threshold criteria (80th percentile), while nθ is the total number of vectors occurring in the same wind 

sector. The largest peak contributions in the time series were then selected for each factor for further 

analysis. If several factors were peaking at the same time, the largest peak was selected. In many cases, 15 

the CPFs of the factors showed quite mixed wind direction contributions, which were in particular the 

case for biogenic factors, where the source is located in close proximity to the station and the source 

direction is not evident. 

2.2.2 Risk assessment 

The Risk Assessment Guidance for Superfund (RAGS) Volume I: Human Health Evaluation Manual 20 

part F, Supplemental Guidance for Inhalation Risk Assessment (USEPA, 2009) was used as a guideline 

to estimate the nature and the possibility of adverse health effects of each VOC in plumes that have 

passed over the source regions identified by Jaars et al. (2014) (Fig. 1) or reported in other studies. Risk 

probability values, i.e. inhalation reference concentration (RfC) and unit risk (UR) were obtained 

through the risk model calculator established by the University of Tennessee ((RAIS, 2016) and 25 

reference therein), by giving priority to the most recent available data and are listed in Table 1. The 
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impacts of VOCs on human health were assessed by estimating the non-carcinogenic and carcinogenic 

risks. The hazard ratio (HR) of each compound was calculated by Eqs. (3) and (4) in order to estimate 

the non-carcinogenic influence as follows: 

𝐻𝑅 = 𝐸𝐶
𝑅𝑓𝐶 

 , (3) 

𝐸𝐶 = 𝐶𝐴 × 𝐸𝑇 ×𝐸𝐹 × 𝐸𝐷

𝐸𝐷 × 365�𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟� �×24(ℎ𝑜𝑢𝑟𝑠 𝑑𝑎𝑦� )
 , (4) 5 

where EC is the exposure concentration (µg m-3); RfC (µg m-3) corresponding to a specific compound 

(Table 1); CA is the concentrations (µg m-3) of each VOC in plumes that have passed over the source 

regions identified or reported in other studies; ET is the exposure time (hours day-1); EF is the exposure 

frequency (days year-1); and ED is the exposure duration (years). 

Table 1. Non-cancer reference concentrations, cancer unit risks of the VOCs found during the 10 

campaigns and their carcinogenic classifications in the IARC at Welgegund. Risk probability values 

(inhalation reference concentration and unit risk) were obtained through the risk model calculator, 

established by the University of Tennessee ((RAIS, 2016) and reference therein), by giving priority to 

the most recent available data. 

 Non-cancer   Cancer   

 RfC (μg m-3) Source MW (g mol-1) Group IARC UR (μg m-3)-

1 

Source 

Benzene 9.6 ATSDR 78.11 1 6.00E-06 WHO 

Toluene 3770 ATSDR 92.14 3 - - 

Ethylbenzene 1300 ATSDR 106.17 2B 2.50E-06 CALEPA 

(m,p)-xylene 217 ATSDR 106.17 3 - - 

Styrene 850 ATSDR 104.15 2B - - 

o-xylene 217 ATSDR 106.17 3 - - 

Propylbenzene 100 PPRTV 120.1916 - - - 

3-ET n.a. - 120.1916 - - - 

4- ET n.a. - 120.1916 - - - 

 15 
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Table 2. Continued. 
1,3,5-TMB 6 PPRTV 120.1916 - - - 

2- ET n.a. - 120.1916 - - - 

1,2,4-TMB 7 PPRTV 120.1916 - - - 

1,2,3-TMB 5 PPRTV 120.1916 - - - 

2,2,4-TMP n.a. - 114.23 - - - 

heptane n.a. - 100.21 - - - 

hexane 700 IRIS 86.175 - - - 

2-MP n.a. - 86.175 - - - 

octane n.a. - 114.229 - - - 

nonane 20 PPRTV 128.26 - - - 

Agency for Toxic Substances and Disease Registry (ATSDR); Integrated Risk Information System (IRIS); Provisional Peer 

Reviewed Toxicity Values (PPRTV); California Environmental Protection Agency (CALEPA) Office of Environmental 

Health Hazard Assessment (OEHHA); World Health Organization (WHO). TMP = trimethylpentane, MP = methylpentane 

The lifetime cancer risk (LCR) was calculated in order to determine the number of individuals likely to 5 

acquire cancer due to their exposure to the VOCs of concern from inhalation intake as follows: 

𝐿𝐶𝑅 = 𝑈𝑅 ×  𝐶𝐴 × 𝐸𝑇 ×𝐸𝐹 × 𝐸𝐷

𝐿𝑇 × 365�𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟� �×24(ℎ𝑜𝑢𝑟𝑠 𝑑𝑎𝑦� )
 , (5) 

where UR is the estimated unit risk value (µg-1 m3) (Table 1) and LT is the lifetime expectancy (years). 

The assumptions made by Paralovo et al. (2016) were used as a reference in calculating the LCR and 

HR values: ED of 25 years (assuming that a resident lives 25 years at the same place on average); the 10 

average LT of South Africans is 60 years; EF of 350 days in a year (if we assume that a person spends 

on average 15 days a year outside the area that they live); and ET of 15 h per day. 

3 Results and discussion 

3.1 General characteristics of VOC concentrations 

In Table 2, the median (mean) and inter-quartile range (IQR, 25th to 75th) concentrations of all the 15 

VOCs determined during the two campaigns at Welgegund are summarised that were used for PMF and 

risk assessment analysis in this paper. The aromatic hydrocarbon concentrations measured during the 
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first campaign and the BVOC concentrations measured during both campaigns have been presented and 

discussed in detail by Jaars et al. (2014) and Jaars et al. (2016), respectively. It is evident that during the 

first campaign the most abundant VOCs were toluene, styrene and (m,p)-xylene with an annual median 

(IQR) concentration of 0.63 (0.46-1.07), 0.66 (0.46-1.00) and 0.50 (0.36-0.85) ppbv, respectively. 

During the second campaign, the most abundant compounds were toluene and (m,p)-xylene with annual 5 

median (IQR) concentration of 5.43 (3.53-7.83) and 1.25 (0.91-1.79) ppbv, respectively. The total 

median (mean) concentrations of VOCs measured during the first campaign were 3.23 (5.17) ppbv of 

which aromatics accounted for 82%, alkanes for 14% and biogenics for 4%, while the total median 

(mean) concentrations of VOCs concentration during the second campaign were 9.13 (22.18) ppbv of 

which 88%, 11% and 1% were aromatics, alkanes and biogenics, respectively. It is evident that the 10 

contributions of aromatic species to the total VOC levels were significantly higher compared to the 

other compounds measured at Welgegund. It is also noticeable that total VOC concentrations measured 

during the second campaign were higher than the first campaign, which can be mainly attributed to the 

higher concentrations of toluene, ethylbenzene and (m,p)-xylene measured during the second campaign. 

Higher concentrations of these species can be ascribed to more air masses moving over the 15 

Johannesburg-Pretoria megacity, the Vaal Triangle and the Mpumalanga Highveld source regions (Fig. 

1 and 2). Heptane and decane were the most abundant alkane species during the first campaign, with 

concentrations similar to that of benzene. During the second campaign, hexane was the most abundant 

alkane. The total alkane concentrations were approximately five times lower than the levels of aromatic 

compounds, while BVOC concentrations were an order of magnitude lower compared to aromatic 20 

species concentrations (Jaars et al., 2016). 
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Table 2. Summary of VOC concentrations measured at Welgegund. 

 First campaign Second campaign 

 Median (Mean) IQR (25th - 75th) Median (Mean) IQR (25th - 75th) 

Aromatics (ppbv)     
Benzene 0.13 (0.29) 0.9-0.22 0.1 (0.11) 0.03-0.16 
Toluene 0.63 (0.89) 0.46-1.07 5.43 (8.59) 3.53-7.83 

Ethylbenzene 0.25 (0.34) 0.18-0.40 0.78 (2.04) 0.56-1.16 
(m,p)-xylene 0.50 (0.77) 0.36-0.85 1.25 (5.80) 0.91-1.79 

styrene 0.66 (0.83) 0.46-1.00 0.60 (0.72) 0.43-0.84 
o-xylene 0.20 (0.30) 0.14-0.35 0.40 (1.82) 0.30-0.57 

Propylbenzene 0.01 (0.04) 0.01-0.02 0.02 (0.06) 0.01-0.03 
3-ET 0.03 (0.11) 0.03-0.07 0.11 (0.15) 0.08-0.17 
4-ET 0.01 (0.05) 0.01-0.03 0.008 (0.02) 0.004-0.02 

1,3,5-TMB 0.02 (0.08) 0.01-0.04 0.006 (0.027) 0.003-0.01 
2- ET 0.02 (0.10) 0.01-0.05 0.008 (0.024) 0.004-0.02 

1,2,4-TMB 0.07 (0.30) 0.05-0.17 0.029 (0.096) 0.02-0.05 
1,2,3-TMB 0.03 (0.15) 0.02-0.08 0.008 (0.026) 0.004-0.02 

Alkanes (ppbv)     
2,2,4-Trimethylpentane 0.01 (0.01) 0.003-0.01   

Heptane 0.21 (0.23) 0.13-0.29 0.08 (0.17) 0.05-0.11 
Hexane 0.05 (0.08) 0.03-0.08 0.05 (1.83) 0.05-1.02 

2-Methylpentane 0.02 (0.03) 0.02-0.04   
Octane 0.07 (0.08) 0.05-0.09 0.06 (0.16) 0.04-0.09 
Nonane 0.04 (0.04) 0.02-0.02 0.05 (0.19) 0.02-0.11 
Decane 0.13 (0.20) 0.08-0.26 0.07 (0.16) 0.03-0.11 

Biogenics (pptv)     
Isoprene 14 (28) 6-35 14 (23) 7-24 

2-Methyl-3-buten-2-ol 7 (12) 3-16 4 (8) 3-10 

α-Pinene 37 (71) 28-83 15 (57) 9-23 
Camphene 4 (8) 2-9 2 (4) 1-3 

β-Pinene 9 (19) 5-48 3 (5) 2-6 
Limonene 21 (30) 9-40 16 (54) 9-36 

Terpinolene 4 (14) 3-11 22 (28) 16-34 
ΣMonoterpenes 119 (215) 74-217 62 (152) 39-110 
ΣSesquiterpenes 2 (6) 1-6 2 (3) 1-3 
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Table 2. Continued. 
ΣAromatics (ppbv), (%) 2.57 (82) 1.83-4.43 8.75 (88) 5.89-12.66 
ΣAlkanes (ppbv), (%) 0.52 (14) 0.32-0.81 0.29 (11) 0.19-1.44 

ΣBiogenics (ppbv), (%) 0.14 (4) 0.08-0.27 0.08 (1) 0.05-0.15 

Total VOCs, unit (%) 3.23 (5.17) 2.24-5.43 9.13 (22.18) 6.13-14.25 

 

 3.2 Positive matrix factorisation (PMF) analysis 

In addition to the VOC data, continuous trace gas measurements, i.e. SO2, NOx, CO and O3 were also 

included for the receptor modelling. The datasets collected during the first (February 2011 to February 5 

2012) and second (December 2013 to February 2015) campaign were labelled (A) and (B), respectively. 

A critical first step in PMF source apportionment methods is to determine the number of meaningful 

factor solutions. In this study, five to 12 factor solutions were tested for both datasets in order to obtain 

meaningful solutions by taking into consideration the known environmental surroundings with regard to 

biogenic and anthropogenic sources affecting Welgegund (Jaars et al., 2014; Jaars et al., 2016). Certain 10 

species, which included mainly sesquiterpenes, were excluded or down-weighted, mainly because of the 

low reliability and noise in the data attributed to low concentrations of these species. Outliers were also 

examined and down-weighted according to the model residual analysis. Ten meaningful factor solutions 

providing a good fit to the data were obtained for both datasets, which are listed in Table 3 together 

with the main tracer species corresponding to each factor. Five factors, i.e. isoprene (F1), limonene 15 

(F2), biogenic emission 1 (F4) and 2 (F5), and 2-methyl-3-buten-2-ol (MBO) (F6) were associated with 

biogenic emissions, while five factors corresponded to anthropogenic sources, i.e. traffic/savannah 

fires/long-range transport (LRT) (F3), TEX (toluene, ethylbenzene, xylenes) (F7), aromatics (F8), diesel 

sources (F9) and coal combustion (F10). In Fig. 2, the relative factor loadings, the factor contributions 

and the main wind directions associated with each factor are presented. 20 
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Table 3. Identified factors and the corresponding tracer species identified with PMF. 

 Factor Name of the factor Main tracers 
Fi

rs
t c

am
pa

ig
n 

D
at

as
et

 A
 

F1A Isoprene Isoprene 

F2A Limonene Limonene 

F3A Traffic/savannah fires/LRT O3,NO, NO2, NOx , CO, 2,2,4-Trimethyl pentane and Benzene 

F4A Biogenic emission 1 α-Pinene, β-Pinene, ∆3-Carene 

F5A Biogenic emission 2 Terpinolene, β-Pinene, ∆3-carene  and 1,8-cineol 

F6A MBO MBO 

F7A TEX Toluene, Ethylbenzene, (m,p)-Xylene and o-Xylene 

F8A Aromatics Propylbenzene, 3-ET, 4-ET, 1,3,5-TMB, 2-ET, 1,2,4-TMB, 1,2,3-TMB 

F9A Diesel source Nonane and Decane 

F10A Coal combustion SO2 and NOx 

Se
co

nd
 c

am
pa

ig
n 

D
at

as
et

 B
 

F1B Isoprene Isoprene 

F2B Limonene Limonene 

F3B Traffic/savannah fires/LRT NO2, NOx , NO, CO, O3, 2,2,4-Trimethylpentane,Benzene and 1,8-Cineol 

F4B Biogenic emission 1 α-Pinene, Camphene and p-Cymene 

F5B Biogenic emission 2 Terpinolene, β -Pinene, ∆3-Carene, 1,8-Cineol, Heptane 

F6B MBO MBO 

F7B TEX Toluene, Ethylbenzene, (m,p)-Xylene and o-Xylene 

F8B Aromatics 3-ET, 4-ET, 1,3,5-TMB, 2-ET, 1,2,4-TMB, 1,2,3-TMB 

F9B Diesel source Nonane and decane 

F10B Coal combustion SO2 and NOx 
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Fig. 2. The factor loadings determined for the first (F1A-F10A) and second campaign (F1B-F10B) 

(left), the relative factor contributions (centre), and wind roses for each factor (right). 
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Fig. 2. Continued. 
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Fig. 2. Continued. 
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Three factors were identified that were dominated by one specific biogenic species, i.e. isoprene, 

limonene and MBO, which were therefore considered to represent each of these species. In factor F1, 

isoprene accounted for 86 and 77% of the variations in F1A and F1B, respectively. Limonene was the 

predominant species in factor F2, with loadings of 60 and 67% calculated for campaigns (A) and (B), 

respectively. MBO accounted for 60 and 59% of the loadings in factors F6A and F6B. Relatively 5 

notable contributions were made by MBO to F1B (isoprene), while camphene also contributed to factor 

F2B (limonene). In the MBO factor, relatively significant contributions were also made from a few 

other VOCs. From the wind roses determined for these three factors, it seems that isoprene was higher 

from the western direction, while limonene was higher from the south-western sector. In addition, wind 

roses compiled for the MBO factor F6A indicated more sources of species associated with this factor 10 

from an easterly direction that also correlated with higher concentrations of VOCs associated with 

anthropogenic activities in this region (Fig. 1). However, in general, wind direction did not indicate 

significant differences in the contributions of these three factors from different directions. The factor 

contributions of these three factors did correlate relatively well with the wet season (Jaars et al., 2016), 

with, especially, the MBO factor indicating a relatively strong seasonal pattern as was indicated by the 15 

temporal variation presented by Jaars et al. (2016), i.e. higher BVOC concentrations associated with the 

wet season. 

Factors F4 and F5 comprised a mixture of loadings of biogenic species with α-pinene, β-pinene, ∆3-

carene and p-cymene the main tracer species in F4, while terpinolene, β-pinene, ∆3-carene and 1,8-

cineol were the main tracer species in F5. In Factor 4A, α-pinene, β-pinene and ∆3-carene accounted for 20 

42, 40 and 32% of the variations, respectively, while α-pinene contributed to 81% of the factor load in 

F4B. Terpinolene, β-pinene, ∆3-carene and 1,8-cineol accounted for 73, 47, 46% and 37 % variations in 

factor F5A, while in factor F5B terpinolene, β-pinene and 1,8-cineol contributed to 57, 38 and 29% of 

the factor load, respectively. These two biogenic factors were also characterised by high loadings of 

species associated with anthropogenic activities, i.e. styrene and propylbenzene in factor F4, and 25 

heptane, benzene, octane and 2,2,4-trimethylpentane (isooctane) in factor F5. The association with these 

anthropogenic VOCs indicates that these biogenic emissions coincided with anthropogenic activities. 
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As mentioned previously, Welgegund is situated on a commercial maize and cattle farm. Therefore, 

everyday farming activities in close proximity of Welgegund will contribute to anthropogenic impacts. 

The anthropogenic VOCs in factor F5 are usually associated with vehicular emissions. The factor 

contributions for these two factors did not indicate a clear seasonal pattern. The wind roses for factors 

F4 and F5 indicate that these factors originate predominately from the southern to north-western sector, 5 

with a very small contribution of these factors from the northern to south-eastern sector where the 

predominant anthropogenic source regions are situated (Fig. 1). This also signifies that anthropogenic 

VOCs present in these factors are predominantly associated with local farming activities. In general, the 

biogenic factors determined with PMF indicate that Welgegund is affected by biogenic emissions from 

all directions, as indicated by Jaars et al. (2016).  10 

Factor F3 was considered to be characterised by species typically associated with traffic emissions, with 

high loadings of NOx, CO, 2,2,4-trimethyl pentane (isooctane) and benzene. In addition, factor F3 was 

also considered to represent wild fires as reflected by the NOx and CO loadings, as well as the long-

range transport (LRT) of polluted air masses as indicated by the high O3 loading, especially during the 

first campaign. O3 is a secondary pollutant that is usually indicative of aged air masses. The wind roses 15 

compiled for factor F3 indicated that these factor loadings originate predominantly from the north-

eastern to south-eastern sector, wherein the Johannesburg-Pretoria megacity, the Vaal Triangle and the 

Mpumalanga Highveld source regions are located, which was categorised as the Area I source region by 

Jaars et al. (2014) (Fig. 1). Therefore, increased impacts of traffic emissions are expected for winds 

originating from this densely populated region. In this source region, household combustion could also 20 

be an additional source of species in factor F3. Jaars et al. (2014) also attributed incomplete combustion 

sources (e.g. vehicular emissions, wild fires and household combustion) in Area I as dominant sources 

of benzene.  

Relatively high loadings of NOx, NO2 and NO, typically associated with traffic emissions and wild 

fires, were also observed for factor F10. However, the SO2 load, which was not present in Factor F3, 25 

accounted for approximately 90% of the variation in this factor. In addition, significantly lower loadings 

of CO and O3 were determined in factor F10. Therefore, this factor was considered to represent coal 

combustion. The wind roses compiled for factor F10 also indicate a predominant influence from the 
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source region Area I where nine coal-fired power stations and a petrochemical plant are situated (Fig. 

1). Wind roses compiled for the second campaign (F10B) also indicate this factor originating from the 

northern sector, which was classified as Area II by Jaars et al. (2014). This area holds a large number of 

pyrometallurgical smelters (Fig. 1). Area II also holds the anti-cyclonic source regions that lie on the 

anti-cyclonic recirculation path of air masses moving towards Welgegund. Wind roses compiled for 5 

factor F3 also indicated some impacts from the north, which are therefore also reflected by the O3 factor 

loading. No distinct seasonal pattern is observed from the factor contributions of these factors. 

Factors F7 and F8 comprised a mixture of loadings of the aromatic VOCs. Factors F7A and F7B 

contained predominantly factor loadings from toluene (44 and 77%), ethylbenzene (53 and 76%) and 

xylenes ((m,p)-xylene: 47 and 66%; o-xylene: 49 and 63%)(TEX), while the main tracer species in F8A 10 

and F8B were 3-ethyltoluene (56 and 22%), 4-ethyl toluene (63 and 69%), 1,3,5-trimethylbenzene (57 

and 88%), 2-ethyltoluene (63 and 78%), 1,2,4-trimethylbenzene (62 and 68%), 1,2,3-trimethylbenzene 

(61 and 80%). Relatively higher factor loadings are also observed from propylbenzene (52%), as well as 

the biogenic species p-cymene (57%) and 1,8-cineol (47%) in F8A. It is generally deliberated that TEX 

species are the primary constituents of organic paints, and are regarded as chemical tracers of solvent 15 

utilisation (Choi et al., 2011;Watson et al., 2001;Guo et al., 2004). Therefore, factor F7 was considered 

to represent VOC emissions from solvent utilisation. The factor contributions for factor F7 indicate the 

highest contributions of these species during the warm summer months. Jaars et al. (2014) also 

indicated that the TEX/total aromatic concentrations had maximum values in summer, while the 

average temperatures measured during the sampling period also followed a similar pattern than the TEX 20 

concentration ratios. Therefore, the factor contribution for factor F7 also signifies that higher TEX 

concentrations are associated with higher contributions of solvents during the summer. The wind roses 

compiled for factor F7 did not indicate that this factor originated predominantly from specific regions 

with factor F7 occurring in all wind directions. Jaars et al. (2014) also indicated that the TEX 

compounds originated from air masses that had passed over all three source regions, including the 25 

regional background (Fig. 1). The concentrations of the aromatic VOCs characterising factor F8 were 

significantly lower compared to the concentrations of the other aromatic VOC species, i.e. the BTEX 

compounds (Table 2). The wind roses compiled for factor F8 indicate this factor originating 
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predominantly from the south-eastern to north-western sectors, i.e. the regional background classified 

by Jaars et al. (2014) (Fig. 1). Therefore, local sources, such as general farming activities and local 

vehicular emissions could be considered the major sources of factor F8. The factor contribution from 

this factor was relatively high during February 2011 to March 2011 and December 2013 to February 

2014. 5 

The main tracer species in Factor F9 were nonane and decane, with relatively higher loadings also from 

heptane (F9A) and octane (F9B). In factor F9A, decane and nonane accounted for 68 and 58% of the 

variations, respectively, while in factor F9B, decane and nonane contributed to 50 and 75% of the factor 

load, respectively. Nonane and decane are typically good tracers for diesel exhaust emissions (Watson 

et al., 2001;Song et al., 2007;Liu et al., 2008), and therefore this factor was considered to represent 10 

diesel emissions. Wind roses reveal that this factor originated predominantly from the south-south-

eastern to the west-north-western sector, which is part the regional background (Fig. 1). The main diesel 

sources in this region can be considered to be local and regional farming activities, which include pick-

up trucks, tractors, electricity generators and other diesel engines typically used on farms. Although the 

wind roses also indicate factor F9 originating from the major anthropogenic source regions from the 15 

north-east, it can be assumed that these diesel emissions can also be attributed to local and regional 

farming activities. Although very low factor contributions are observed for factor F9B form March 2014 

to August 2014, the temporal factor contributions did not indicate any significant seasonal pattern for 

diesel emissions. This period of low diesel emissions affecting Welgegund could be related to periods 

of decreased farming activity or less frequent impacts by winds blowing from areas where diesel 20 

sources are operated. 

3.3 Risk assessment 

3.3.1 Air masses passing over source regions 

The risk assessment study was performed in relation to the source regions identified by Jaars et al. 

(2014), i.e. Area I, Area II and regional background as indicated in Fig. 1. Back trajectory analyses were 25 

performed in order to determine air masses passing over the different source regions during the two 

campaigns, which are presented in Fig. 3. Jaars et al. (2014) showed that for the first campaign, 39% of 

Chapter 6 115 



the VOC samples were collected during periods when air mass back trajectory sets had passed over 

Area II, while 33 and 14% of VOC samples were collected when air mass back trajectory sets passed 

over the regional background and Area I, respectively. Back trajectory analysis performed for the 

second campaign indicated that 51, 23 and 8% of VOC samples were collected when air masses passed 

over Area II, the regional background and Area I, respectively. Jaars et al. (2014) attributed the lower 5 

percentage of air masses passing over Area I to the persistence of the anticyclonic circulation pattern 

over the interior of South Africa, which favours the arrival of air masses at Welgegund from the north to 

north-eastern sector. 

 

 10 

Fig. 3. Graphical representations of back trajectories allocated as passing over the defined source 

regions during the first (left) and second (right) campaign. The percentage of the trajectories allocated 

as passing over a specific source region and the number of trajectories it represents are provided in 

brackets.. 
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Fig. 3. Continued. 

3.3.2 Non-cancer risk assessment 

Twelve of the 20 anthropogenic VOCs quantified in this study had RfC values that could be obtained 5 

from literature (Table 1) that could be used to calculate HRs from which non-cancer effects could be 

estimated. In Fig. 4, box and whisker plots of the HRs associated with the concentrations of each of the 

VOCs (with RfC values) in air masses that passed over the different source regions during both 

campaigns are presented. The red line of each box indicates the median, the black squares the mean, the 

top and bottom edges of the box the 25th and 75th percentiles, the whiskers ±2.7σ (99.3% coverage if the 10 

data have a normal distribution) and the red circles HR values not included in the range of the box and 

whisker plot. The green lines in Fig. 4 (a) and (b) indicate the level of concern threshold HR value, i.e. 

1. 
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Fig. 4. Box and whisker plots of HR values calculated for concentrations of each of the VOC levels in 

air masses passing over the three source regions identified during the first and second campaign. The 

red line of each box indicates the median, the black squares the mean, the top and bottom edges of the 

box the 25th and 75th percentiles, the whiskers ±2.7σ (99.3% coverage if the data have a normal 5 

distribution) and the red circles HR values not included in the range of the box and whisker plot. 
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Fig. 4. Continued. 

It is evident from Fig. 4 that during both sampling campaigns the calculated HRs for all VOCs 

occurring in air masses passing over all three source regions was well below the level of concern 

threshold, with the exception of a few occurrences. The median and average HR values calculated for 5 

the VOCs in air masses passing over all three source regions were in general significantly lower than 

the threshold value of 1. During the first campaign, the whiskers of the box and whisker plot of the HRs 

calculated for 1,2,4-trimethylbenzene and 1,2,3-trimethylbenzene exceeded the threshold value in air 

masses passing over Area I, while there was one occurrence of the HR of 1,2,4-trimethylbenzene in air 

masses passing over Area II exceeding the value of 1. Benzene HR values exceeded the level of concern 10 

threshold once and twice in air masses passing over the regional background and Area II, respectively. 

During the second campaign, HRs of (m,p)-xylene exceeded the threshold value three times and once in 

air masses passing over Area II and the regional background, respectively, while nonane exceeded that 

level of concern threshold values once in air masses passing over the regional background. The highest 

HR values were calculated for 1,2,3-, 1,2,4- and 1,3,5-trimethylbenzene during the first campaign, with 15 

average HR values higher than 0.1, while the average HR of benzene calculated for air masses passing 
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over Area II were also higher than 0.1. These relatively high average HR values calculated for these 

species could be indicative of a potential future concern (McCarthy et al., 2009). Furthermore, 1,2,3- 

and 1,2,4-trimethylbenzene are currently not included as hazardous organic pollutants in the WHO Air 

Quality Guidelines (WHO, 2000) or the USEPA list of Hazardous Air Pollutants (USEPA, 1994). This 

study indicates that in future research more attention could be given to these two compounds. 5 

In Table 4, the HR values calculated for the average VOC concentrations determined in other studies 

conducted in the Highveld, JHB-PTA megacity and the Vaal Triangle in South Africa are presented. 

From the average HRs values listed in Table 4, it is evident that HRs of toluene, ethylbenzene and 

xylenes were also significantly lower than the level of concern threshold, with average HR values 

similar to average HRs determined in this study. The average HR values of benzene were 0.18, 0.4 and 10 

0.36 in the Highveld, JHB-PTA megacity and the Vaal Triangle, respectively. Although these values are 

well below the threshold value, these HRs can also be indicative of potential future concern, especially 

the HRs calculated for the polluted JHB-PTA megacity and the Vaal Triangle. The average benzene HR 

in the Highveld is similar to the benzene average HR determined for benzene in air masses passing over 

Area II. 15 
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Table 4. The HR and LCR values calculated for other VOC studies conducted in South Africa. 

 

 
Lourens et al. (2011) (Highveld) Lourens (2012) (Jhb-Pta megacity) van der Walt (2008) 

  Average (µg m-3) HR LCR Average (µg m-3) HR LCR Average (µg m-3) HR LCR 
Benzene 2.8 1.8E-01 4.2E-06 6.5 4.0E-01 9.7E-06 5.7 3.6E-01 8.6E-06 
Toluene 3.9 6.3E-04 

 
12.1 1.9E-03 

    Ethylbenzene 0.8 3.8E-04 5.1E-07 2.0 9.0E-04 1.2E-06 
   (m,p)-xylene  1.1 3.1E-03 

 
9.0 2.5E-02 

    o-xylene 0.7 1.8E-03 
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3.3.3 Cancer risk assessment 1 

Only benzene and ethylbenzene had UR values in literature (Table 1) that could be used to 2 

calculate LCRs from which cancer effects could be estimated. In Fig. 5, box and whisker plots 3 

of the LCRs associated with the concentrations of benzene and ethylbenzene in air masses 4 

that passed over the different source regions during both campaigns are presented. The red 5 

line of each box indicates the median, the black squares the mean, the top and bottom edges 6 

of the box the 25th and 75th percentiles, the whiskers ±2.7σ (99.3% coverage if the data have a 7 

normal distribution) and the red circles LCR values not included in the range of the box and 8 

whisker plot. The green line indicates the acceptable LCR threshold value of 1×10-6, i.e. one 9 

person in a million, recommended for adults by USEPA (USEPA, 2009b; Robson and 10 

Toscano, 2007). 11 

 12 
Fig. 5. Box and whisker plots of LCR values calculated for concentrations of benzene and 13 

ethylbenzene in air masses passing over the three source regions identified during the first and 14 

second campaign. The red line of each box indicates the median, the black squares the mean, 15 

the top and bottom edges of the box the 25th and 75th percentiles, the whiskers ±2.7σ (99.3% 16 

coverage if the data have a normal distribution) and the red circles LCR values not included in 17 

the range of the box and whisker plot. 18 

During the first campaign, the median and average LCR values calculated for benzene and 19 

ethylbenzene in air masses passing over Area I exceeded the LCR threshold value, while the 20 

75th percentiles of LCR values of these compounds in air masses passing over Area II 21 
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exceeded this threshold. The average LCR value of benzene in air masses passing over Area 1 

II and the regional background also exceed the threshold value. For the regional background, 2 

the whiskers of the box and whisker plot of LCR values of benzene and ethylbenzene were 3 

higher than 1×10-6 during the first campaign. During the second campaign, the 75th percentile 4 

of LCR values calculated for benzene in air masses passing over Area I, as well as the 5 

whiskers of the box and whisker plot of LCR values determined for benzene in air masses 6 

passing over Area II and the regional background exceeded the acceptable threshold value. 7 

Almost all the LCR values calculated for ethylbenzene during the second campaign in air 8 

masses passing over all three source region exceeded the threshold, with the average and 9 

mean LCR values significantly higher than 1×10-6. The cumulative cancer risks associated 10 

with benzene and ethylbenzene in air masses passing over the different source regions were 11 

determined by totalling the average LCR values of these compounds. From these calculations, 12 

the cumulative cancer risks during the first campaign were estimated to induce cancer 13 

development in 2.9, 4.1 and 2.2 people in one million during a lifetime in Area I, Area II and 14 

the regional background, respectively. The cumulative cancer risks determined during the 15 

second campaign estimated the inducement of cancer development in 5.5, 6.4 and 6 people in 16 

one million during a lifetime in Area I, Area II and the regional background, respectively. 17 

According to the Guidance on Risk Assessment for Air Contaminant Emission, a cancer 18 

development risk lower or equal to one person in a million (1 × 10-6) can be considered 19 

negligible, while cancer development risks higher than one person in ten thousand (1 x 10-4) 20 

are considered unacceptable (NJDEP, 2009). It is evident from the LCR calculated for 21 

benzene and ethylbenzene in this study for air masses that passed over the different source 22 

regions exceeded the threshold LCR frequently, which poses a significant cancer risk (Dutta 23 

et al., 2009). Measurements conducted by Lourens et al. (2011) in the South African 24 

Highveld, Lourens (2012) in the JHB-PTA megacity and Van der Walt (2008) in a South 25 

African metropolitan area also exceeded the cancer development risk limit as presented in 26 

Table 4. Based on LCR values determined in this study and in studies in other parts of South 27 

Africa, it is important that that the potential cancer risks associated with ambient VOC 28 

exposure should be considered a health concern in the source region in South Africa.  29 

As mentioned previously, benzene is currently the only VOC listed as a criteria pollutant in 30 

the National Ambient Air Quality Standards (NAAQS) with an annual average limit of 1.6 31 

ppb (5 µg m-3) (Government Gazette Republic of South Africa, 2009). Jaars et al. (2014) 32 

indicated that the mean benzene concentration did not exceed the annual average limit. 33 
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However, during both campaigns, benzene levels higher than the Inhalation Minimal Risk 1 

Level (MRL, at a cancer risk of 1 in 10,000) of 4 ppbv established by the United States 2 

Environmental Protection Agency (USEPA, 2009a) were determined in six samples collected 3 

at Welgegund, i.e. four plumes passing over Area II and two plumes passing over the regional 4 

background. 5 

3.4 OH reactivity of anthropogenic VOCs 6 

Although it is important to evaluate the significance of VOCs with regard to human health 7 

through risk assessments related to atmospheric concentrations of VOCs and exposure to the 8 

species, it is also important to examine the role of these pollutants in the production of O3 9 

(Carter, 1994) and secondary organic aerosols (SOA). Various studies (Laakso et al., 10 

2013;Venter et al., 2012;Beukes et al., 2013) have indicated that O3 is currently considered to 11 

be the most problematic pollutant in South Africa, while Vakkari et al. (2015) also indicated 12 

the relevance of VOCs in the formation of SOAs. Jaars et al. (2014) presented the O3 13 

formation potential (OFP) for aromatic VOCs measured during the first campaign by 14 

calculating the product of the average concentration and the maximum incremental reactivity 15 

coefficient (MIR) of each compound. In addition, Jaars et al. (2016) evaluated the OFP, 16 

reaction rates with O3 and OH reactivities of all the BVOCs measured during both campaigns. 17 

Therefore, in this study, the OH reactivity of all the anthropogenic VOCs measured during 18 

both campaigns was determined.  19 

The assessment of the reactivity of VOCs with the OH radical is frequently used to determine 20 

the initial peroxy radical (RO2) formation rate, which might be the rate-limiting step in O3 21 

formation in polluted air (Carter, 1994). While this approach does not account for the total 22 

atmospheric chemistry of the compounds considered, it does provide a simple approach to 23 

evaluate the relative contribution of individual VOCs to photochemistry (Goldan et al., 2004). 24 

The OH reactivities (s-1) of the anthropogenic VOCs were calculated, using Eq. (7): 25 

OH reactivity = 𝑘X,OH[ X] , (7) 26 

where [X] is the VOC concentration and kX,OH is the reaction rate constant of the reaction 27 

between X and OH. kX,OH values published by Atkinson and Arey (2003) were used to 28 

calculate rate coefficients (Atkinson and Arey, 2003). 29 

In Fig. 6, the OH reactivities of the aromatics and alkanes measured in air masses passing 30 

over the three source regions during both campaigns are compared. The OH reactivity was 31 
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significantly higher for VOCs in air masses passing over the heavily polluted Area I during 1 

the first sampling campaign, especially with regard to aromatic species, while the OH 2 

reactivity was similar for air masses passing over all three source regions during the second 3 

sampling campaign. Toluene, ethylbenzene, xylenes and styrene had the highest OH reactivity 4 

of all the anthropogenic VOCs during both campaigns, while relatively high OH reactivity 5 

was determined for hexane during the second campaign. In addition, relatively high OH 6 

reactivity was also determined for 3-ethyltoluene, and 1,3,5-, 1,2,4- and 1,2,3-7 

trimethylbenzene in air masses passing over Area I during the first campaign. Jaars et al. 8 

(2014) also indicated that the highest OFP for aromatic VOCs was associated with xylenes, 9 

toluene, ethylbenzene and 1,2,4-trimethylbenzene. 10 

 11 
Fig. 6. The OH reactivity of measured aromatics and alkanes when air masses had passed 12 

over the source regions during first and second campaign. 13 

 14 

Chapter 6 125 



 1 
Fig. 6. Continued. 2 

4 Conclusions 3 

In this study, VOC concentrations determined for samples collected during two campaigns at 4 

Welgegund were subjected to PMF analysis in order to establish sources of the species, as 5 

well as to substantiate sources of aromatics and BVOCs determined with other methods in 6 

previous studies. Ten meaningful factor solutions were obtained for both datasets, of which 7 

five factors were associated with biogenic emissions and five with anthropogenic sources. 8 

Three of the biogenic factors were dominated by one specific biogenic species, i.e. isoprene, 9 

limonene and MBO. The other two biogenic factors comprised mixtures of biogenic species 10 

with different tracer species, while each of these factors was also associated with 11 

anthropogenic VOCs. The temporal factor contributions of the isoprene, limonene and MBO 12 

factors correlate relatively well with the wet seasons. Wind roses compiled for all the 13 

biogenic factors did not, in general, indicate any specific source region of these species. 14 

Isoprene, however, seemed to be higher from the western direction, which was also indicated 15 

by Jaars et al. (2016). Two of the anthropogenic factors were associated with emissions from 16 

a densely populated anthropogenic source region with a large number industrial activities to 17 

the east of Welgegund, i.e. the Johannesburg-Pretoria megacity, the Vaal Triangle and the 18 

Mpumalanga Highveld. An anthropogenic factor was also identified that reflected the 19 

influence of solvents on atmospheric VOC concentrations. Two anthropogenic factors were 20 
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also determined that indicated the influence of farming activities in close proximity to 1 

Welgegund, i.e. a diesel source factor and a factor comprising aromatic species with low 2 

concentrations that are not associated with solvents.   3 

The impact on human health was assessed by preforming a non-cancer (HR) and cancer risk 4 

(LCR) assessment study for VOCs measured at Welgegund in relation to three source regions 5 

identified. The HR values determined for 12 VOCs measured at Welgegund passing over the 6 

three source regions indicated that these values were well below the level of concern 7 

threshold of 1. Relatively higher median and average HR values, i.e. 0.1, were determined for 8 

1,2,3-, 1,2,4- and 1,3,5-trimethylbenzene, and benzene, with these species also exceeding the 9 

threshold on few instances during the sampling periods, which is indicative of potential future 10 

concern. LCR values could only be calculated for benzene and ethylbenzene, which indicated 11 

frequent exceedances of the acceptable threshold LCR value of 1×10-6. Although the 12 

cumulative cancer risk associated with benzene and ethylbenzene exceeded the threshold, 13 

which does raises concern, LCR values were within an acceptable range. Therefore, from the 14 

risk assessment studies, it is evident that the non-cancerous influence of VOCs measured in 15 

the source regions is significantly lower compared to the cancerous influence of these species 16 

on human health, which poses a significant cancer risk. 17 
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CHAPTER 7 

PROJECT EVALUATION AND FUTURE 
PERSPECTIVES 

7.1 PROJECT EVALUATION 

In this chapter, the successes and shortcomings of the project are evaluated by considering 

each of the specific objectives of this investigation listed in Chapter 1. A critical evaluation of the 

outcome of this study will not only highlight the success of the study and the contribution it has 

made to the better understanding of VOCs in South Africa, but will also indicate possible key 

areas that need to be addressed in future research. Future recommendations are also 

suggested. 

Objective I: Collection of ambient anthropogenic and biogenic VOCs with an 
appropriate sampling technique for at least a full seasonal cycle. 

Anthropogenic and biogenic VOCs were successfully collected for a period of more than two 

years through a 13-month sampling campaign from February 2011 to February 2012 and a 15-

month sampling campaign from December 2013 to February 2015. Samples were collected 

twice a week for two hours during daytime (11:00 to 13:00 local time, LT) and two hours during 

night-time (23:00 to 1:00 LT) on Tuesdays and Saturdays. VOCs were sampled at a height of 2 

m above ground level, with a 1.75 m long inlet. The first 1.25 m of the inlet was a stainless steel 

tube (grade 304 or 316) and the second 0.5 m was Teflon. To prevent the degradation of VOC 

by O3, the stainless steel part of the inlet was heated to 120ºC using heating cables and 

thermostats (Thermonic), thereby removing ozone from the sample stream. VOCs were 

collected with stainless steel adsorbent tubes (6.3 mm ED x 90 mm, 5.5 mm ID) packed with 

Tenax-TA and Carbotrap-B by using a constant flow type automated programmable sampler. 
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Objective II: Identification and quantification of atmospheric VOC species. 

Approximately 40 VOCs were identified and quantified using a thermal desorption instrument 

connected to a gas chromatograph and a mass selective detector. These species included 20 

anthropogenic VOCs, i.e. 13 aromatic hydrocarbons and seven alkanes, as well as 20 BVOCs. 

According to the author’s knowledge, this is one of the most comprehensive datasets for 

ambient VOCs measured in South Africa. Previous VOC studies conducted in South Africa 

focused mainly on BTEX measurements or BVOC measurements in enclosures. 

Objective III: Contextualise VOC concentrations measured at Welgegund to published 
VOC data from previous measurements conducted in South Africa and 
internationally. 

The VOC concentrations determined in this study were to some extent lower than 

concentrations reported in other studies conducted in South Africa and other parts of the world. 

A comparison of the benzene concentrations measured at Welgegund with other studies in 

South Africa indicates that Welgegund can be considered to be a regional background site that 

is on occasion affected by major plumes from different source regions in the interior of South 

Africa. Benzene concentrations at Welgegund were lower compared to measurements of 

benzene in the Vaal Triangle and the Mpumalanga Highveld. Toluene was the most abundant 

aromatic hydrocarbon being nearly five times higher than the benzene levels, which is similar to 

the ratio of these compounds reported in other studies in South Africa and internationally. 

Benzene concentrations were also significantly lower than the South African air quality standard 

limit. There is a large variation in the monoterpene concentrations measured in different 

ecosystems. BVOC concentrations measured at Welgegund were generally in the low to mid-

range levels measured in other ecosystems. Isoprene concentrations were significantly lower 

compared to other ecosystems, with levels being approximately 10 times lower. However, the 

sum of all the monoterpenes measured at Welgegund was similar to levels thereof in other parts 

of the world. According to the knowledge of the author, this is the first record of ambient BVOC 

concentrations covering a full seasonal cycle in southern Africa, as well as for a grassland 

bioregion anywhere in the world. 

Objective IV: Determine the possible temporal trends for the atmospheric 
anthropogenic and biogenic VOCs species. 

No statistically significant differences in the concentrations of aromatic hydrocarbons measured 

during day- and night-time were found, which indicates the absence of local sources. However, 

it should be regarded as an important future perspective to set sampling schedules that would 

eliminate all possible time-bound biases. This could be achieved with continuous online 
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analysis, which would also enable proper assessment of diurnal cycles and also allow for 

specific case studies. Additionally, no distinct seasonal patterns were observed for any of the 

compounds measured, which could be attributed to the origin of the air masses sampled. 

BVOC species also did not indicate any diurnal patterns. The monthly median MBO levels 

measured during both campaigns and, although less pronounced, the monthly median isoprene 

concentrations measured during the first campaign indicated a distinct seasonal pattern with 

higher concentrations of these species coinciding with the wet and warmer months. During the 

second campaign, higher isoprene concentrations were associated with higher wind speeds, 

which were attributed to a larger fetch source region. No distinct seasonal pattern was observed 

for monoterpene and SQT concentrations, with the exception of significantly higher levels 

measured from February to April 2011, during the first campaign, with concentrations of MBO 

also significantly higher during this period. These increased MBO, monoterpene and SQT 

concentrations were attributed to significantly higher soil moisture measured at a depth of 20 cm 

that resulted from the wet season, with substantially higher rainfall preceding the first campaign, 

which could indicate biogenic emissions from deep-rooted plants. 

Objective V: Determine the general transport patterns of VOCs. 

Aromatic hydrocarbon concentrations were in general significantly higher in air masses that had 

passed over anthropogenically-influenced source regions. It could be determined that, in total, 

39 and 51% of the VOC samples were collected during periods when air mass back trajectory 

sets had passed over Area II (western and eastern Bushveld Igneous Complex and an area 

over which the air masses typically followed an anti-cyclonic movement pattern), 14 and 8% 

over Area I (Mpumalanga Highveld, the Vaal Triangle and the Johannesburg-Pretoria 

conurbation), while 33 and 23% of VOC samples were collected when air mass back trajectory 

sets passed over the regional background during the first and second campaign, respectively. 

The lower percentage of air masses passing over Area I can be attributed to the persistence of 

the anticyclonic circulation pattern over the interior of South Africa, which favours the arrival of 

air masses at Welgegund from the north to north-eastern sector. 

Concentration roses indicated that isoprene concentrations were higher from the western 

direction, while wind direction did not indicate any significant differences in the concentrations of 

other BVOC species. Woody species in the grassland region were considered to be the main 

sources of BVOCs measured, while sunflower and maize crops were also considered to be 

potential sources for BVOCs in this region. 
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Objective VI: Explain the observed trends by investigating the reactivity of VOCs, 
ozone formation potential, inter-compound correlations and ratios, as 
well as correlations with other high resolution ancillary data measured at 
Welgegund, e.g. meteorological data and trace gas concentrations. 

The highest contributions of aromatic hydrocarbon concentrations to O3 formation potential were 

observed for plumes passing over area I. Xylenes ((m,p)-xylene plus oxylene) were the 

dominant contributor to O3 formation, with 1,2,4-trimethylbenzene being the second largest 

contributor. The O3 formation potential of benzene was the lowest. During the first campaign, 

the most important aromatic hydrocarbon contributor to the OH reactivity was styrene, followed 

by (m,p)-xylene. The other aromatic hydrocarbons played a smaller role in OH reactivity due to 

their low concentrations. Xylenes, toluene and styrene played a predominant role in the 

reactivity of VOCs during the second campaign. Although trimethylbenzenes had larger rate 

coefficients, they made a minor contribution because of their low concentrations. 

The combined O3 formation potentials of all the BVOCs measured during the first and second 

campaign were significantly lower compared to the aromatic VOCs, with isoprene and the 

monoterpenes: α-pinene, isoprene, p-cymene, limonene and terpinolene, having the largest 

contribution to O3 formation potential. α-Pinene and limonene had the highest reaction rates 

with O3, while isoprene exhibited relatively small contributions to the O3 depletion. Limonene, α-

pinene and terpinolene had the largest contributions to the OH-reactivity of BVOCs measured at 

Welgegund for all of the months during both sampling campaigns. 

Inter-compound correlations indicated that all the aromatic hydrocarbons, with the exception of 

benzene, originated from the same source(s) in Area I, where benzene most likely originated 

from incomplete combustion. For Area II and the regional background, benzene and toluene 

were found to originate from the same source(s), while all the other aromatic hydrocarbons were 

emitted by (a) different source(s). Inter-compound ratios indicated the influence of 

anthropogenic activities, especially in Area I, and also the closer proximity to the Johannesburg-

Pretoria megacity in Area I to the Welgegund monitoring station, i.e. fewer aged plumes. The 

concentration ratios of TEX/total aromatics for air masses that had passed over the three source 

regions indicated a seasonal dependence, i.e. higher temperatures resulting in higher 

evaporation rates that contribute to higher ambient concentrations. 

Spearman correlations between BVOCs and other parameters measured at Welgegund did not 

show significant correlations. However, in certain instances, good correlations were observed 

between soil moisture and MBO, monoterpenes and SQT concentrations. This is expected, 

since the monthly average concentrations of these species indicated increased levels thereof 
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that were associated with increased soil moisture from February to April 2011. Explorative multi-

linear regression analysis utilising all the BVOC and ancillary measurements at Welgegund 

indicated that soil moisture had the most significant impact on concentrations of MBO, 

monoterpenes and SQT, while temperature had the greatest influence on isoprene levels. 

Objective VII: Source apportionment of VOCs measured at Welgegund by using 
positive matrix factorisation. 

Positive matrix factorisation (PMF) was successfully applied to perform receptor modelling in 

order to conduct a source apportionment study. Ten meaningful factor solutions were obtained 

for both datasets, of which five factors were associated with biogenic emissions and five with 

anthropogenic sources. Three of the biogenic factors were dominated by one specific biogenic 

species, i.e. isoprene, limonene and MBO. The other two biogenic factors comprised mixtures of 

biogenic species with different tracer species, while each of these factors was also associated 

with anthropogenic VOCs. The temporal factor contributions of the isoprene, limonene and MBO 

factors correlate relatively well with the wet seasons. Wind roses compiled for all the biogenic 

factors did not, in general, indicate any specific source region of these species. Isoprene, 

however, seemed to be higher from the western direction, which was also indicated by Jaars et 

al. (2016). Two of the anthropogenic factors were associated with emissions from a densely 

populated anthropogenic source region with a large number industrial activities to the east of 

Welgegund, i.e. the Johannesburg-Pretoria megacity, the Vaal Triangle and the Mpumalanga 

Highveld. An anthropogenic factor was also identified that reflected the influence of solvents on 

atmospheric VOC concentrations. Two anthropogenic factors were also determined that 

indicated the influence of farming activities in close proximity to Welgegund, i.e. a diesel source 

factor and a factor comprising aromatic species with low concentrations that are not associated 

with solvents. 

Objective VIII: Evaluate the potential health risk when exposed to VOC in the plumes 
passing over the identified source regions. 

The impact on human health could be assessed by preforming a non-cancer- (HR) and cancer-

risk (LCR) assessment study for VOCs measured at Welgegund in relation to three source 

regions identified. The HR values determined for 12 VOCs measured at Welgegund passing 

over the three source regions indicated that these values were well below the level of concern 

threshold of 1. Relatively higher median and average HR values, i.e. 0.1, were determined for 

1,2,3-, 1,2,4- and 1,3,5-trimethylbenzene, and benzene, with these species also exceeding the 

threshold on few instances during the sampling periods, which is indicative of potential future 

concern. LCR values could only be calculated for benzene and ethylbenzene, which indicated 
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frequent exceedances of the acceptable threshold LCR value of 1×10-6. Although the cumulative 

cancer risk associated with benzene and ethylbenzene exceeded the threshold, which does 

raise concern, LCR values were within an acceptable range. The LCR values calculated for 

benzene and ethylbenzene measured in the Mpumalanga Highveld and Vaal Triangle also 

indicated levels higher than the threshold value. Therefore, from the risk assessment studies, it 

is evident that the non-cancerous influence of VOCs measured in the source regions is 

significantly lower compared to the cancerous influence of these species on human health, 

which poses a significant cancer risk. 

In general, it can be concluded that this research project was successfully completed, according 

to the above evaluation of the objectives of this study. A few shortcomings were, however, 

identified that could be improved upon in future studies. 

7.2 FUTURE PERSPECTIVES 

In addition to future perspectives indicated by discussing the shortcomings of the study in the 

previous section, the following recommendations with regard to possible future studies are 

made: 

1. Although measurements were conducted for more than two years in this study, it is 

recommended that a longer measurement campaign is conducted spanning over several 

years, which will provide additional insight into seasonal VOC patterns, as well as 

indicate inter-annual differences. 

2. Although long-term continuous online measurements with instruments such as proton 

transfer reaction mass spectrometry are more expensive, these measurements will 

provide much better insight into diurnal variations of VOCs and will enable the reporting 

of peak concentrations. It will also assist in conducting case studies during which air 

masses passing over specific source regions could be isolated and investigated. A 

longer measurement campaign and continuous on-line sampling will also improve 

receptor modelling for VOC species. 

3. Although an extensive vegetation survey of the area surrounding Welgegund was 

conducted in this study, a more detailed vegetation mapping of the region surrounding 

Welgegund must be performed in future to better characterise specific sources of 

biogenic species. In addition, it is also very important that biogenic emissions from 

specific plant species in close to proximity of Welgegund must be quantified in future 

studies. 
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4. Measure the total atmospheric OH reactivity and compare it to calculated OH reactivity 

to see whether all the OH sinks are measured. If the OH concentration in combination 

with NO3, O3 and photolysis is known for Welgegund, then the atmospheric lifetimes of 

the VOCs can be calculated for this specific site. 
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APPENDIX A 
In this appendix, additional temporal patterns obtained from the concentrations of anthropogenic 

VOC species, i.e. the alkanes from both campaigns and the aromatic hydrocarbons from the 

second campaign, which were not published in any of the research papers included in this 

thesis, are presented for completeness of the dataset used in this PhD study. The first article 

(Jaars et al., 2014) included in this thesis reported the main deductions that could be made for 

the anthropogenic VOCs, i.e. contextualisation, temporal patterns, source group contribution 

determined from back trajectory analysis, correlations and ozone formation potential based on 

the first campaign’s aromatic VOC measurements. At the time when this research paper (Jaars 

et al., 2014) was prepared and reviewed, the concentrations of the aromatic VOCs determined 

during the second campaign, as well as the alkanes determined for both campaigns, were not 

available. In addition, monthly contributions of aromatic VOCs to OH reactivity that were not 

included in the first paper are also presented as an appendix. 

A.1 Temporal patterns of anthropogenic VOCs 

In Figure A-1, the monthly median VOC concentrations determined for each of the two 

campaigns are presented, while the panels on the right present the VOC concentrations 

determined during the warm, wet (October to April) and cold, dry (May to September) months 

calculated from VOC concentrations measured during both campaigns. Jaars et al. (2014) 

concluded that no distinct seasonal cycles could be identified for the measured aromatic 

hydrocarbons, while Lourens et al. (2011) also observed no seasonal pattern for BTEX 

measurements conducted in the Mpumalanga Highveld and Vaal Triangle. The seasonal 

pattern presented for the second sampling campaign, as well as the seasonal patterns 

presented for alkanes, also did not reflect a clear seasonal pattern. Jaars et al. (2014) indicated 

that higher VOC concentrations were attributed to Welgegund being more frequently affected by 

air masses passing over source regions identified. It is also evident that toluene concentrations 

measured during the second sampling campaign were significantly higher compared to the first 

sampling campaign. In addition, higher VOC concentrations from solvent emissions were also 

associated with higher temperatures by Jaars et al. (2014) for the first campaign aromatic 

measurements. Therefore, the comparison of anthropogenic VOC concentrations measured 

during the warm, wet and cold, dry seasons determined from VOC measurements for both 

campaigns also indicates relatively higher VOC levels in the warmer, wet months for certain 

anthropogenic VOCs. 
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Figure A-1: The panels on the left show monthly median concentrations of (a) benzene, 

(b) toluene, (c) ethylbenzene, (d) m,p-xylene, (e) styrene (f), o-xylene, (g) propylbenzene, (h) 3-

ethyltoluene, (i) 4-ethyltoluene, (j) 1,3,5-trimethylbenzene, (k) 2-ethyltoluene, (l) 1,2,4-

trimethylbenzene, (m) 1,2,3-trimethylbenzene, (n) heptane, and (o) octane measured for the two 

campaigns. Error bars indicate upper and lower quartiles. The values displayed near the top of 

the graphs indicate the number of samples (N1st and N2nd campaign) analysed for each month. 

The panels on the right show the wet and dry season concentrations of the respective 

compounds measured for the two campaigns. The red line of each box indicates the median 

(50th percentile), the black dot the mean, the top and bottom edges of the box the 25th and 75th 

percentiles, the whiskers ±2.7σ or 99.3% coverage if the data have a normal distribution and the 

red circles outliers of the range of the box and whisker plot. The values displayed near the top 

of the graphs indicate the number of samples (N) analysed for the wet and dry season 
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Figure A-1:  Continued from previous page 
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Figure A-1:  Continued from previous page 

 

A.2 Monthly contributions of aromatic VOCs to OH 
reactivity 

In Figure A-2, the monthly contribution of aromatic hydrocarbons to the total OH reactivity is 

presented. For the first campaign, the most important contributor to the OH reactivity was 

styrene, followed by (m,p)-xylene. The other aromatic hydrocarbons played a smaller role in OH 
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reactivity due to their low concentrations. During the second campaign, xylenes, toluene and 

styrene played a predominant role in the reactivity of VOCs. Although trimethylbenzenes had 

larger rate coefficients, they made a minor contribution because of their low concentrations. As 

already shown in article 1, the highest concentrations of aromatic hydrocarbons were in the 

warm, wet season when the consumption rate of OH and the ozone formation potential were the 

highest. Usually, it is expected that VOC concentrations should be lower in summer due to 

increased OH reactivity, which was not the case in this study. This could possibly be attributed 

to the higher emission of VOC sources, associated with higher temperatures.  

 

Figure A-2. Relative contribution of measured aromatics to OH loss rate at Welgegund, 

respectively 
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