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ABSTRACT  

After carbon dioxide (CO2), aerosol black carbon (BC) is considered to be the second most important 

contributor to global warming.  Africa is one of the least studied continents, although it is regarded as the 

largest source region of atmospheric BC.  Southern Africa is an important sub-source region, with savannah 

and grassland fires likely to contribute to elevated BC mass concentration levels.  South Africa is the 

economic and industrial hub of southern Africa with large anthropogenic point sources.  To date, little BC 

mass concentration data have been presented for South Africa in the peer-reviewed public domain.  This 

thesis presents equivalent black carbon (eBC) (derived from an optical absorption method) data collected 

from three sites, where continuous measurements were conducted, i.e. Elandsfontein (EL), Welgegund 

(WG) and Marikana (MA), as well as elemental carbon (EC) (determined by evolved carbon method) at 

five sites where samples were collected once a month on a filter and analysed off-line, i.e. Louis 

Trichardt (LT), Skukuza (SK), Vaal Triangle (VT), Amersfoort (AM) and Botsalano (BS).  All these sites 

are located in the interior of South Africa. 

 

Analyses of eBC and EC spatial mass concentration patterns across the eight sites indicate that the mass 

concentrations in the South African interior are in general higher than what has been reported for the 

developed world, and that different sources are likely to influence different sites.  The mean eBC or EC 

mass concentrations for the background sites (WG, LT, SK, BS) and sites influenced by industrial activities 

and/or nearby settlements (EL, MA, VT and AM) ranged between 0.7 and 1.1, and 1.3 and 1.4 µgm-3, 

respectively.  Similar seasonal patterns were observed at all three sites where continuous measurement data 

were collected (EL, MA and WG), with the highest eBC mass concentrations measured from June to 

October, indicating contributions from household combustion in the cold winter months (June-August), as 

well as savannah and grassland fires during the dry season (May to mid-October).  Diurnal patterns of eBC 

at EL, MA and WG indicated maximum concentrations in the early mornings and late evenings, and minima 

during daytime.  From these patterns, it could be deduced that for MA and WG, household combustion as 

well as savannah and grassland fires were the most significant sources, respectively.  Possible contributing 

sources were explored in greater detail for EL, with five main sources being identified as coal-fired power 

stations, pyrometallurgical smelters, traffic, household combustion, as well as savannah and grassland fires.  

Industries in the Mpumalanga Highveld are often blamed for all forms of pollution in the area due to the 

NO2 hotspot located in this area, which is attributed to NOx emissions from industries and vehicle emissions 

from the Johannesburg-Pretoria megacity.  However, a comparison of source strengths indicated that 

household combustion, and savannah and grassland fires were the most significant sources of eBC, 

particularly during winter and spring months, while coal-fired power stations, pyro-metallurgical smelters 

and traffic contribute to eBC mass concentration levels all year round. 

Keywords: aerosols, equivalent black carbon (eBC), temporal and diurnal, source strengths, combustion 
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CHAPTER 1: INTRODUCTION 

 

This chapter provides a brief background to aerosol black carbon covering their potential impacts on human 

health, the environment and climate.  This is followed by the problem statement demonstrating the 

motivation behind this study, concluding with the general aim as well as the specific objectives of this 

study. 

 

1.1 Background 

Aerosol black carbon (BC) is the carbonaceous fraction of ambient particulate matter that absorbs incoming 

short-wave solar radiation and terrestrial long-wave radiation, resulting in a warming effect on the 

atmosphere (IPCC, 2013; Seinfeld and Pandis, 2016).  Although BC has a relatively short atmospheric 

lifetime (days to weeks), it has significant regional and local effects on atmospheric temperature, cloud 

amount and precipitation.  Over snow-covered areas, the surface albedo can be significantly reduced due 

to the deposition of BC, and this may considerably influence the local and regional climate (Jacobson, 2004; 

Ramanathan and Carmichael, 2008).  Direct observations of reduced albedo resulting from long-range-

transported BC into Arctic areas have been reported by Stohl et al. (2006).  Findings from this study 

estimated that BC may have contributed to more than half of the observed Arctic warming since 1890, most 

of this occurring during the last three decades (Stohl et al., 2006; Shindell et al., 2008).  After carbon dioxide 

(CO2), BC is considered to be the second most important contributor to global warming (Bond et al., 2004; 

Bond et al., 2016; IPCC, 2013).  According to some authors, reducing BC emissions may be the fastest 

means of slowing global warming in the near future, because of its short atmospheric lifetime.  In addition 

to the afore-mentioned effects, BC is a major contributor to fine particulate matter in the atmosphere that 

has negative health effects (Hansen et al., 1984, Cachier, 1995; IPCC, 2013). 

Atmospheric BC is a primary species (Putaud et al., 2004; Pöschl, 2005; IPCC, 2013) that is emitted from 

combustion processes, particularly from fossil fuel combustion (industrial and residential), vehicle exhausts 

(mainly diesel engines), as well as open biomass fires (Cachier, 1995; Cooke and Wilson, 1996; Bond e al., 

2004; IPCC, 2013).  Globally, approximately 20% of BC is emitted from residential biofuel burning, 40% 

from fossil fuels and 40% from open biomass burning such as forest and savannah fires (Hansen et al., 

1988; Cooke and Wilson, 1996; Wolf and Cachier, 1998; Pope, 2002).  BC from fossil fuels is estimated 

to contribute a global mean radiative forcing of 0.04 watts per square metre (Wm-²) (IPCC, 2013).  There 

are many uncertainties associated with emissions of BC, its aging during atmospheric transportation and 

removal by precipitation (Bond et al., 2004), and these are reflected in uncertainties in its global effect (e.g. 

Bond et al., 2013).  The majority of aerosol radiative impact assessments are currently based on models 
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that incorporate measured aerosol properties on local and global scales (Bond et al., 2013; IPCC, 2013).  

However, this approach involves several assumptions, such as assuming aerosol properties and the use of 

global instead of regional emission inventories for under-sampled or characterised regions. 

Considering the relatively short atmospheric lifetime of BC, the above-mentioned assumptions could lead 

to significant uncertainties, especially on regional scales (Masiello, 2004; Andreae and Gelencser, 2006; 

Bond et al., 2013; Kuik et al., 2015).  For a better understanding of the transport, removal and climatic 

impacts of atmospheric BC, accurate and up-to-date measurements covering large spatial areas and long 

temporal periods are required.  Africa is one of the least studied continents, although it is regarded as the 

largest source region of atmospheric BC (Liousse et al., 1996; Kanakidou et al., 2005).  Southern Africa is 

an important sub-source region, with savannah and grassland fires (anthropogenic and natural) being 

prevalent across this region, particularly during the dry season when almost no precipitation occurs 

(Formenti et al., 2003; Tummon et al., 2010; Laakso et al., 2012; Vakkari  et al., 2014; Mafusire et al., 

2016).  Studies by Swap et al. (2004) found that savannah and grassland fire plumes from southern Africa 

affect Australia and South America.  South Africa is the economic and industrial hub of southern Africa, 

with large anthropogenic point sources (Lourens et al., 2011).  However, the relative importance of BC 

contributions from these anthropogenic sources in South Africa is still largely unknown and few BC-related 

papers have been published in the peer-reviewed public domain.  Martins (2009) determined elemental 

carbon (EC) and organic carbon (OC) mass concentrations from three two-week winter campaigns and one 

two-week summer campaign at two sites, as part of the framework of the Deposition of Biogeochemical 

Important Trace Species (DEBITS)-International Global Atmospheric Chemistry (IGAC) in Africa project 

(Galy-Lacaux et al., 2003; Martins et al., 2007). However, the data from this study were not published in 

the peer-reviewed scientific domain. 

Collett et al. (2010) only presented a single diurnal plot for BC mass concentrations measured at the 

Elandsfontein monitoring station in 2010.  Venter et al. (2012) used BC mass concentration data collected 

at the Marikana monitoring station to verify the origin of CO and PM10, but did not consider BC in detail.  

Hyvärinen et al. (2013) used BC mass concentration data collected at the Welgegund monitoring station to 

illustrate the use of a newly developed method to correct BC mass concentration values measured with a 

multi-angle absorption photometer (MAAP).  Maritz et al. (2015) and Aurela et al. (2016) presented limited 

EC mass concentration data from some regional background sites in South Africa. Kuik et al. (2015) used 

BC data obtained from the South African Air Quality Information System (SAAQIS) to model the 

contribution of anthropogenic emissions to the total tropospheric BC load from September to December 

2010 in South Africa.  Significant underestimations and uncertainties with regard to BC mass 

concentrations were reported by the afore-mentioned authors. 

In addition to the above-mentioned limited BC-related studies that were published, the availability of BC 

data in South Africa is improving due to several air quality stations being equipped to measure BC across 

the country.  These stations are maintained by the South African Weather Service (SAWS) on behalf of the 
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National Department of Environmental Affairs (DEA).  Data from these stations are archived in the 

SAAQIS online platform   (http://www.saaqis.org.za/NAAQM.aspx, date accessed: 14 May 2018). Feig et 

al. (2015) published limited results from the DEA/SAWS stations. 

 

1.2 Problem statement 

Scientific evidence shows that aerosol BC contributes to adverse human health, as well as environmental 

and climatic impacts.  Currently, there is a substantial level of understanding of climate forcing 

contributions by most greenhouse gases; whereas that by aerosols (particularly BC) remains one of the 

largest sources of uncertainties in estimating anthropogenic climate perturbations.  This is mainly due to 

the large heterogeneities in the physical and chemical properties of aerosols in space and time (IPCC, 2013).  

BC is part of the aerosol load that affects the climate both directly and indirectly.  The combined direct and 

indirect effects of aerosols constitute the largest uncertainty in the current radiative forcing estimates of the 

earth’s climate system (Forster et al., 2007; Hansen et al., 2007 (a); Solomon et al., 2007; IPCC, 2013).  BC 

is known to affect the climate by changing the way radiation is transmitted through the atmosphere.  Direct 

observations of BC are limited in certain regions, resulting in the use of models to estimate the global 

climatic effect. 

Detailed information on the temporal and spatial variability of aerosol BC can be obtained from a 

combination of model simulations, remote sensing and in-situ aerosol measurements.  The limited studies 

on aerosol BC in South Africa, coupled with the potential significant impacts thereof on human health, the 

environment and climate are the main motivation behind this study. 

 

1.3 Aims and objectives 

The general aim of this study was to determine spatial and temporal concentration patterns of aerosol BC 

over the northern interior of South Africa, as well as assessing potential contributing sources.  Specific 

objectives of this study were to: 

 Assess spatial and temporal (seasonal and diurnal) trends of BC over the northern 

interior of South Africa.  Data from several measurement sites will be considered and 

general deductions with regard to possible sources will be derived from the spatial and 

temporal trends. 

 Determine potential contributing source strengths for at least one of the measurement 

sites for which high resolution continuous data were available. 

http://www.saaqis.org.za/NAAQM.aspx


4 

 Use a multivariate statistical method to confirm that the above-mentioned deductions 

regarding source contributions were valid.  Such a statistical evaluation will prevent 

biases that could have arisen due to preconceptions of the candidate. 

 

1.4 Conclusion 

Impacts of aerosol BC are significant on a regional and local scale due to its relatively short atmospheric 

lifetime.  However, limited BC studies have been undertaken for South Africa with significant uncertainties 

with regard to BC mass concentrations and sources, and this is identified as the gap.  The results presented 

in this study (Chapters 4-6) will make a contribution to address this research and knowledge gap. 
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CHAPTER 2: LITERATURE REVIEW 

 

This chapter presents background information for this study, making particular reference to air pollution, 

climate change and aerosols, with a specific emphasis on black carbon (BC).  A brief review on BC impacts 

on the climate, human health and the environment, measuring techniques, as well as the benefits of reducing 

BC are presented.  An overview of BC measurement campaigns globally and in South Africa is also 

provided in this chapter. 

 

2.1 Air pollution background   

Air pollution is the introduction of chemicals, particulate matter or biological materials into the atmosphere 

that cause harm or discomfort to humans or other living organisms, or cause damage to the natural and 

built environment (Karnosky et al., 2003).  The atmosphere is a complex dynamic natural system of mainly 

gases (and a bit of particulate matter) that is essential to support life on earth.  Stratospheric ozone depletion 

due to air pollution has long been recognised as a threat to human health and the earth’s ecosystems.  Indoor 

air pollution and urban air quality are listed as two of the world’s worst pollution problems.  During the 

past decades, industrialisation, increased by population growth, and urbanisation have been the major 

determinants in shaping air quality (Karnosky et al., 2003; Seinfeld and Pandis, 2016). 

Air pollution is widespread and a growing challenge with known global and regional impacts on health 

and the environment.  The human need for transport, manufactured goods and services gives rise to air 

pollution and environmental impacts at local, regional and global scales.  Governments are faced with a 

challenge to balance concerns over these impacts while maintaining and improving economic development.  

Science is the key to identify the nature and scale of air pollution impacts that are important in the 

formulation of effective policies and regulations.  Knowledge of the fundamental science of air pollution 

and the application of this knowledge enables better prediction, assessment and mitigation of air pollution 

impacts on local, regional, national and international economic systems (Karnosky et al., 2003). 

Scientists began to understand atmospheric pollution phenomena such as the Los Angeles photochemical 

smog during the 1950s.  It is now known that surface-level ozone and photochemical smog are problems 

on regional, continental and global scales (Karnosky et al., 2003).  As studies evolved, atmospheric 

processes (chemical, physical, meteorological, etc.), transport, transformations as well as removal 

mechanisms received more attention and understanding improved.  In addition, knowledge of the effects 

of air pollutants on human health and welfare has improved substantially over the past decades.  

Furthermore, studies have also been directed to improve the levels of understanding of the accumulation 
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of persistent inorganic and organic chemicals and their impacts on sensitive receptors, including humans 

and the environment (Karnosky et al., 2003).  Environmental literacy recently became an increasingly 

important factor, particularly in developing countries due to rapid population and industrial growth 

(Karnosky et al., 2003).  Currently, scientific, public and political communities are concerned with 

increasing global air pollution and the consequent global climate change implications.  Human health, 

environmental impacts, risk assessment and the associated cost-benefit analyses, coupled to the global 

economy, form  essential components in dealing with air pollution issues (Seinfeld and Pandis, 2016). 

Studies show that urban air pollution poses a significant threat to human health and the environment in 

both developed and developing parts of the world (Fenger, 1999; Gurja et al., 2008), and it also affects the 

regional and global climate.  The world’s population has more than doubled since the Second World War 

(Fenger, 1999).  It is predicted that by the year 2030 approximately 80% of the population will be living 

in urban centres (Gurja et al., 2008; WHO, 2017).  Even in less developed countries, the majority of people 

are, or will be, living in urban areas in the near future (WHO, 2017).  Given these increasing trends, 

industries and local municipalities are constantly under pressure from governments to implement 

programmes to reduce concentrations of pollutants in the atmosphere and improve air quality, particularly 

in urban settlements.  Therefore, air quality in urban and industrialised areas is a major concern for 

governments, industries and citizens worldwide. 

The World Health Organization (WHO) estimated that air pollution caused nearly two million premature 

deaths per year.  The latest WHO report indicates that, in 2012, approximately 7 million people died, where 

one in eight of total global deaths were premature as a result of air pollution exposure (WHO, 2017).  This 

finding is more than double previous estimates and confirms that air pollution is now the world’s largest 

single environmental health risk.  Therefore, reducing air pollution could save millions of lives.  In addition 

to air quality, climate change constitutes a serious threat to ecosystems and human welfare on local, 

regional and global scales.  Changes in the atmospheric concentrations of greenhouse gases (GHGs) and 

aerosols, coupled with land cover changes and solar radiation, alter the energy balance of the climate 

system and are the drivers of climate variability and change (IPCC, 2013). 

Air pollutants are emitted from both natural and anthropogenic (man-made) activities.  Natural emission 

sources include biogenics, volcanic eruptions, fires (e.g. due to lightning, atmospheric conditions, etc.), 

dust and digestive gases emitted by animals (for non-anthropogenic species).  Emissions from man-made 

activities primarily result from various industrial and residential combustion processes, solvent 

manufacturing and use, pyrometallurgical smelting, waste incineration or landfill, forestry/agriculture and 

vehicle emissions (Seinfeld and Pandis, 2016).  Since the 19th century, the industrial revolution spread 

across the world resulting in an increase in anthropogenic emissions due to enhanced consumption of non-

renewable resources for energy generation and transportation.  Examples of air pollutants include organic 

and inorganic gaseous species such as SO2, carbon monoxide (CO), NO2, O3, particulate matter with 

aerodynamic diameters smaller than 2.5 and 10 micrometres (μm) (PM2.5 and PM10, respectively), volatile 
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organic compounds (VOCs), toxic metals (e.g. mercury, lead, cadmium, copper) and their compounds 

chlorofluorocarbons (CFCs), ammonia (NH3), and persistent organic pollutants (POPs) (organic pollutants 

resistant to environmental degradation, which are persistent in the environment and capable of 

bioaccumulation) (IPCC, 2001; Seinfeld and Pandis, 2016).  Some of the aforementioned species are 

regarded as criteria air quality pollutants (within a legal framework) in many countries. 

Apart from classifying pollutants as natural or anthropogenic, pollutants can also be classified as primary 

(directly emitted by source) or secondary (formed from chemical transformation of primary species in the 

atmosphere) (IPCC, 2001; EPA, 2006; Seinfeld and Pandis, 2016).  Example of  primary pollutants are 

sulphur dioxide (SO2) emitted by a combustion process and windblown dust.  An example of a secondary 

pollutant is ground-level ozone (O3) that is formed from the photochemical reaction between oxides of 

nitrogen (NOx), and VOC, and CO serving as precursors supplying the radical species for the enhanced 

oxidation of NO to NO2 (Laban et al., 2018).  However, other air pollutants such as GHGs and specific 

aerosols are not classified as criteria air quality pollutants but are of greater concern from a climate change 

perspective.  Examples of GHGs include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone 

(O3), sulphur hexafluoride (SF6) and halocarbons (a group of gases containing fluorine, chlorine or 

bromine).  Examples of climatic relevant aerosol species include sulphates (SO4
2-), nitrates (NO3

-) 

elemental carbon (EC) or black carbon (BC) (definitions according to Petzold et al., 2013), organic carbon 

(OC), sea spray and dust (Seinfeld and Pandis, 2016). 

Scientific and public awareness on air quality (related to health and environmental impacts) and climate 

change has increased dramatically in the past decade (IPCC, 2013).  The Intergovernmental Panel for 

Climate Change (IPCC) conducts studies and compiles a report outlining scientific findings every six years.  

The latest IPCC Fifth Assessment Report (AR5): Climate Change 2013 concluded that the increase in 

global average atmospheric temperatures since the mid-twenties is likely to be due to the observed increase 

in anthropogenic greenhouse gases (GHGs) and aerosols (IPCC, 2013).  GHGs and aerosols affect the 

absorption, scattering and emission of radiation within the atmosphere and at the earth’s surface, resulting 

in positive or negative changes in the energy balance expressed as radiative forcing.  Radiative forcing is 

used to quantify warming or cooling influences (IPCC, 2013).  Atmospheric concentrations of GHGs 

increase when emissions are larger than natural removal processes.  Studies show that global atmospheric 

concentrations of GHG gases such as CO2, CH4 and N2O have increased considerably as a result of human 

activities since the 1750s, and now far exceed pre-industrial values determined from ice cores spanning 

thousands of years (IPCC, 2013). 

Aerosols alter the earth’s energy budget directly by scattering and absorbing radiation, and indirectly by 

modifying cloud microphysics and lifetime (Bohren and Huffman, 1983; Coakley et al., 1983; Ramanathan 

et al., 2001).  Aerosol BC absorbs infrared radiation causing the earth’s atmospheric temperature to 

increase, resulting in a large positive radiative forcing.  In contrast, some aerosol species such as SO4
2- and 
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NO3
- act as light scatterers (Schmidt, 2000; IPCC, 2013; Seinfeld and Pandis, 2016) that can reflect 

radiation back to space, resulting in a cooling effect (Seinfeld and Pandis, 2016). 

 

2.1.1 Air pollution in South Africa 

South Africa is a developing country within the African continent, which is among the least studied 

continents in the world with respect to air quality and climate change (Laakso et al., 2008).  In South Africa, 

air pollution issues were brought to public attention mainly as a result of large-scale annual savannah and 

grassland fires (Swap et al., 2003) that are endemic to southern Africa as well as concerns over the high 

emissions from industries, particularly those located on the Mpumalanga (province) Highveld area.  A 

significant fraction of South Africa’s coal is mined and consumed by industrial activities, such as coal-

fired power generation, petrochemical processing, smelting and manufacturing taking place in this area 

(Van Tienhoven, 1999; Pretorius et al., 2015).  Industrial-related air pollution is also of concern in other 

areas, such as the Vaal Triangle (Gauteng) and the western Bushveld Complex around Rustenburg/Brits 

(North West) (Venter et al., 2012).  More recently, emissions from household combustion, particularly 

from in- and semi-formal settlements, have also been identified as problematic in these areas (Venter et 

al., 2012; Hersey et al., 2015). 

With the rapid increase in industries and population growth in South Africa, effective emission control 

measures are essential to address escalating levels of air pollution in South Africa.  However, 

methodological and data constraints affect air pollution studies on the African continent and in South 

Africa, despite the good understanding of the controlling mechanisms.  The World Bank research study 

attests that air pollution results in 20 000 premature deaths in South Africa every year; and that this costs 

the economy nearly R300 million.  This study further concluded that, globally, air pollution causes 5.5 

million premature deaths each year, thereby making it co-responsible for one in every 10 deaths worldwide 

(World Bank, 2017).  However, in South Africa, inadequate spatial and quantitative data are available for 

some of the criteria air pollutants covering sources and types, transport, transformations in the atmosphere, 

deposition and the associated health impacts.  Furthermore, the influence of pollution on the regional 

climate also requires extensive attention, since South Africa is ranked the 13th largest GHG emitter globally 

and the biggest emitter on the African continent (Van Tienhoven, 1999; IEA, 2016). 

 

2.1.2 Air pollution monitoring in South Africa 

In comparison with first-world countries, research and monitoring of air pollution in South Africa have 

been largely fragmented and uncoordinated, although a substantial amount of information has been 

collected.  Large internationally coordinated campaigns such as SAFARI 1992 and 2000 (Swap et al., 
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2002) and smaller campaigns such as EUCAARI (Laakso et al., 2012) have stimulated research locally.  

Various South African research groups have been/are active in the field of atmospheric sciences at 

institutions such as the North-West University, Universities of the Witwatersrand, Johannesburg, Cape 

Town, KwaZulu-Natal, Pretoria and South Africa.  South Africa’s amended air pollution legislation in 

2004 also stimulated activity in this field, resulting in legislation moving away from only regulating point 

sources to also include ambient air quality (SAAQIS, 2015).  This resulted in local governmental bodies 

becoming active in air quality measurements and control.  The Department of Environmental Affairs 

(DEA) in partnership with the South African Weather Service (SAWS) also became active in conducting 

measurements complementing industries and research groups’ measurements.  Bodies such as the National 

Association for Clean Air (NACA) (http://www.naca.org.za) and South African Society for Atmospheric 

Sciences (SASAS) (https://ifms.org/ifms/index.cfm/members/south-african-society-for-atmospheric-

sciences) have also played an important role over the past couple of decades to promote air quality 

awareness in the country. 

The South African National Environmental Management: Air Quality Act of 2004 (NEM AQA, 2004) is 

informed by the Bill of Rights contained in the Constitution.  According to section 24 of the Constitution, 

every citizen has the right to an environment that is not harmful to their health or wellbeing.  As part of the 

implementation mechanism of the afore-mentioned act, the South African National Department of 

Environment Affairs (DEA) declared the Vaal Triangle Airshed, Highveld, and the Waterberg Bojanala 

areas as three national air quality priority areas in 2006, 2007 and 2012, respectively.  The declaration of 

the first two priority areas came about as a result of poor air quality due to industrial activities, domestic 

fuel burning, waste burning, mining and metallurgical activities in these areas; while the latter declaration 

was in line with the precautionary principle of the National Environmental Management Act (Act No. 107 

of 1998) due to planned developments for the area.  The declaration of the air quality priority areas resulted 

in a significant increase in measurements of criteria pollutants in these areas, which are reported on the 

SAAQIS online platform.  The spatial extent of the three priority areas is indicated in Figure 2.1.  
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Figure 2.1: Spatial extent of the Vaal Triangle Airshed (blue), Highveld (pink), and Waterberg Bojanala 

(green) air quality priority areas (Courtesy: JP Beukes) 

 

2.2 Climate change 

Climate change refers to the variations in the earth’s climate over time.  It describes changes in the 

variability or state of the atmosphere or average weather over time scales ranging from decades to millions 

of years (IPCC, 2007; Seinfeld and Pandis, 2016).  Within the context of environmental policy, the term 

climate change is often used to refer only to the ongoing changes in the modern climate, including the 

average rise in surface temperature known as global warming.  As indicated, GHGs and aerosols 

significantly contribute to these climatic changes (IPCC, 2013). 

The climate of the earth has always been changing, and the causes of this change prior to the industrial 

revolution were primarily of natural origin.  Nowadays, although natural changes in the climate continue 

to occur, the term climate change is generally used when referring to changes in the earth’s climate that 

have been identified since the early part of the 1900s.  Many of the causes of these changes are mainly 

related to anthropogenic contributions to greenhouse gas and aerosol emissions in the atmosphere.  Studies 

show that the increasing levels of GHGs such as CO2 are currently changing the climate and are expected 

to continue to do so throughout the 21st century and beyond (IPCC, 2013).  However, there are huge 

uncertainties about the scale and impacts of climate change, particularly at regional level.  On the other 

hand, there is certainty that climate change is likely to have significant impacts on the global environment 
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through increases in temperature, increases in sea levels, changes in levels and patterns of precipitation, 

changes in the severity and frequency of extreme weather events, etc.  Additional impacts include the 

shifting of climatic zones, disruption of ecosystems and  of the services that they provide. This threatens 

habitats and the survival of some plant and animal species (IPCC, 2013; DEA, 2015).  Furthermore, 

communities face various risks and pressures due to climate-related threats to food security, availability of 

water resources and human health.  These communities need to adapt by strengthening their adaptive 

capacity and enhancing their resilience to these changing climatic conditions, while contributing to efforts 

towards stabilising atmospheric concentrations of greenhouse gases and aerosols (IPCC, 2013; Seinfeld 

and Pandis, 2016).  

 

2.2.1 The greenhouse effect and GHGs 

The earth’s climate is driven by a continuous flow of energy from the sun that arrives predominantly in the 

form of visible light.  Approximately 30% of this light is immediately scattered back into space, and most 

of the remaining 70% passes down through the atmosphere to warm the earth’s surface.  The earth then 

sends this energy back out into space in the form of infrared radiation.  GHGs in the atmosphere block this 

infrared radiation from escaping directly from the surface to space.  All GHGs, with the exception of 

industrial gases, occur naturally and make up less than 1% of the atmosphere.  This small percentage of 

GHGs is enough to produce a natural greenhouse effect that keeps the planet some 30oC warmer than it 

would otherwise be, which is essential for life (IPCC, 2001; Seinfeld and Pandis, 2016).  Figure 2.2 shows 

a pictorial explanation of the greenhouse effect (IPCC, 2007). 
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Figure 2.2: The greenhouse effect (IPCC, 2007 FAQ 1.3, Figure 1. Re-printed with permission of the IPCC) 

Recent studies show that levels of all key greenhouse gases (with the possible exception of water vapour) 

and aerosols are rising at an unprecedented rateas a direct result of human activity (IPCC, 2013; IPCC, 

2018).  Emissions of CO2 (mainly from combustion of fossil fuels such as coal, oil, and natural gas), CH4 

and N2O (emitted from agriculture and changes in land use), O3 and long-lived industrial gases such as 

CFCs, HFCs, and PFCs are increasing, resulting in influences on how the atmosphere absorbs energy 

(IPCC, 2013).  The climate system must adjust to the rising GHG levels to keep the global energy budget 

in balance.  In the long term, the earth must get rid of energy at the same rate at which it receives it from 

the sun.  Since a thicker blanket of GHGs helps to reduce energy loss to space, the climate must change 

somehow to restore the balance between incoming and outgoing energy.  This adjustment includes the 

global warming of the earth’s surface and lower atmosphere.  Warming up is the simplest way for the 

climate system to get rid of the extra energy.  For instance, a small rise in temperature will be accompanied 

by changes in cloud cover and wind patterns, where some of these changes may act to enhance the warming 

(i.e. positive feedbacks) or counteract it (i.e. negative feedbacks) (IPCC, 2007; IPCC, 2013; Seinfeld and 

Pandis, 2016). 

CO2 emitted from both natural and anthropogenic sources is responsible for over 60% of the enhanced 

greenhouse effect (Seinfeld and Pandis, 2016).  Figure 2.3 shows monthly mean CO2 concentration levels 
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measured at Mauna Loa Observatory, Hawaii (IPCC, 2013), which clearly indicate a significant increase 

over time.  CO2 produced by human activity enters the natural carbon cycle.  Billions of tonnes of carbon 

are exchanged naturally each year between the atmosphere, oceans and land vegetation; and these 

exchanges coupled with complex natural system are accurately balanced.  In the 219 years since 1800, 

carbon dioxide levels have risen by over 40%.  Even with half of man-made CO2 emissions being absorbed 

by the oceans and land vegetation, atmospheric levels continue to rise by over 10% every 20 years (USEPA, 

2012; IPCC, 2013; IPCC 2018). 

 

 

Figure 2.3: Monthly mean carbon dioxide measured at Mauna Loa Observatory, Hawaii (IPCC, 2013) 

Levels of CH4 have increased by a factor of two and a half during the industrial era, with agricultural 

activities (mainly flooded rice paddies and expanding herds of cattle) as a significant source of this 

important GHG.  Emissions from landfills (waste dumps), and leaks from coal mining and natural gas 

production also contribute to CH4 levels in the atmosphere (Seinfeld and Pandis, 2016).  CH4 is removed 

from the atmosphere by chemical reactions that are often difficult to model and predict.  Methane from 

historical emissions currently contributes 20% of the enhanced greenhouse effect.  The rapid rise in CH4 

levels started recently compared to CO2, and its contribution to the greenhouse effect is likely going to 

increase at an unprecedented rate since it is a stronger greenhouse gas than CO2 (UNEP and UNFCCC, 

2002; IPCC, 2013). 
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Water vapour is the largest contributor to the natural greenhouse effect (IPCC, 2013; Seinfeld and Pandis, 

2016), and its presence in the atmosphere is not directly affected by human activity.  Nevertheless, water 

vapour matters for climate change due to its contribution to the positive feedback.  Warmer air can hold 

more moisture, and models predict that a small global warming would lead to a rise in global water vapour 

levels, further adding to the enhanced greenhouse effect.  Given the fact that modelling climate processes 

involving clouds and rainfall is challenging, the exact size of this feedback remains uncertain (Seinfeld and 

Pandis, 2016). 

 

2.2.2 Climatic effect of atmospheric aerosols 

Atmospheric aerosols are defined as a suspension of the fine solid or liquid particles in a gas, and are 

characterised by a particle size distribution (PSD) function.  Aerosol science is the rapidly expanding field 

focusing on investigating the physical, chemical, and biological properties of aerosolised materials 

(airborne particles or liquids), which behave in ways that make them different from other forms of similar 

materials.  Aerosols are generally classified according to their size, e.g. PM10 (aerodynamic diameter ≤ 10 

μm), PM2.5 (aerodynamic diameter ≤ 2.5 μm), PM1 (aerodynamic diameter ≤ 1 μm) and PM0.1 (aerodynamic 

diameter ≤ 0.1 μm) (Slanina and Zhang, 2004; Pöschl, 2005).  The atmospheric science interest regarding 

aerosols revolves around their sources, concentrations, size, formation methods, transport, deposition and 

impacts.  Aerosols are emitted from both natural (e.g. volcanic eruptions, natural forest, savannah and 

grassland fires, vegetation, and sea salt) and anthropogenic (e.g. household combustion, combustion of 

fossil fuels and various industrial processes,) sources.  In addition, aerosols can be primary (directly 

emitted, e.g. dust), or secondary (e.g. oxidation of SO2 to form SO4
2-) (Seinfeld and Pandis, 2016). 

Atmospheric aerosol composition includes wind-blown dust particles (e.g. pollen, bacteria, smoke, ash, 

and sea salt), black carbon (BC), organic carbon (OC), sulphates (SO4
2-), nitrates (NO3

-), ammonium 

(NH4
+) and trace metal species, among others.  The baseline of uncertainty in aerosol radiative forcing, i.e. 

climatic impact, is relatively large if compared to that of the greenhouse gases (Slanina and Zhang, 2004; 

IPCC, 2013).  Apart from climate change, aerosols also pose adverse impacts on the environment, air 

quality and human health (IPCC, 2001; Seinfeld and Pandis, 2016).  All these impacts are determined by 

the physical (e.g. size, shape, etc.) and chemical properties of aerosols.  Aerosol species are removed from 

the troposphere on a time-scale of days to weeks (depending on their size and composition), primarily by 

wet scavenging and secondarily by dry deposition, resulting in spatially inhomogeneous distributions.  

Aerosols pose the second highest influence on climate after CO2, by scattering sunlight back into space 

and by affecting clouds.  They can block sunlight and provide seeding for the formation of clouds, resulting 

in a cooling effect.  Over heavily industrialised regions, aerosol cooling may counteract nearly all the 

warming effects due to greenhouse gases (Seinfeld and Pandis, 2016).  For instance, oxides of sulphur and 

nitrogen emissions from fossil fuels combustion and the burning of organic material produce microscopic 

http://en.wikipedia.org/wiki/Particle_size_distribution
http://en.wikipedia.org/wiki/Aerosol
http://en.wikipedia.org/wiki/Deposition_(aerosol_physics)
http://en.wikipedia.org/wiki/Oxidation
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particles that can reflect sunlight back into space and also affect clouds.  Since aerosols remain in the 

atmosphere for a relatively short time (days to weeks) compared to the long-lived greenhouse gases, their 

cooling or warming effect is mainly localised.  They are also associated with acid rain and poor air quality 

(IPCC, 2001; Seinfeld and Pandis, 2016).  

Specifically, aerosol particles affect the climate directly, by absorbing and scattering solar and infrared 

radiation in the atmosphere (Twomey, 1974; Seinfeld and Pandis, 2016).  Aerosol particles that absorb 

radiation result in a warmer atmosphere.  The result of the scattering of sunlight caused by aerosol particles 

is an increase in the amount of light reflected back into space, which results in a decrease in the amount of 

solar radiation that reaches the earth’s surface (Nieuwenhuijsen, 2003).  The indirect effect of aerosol 

particles is complex and difficult to assess.  Changes in the numbers of concentration of atmospheric 

aerosols result in variations in the population and size of cloud droplets, for a set amount of water available 

for cloud formation.  If enough aerosols, serving as cloud condensation nuclei CCN, are present, water can 

form large droplets within the clouds that could result in precipitation as a major removal mechanism for 

aerosols from the atmosphere.  On the other hand, excess particulate matter in the atmosphere causes water 

to condense onto the particles resulting in smaller droplets in the clouds that increase the cloud albedo, 

leading to a decrease in precipitation.  This suppression of precipitation results in excess water vapour 

remaining in the atmosphere (IPCC, 2001). 

 

2.2.3 Impacts of atmospheric aerosols on the climate system 

The direct and indirect radiative effects of aerosol particles constitute the largest uncertainty in current 

radiative forcing estimates of the earth’s climate system.  In order to reduce the uncertainties associated 

with atmospheric aerosols in climate systems, detailed information on the temporal and spatial variability 

of different aerosol properties is required.  Such information can be obtained from a combination of 

continuous in-situ aerosol measurements, model simulations and remote sensing (Foster et al., 2007; 

Hansen et al., 2007 (b)).  

Aerosols absorb and scatter solar and terrestrial radiation, which is quantified as the single scattering albedo 

(SSA).  SSA tends to unity if scattering dominates with relatively little absorption and decreases as 

absorption increases – thereby becoming zero for infinite absorption.  For example, sea-salt aerosol has an 

SSA of 1 and scatters radiation, whereas soot has an SSA of 0.23, showing that it is a major atmospheric 

radiationabsorber (IPCC, 2013).  The chemical composition of aerosols directly affects the overall 

refractive index that determines how much light is scattered and absorbed (Coakley and Cess, 1985; Kim 

and Ramanathan, 2008; Gautam et al., 2009; Moorthy et al., 2009). 

http://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
http://en.wikipedia.org/wiki/Scattering
http://en.wikipedia.org/wiki/Sunlight
http://en.wikipedia.org/wiki/Radiation
http://en.wikipedia.org/wiki/Refractive_index


16 

Natural and anthropogenic substances and processes that alter the earth’s energy budget are drivers of 

climate change.  Radiative forcing (RF) quantifies the change in energy fluxes caused by changes in these 

drivers that can be either positive or negative (IPCC, 2013).  Positive RF leads to surface warming, while 

negative values lead to surface cooling.  In climate science, RF is generally defined as the change in net 

irradiance between different layers of the atmosphere estimated based on in-situ and remote observations, 

properties of greenhouse gases and aerosols, and calculations using numerical models representing 

observed processes (IPCC, 2013).  Therefore, RF of the surface-troposphere system due to the perturbation 

in or the introduction of an agent (such as change in greenhouse gas concentrations) is the change in net 

(down minus up) irradiance (solar plus long-wave in Wm-2) at the tropopause after allowing for 

stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric 

temperatures and state held fixed at the unperturbed values (IPCC, 2001). 

In simple terms, RF is the rate of energy change per unit area of the globe as measured at the top of the 

atmosphere (Rockstrom et al., 2009).  Within the context of climate change, the term forcing is restricted 

to changes in the radiation balance of the surface-troposphere system imposed by external factors, with no 

changes in stratospheric dynamics, no surface and tropospheric feedbacks in operation (i.e. no secondary 

effects induced because of changes in tropospheric motions or its thermodynamic state), and no 

dynamically-induced changes in the amount and distribution of atmospheric water (vapour, liquid, and 

solid forms) (IPCC, 2001; IPCC, 2013; Rockstrom et al., 2009).  According to the fifth Intergovernmental 

Panel on Climate Change Assessment Report (AR5) (2013), the RF value due to greenhouse gases may be 

determined to a reasonably high degree of accuracy.  However, uncertainties relating to aerosol radiative 

forcings remain large and mostly rely on estimates from global modelling studies, which are currently 

difficult to verify (IPCC, 2013).  

Figure 2.4 shows graphic contributions (at 2000, relative to pre-industrial) and uncertainties of various 

forcing species expressed in watts per square metre (Wm-2).  A positive forcing (more retained energy) 

tends to warm the climate system, while a negative forcing (more outgoing energy) tends to cool it.  The 

term RF has been used in the IPCC assessments with a specific technical meaning to denote an externally 

imposed perturbation in the radiative energy budget of earth’s climate system, which may lead to changes 

in climate parameters.  The RF of the total aerosol effect in the atmosphere, which includes cloud 

adjustments due to aerosols, is –0.9 [–1.9 to −0.1] Wm-2 (medium confidence), and results from a negative 

forcing from most aerosols and a positive contribution from BC absorption of solar radiation.  There is 

high confidence that aerosols and their interactions with clouds have offset a substantial portion of global 

mean forcing from well-mixed greenhouse gases.  They continue to contribute the largest uncertainty to 

the total RF estimate (IPCC, 2013). 

  

http://en.wikipedia.org/wiki/Climate
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Figure 2.4: Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main 

drivers of climate change.  Values are global average radiative forcing (RF14), partitioned 

according to the emitted compounds or processes that result in a combination of drivers.  The 

best estimates of the net radiative forcing are shown as black diamonds with corresponding 

uncertainty intervals; the numerical values are provided on the right of the figure, together 

with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, 

VL – very low).  Albedo forcing due to black carbon on snow and ice is included in the black 

carbon aerosol bar.  Small forcings due to contrails (0.05 Wm-2), including contrail-induced 

cirrus, and HFCs, PFCs and SF6 (total 0.03 Wm-2)) are not shown.  Concentration-based RFs 

for gases can be obtained by summing the like-coloured bars.  Volcanic forcing is not included 

as its episodic nature makes is difficult to compare to other forcing mechanisms.  Total 

anthropogenic radiative forcing is provided for three different years (i.e. 2011, 1980 and 1950) 

relative to 1750 (IPCC, 2013) 
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2.3 Aerosol black carbon  

Aerosol black carbon (BC) is the most strongly light-absorbing component of particulate matter (PM), 

emitted from both natural and anthropogenic sources directly into the atmosphere during incomplete 

combustion of fossil fuels, biofuel, and biomass (Bond, 2013; IPCC, 2013; Seinfeld and Pandis, 2016).  It 

is emitted directly in the form of fine particles (mostly as PM2.5), and is the carbonaceous fraction of 

ambient particulate matter that contains a significant fraction of elemental carbon (EC), with the remaining 

typically being highly polymerised organic material that has low hydrogen to carbon, and oxygen to carbon 

ratios (Seinfeld and Pandis, 2016; Cachier, 1995).  However, the contribution of EC to BC can be higher 

closer to sources, such as traffic.  BC is a major contributor to the fine particulate matter in the atmosphere 

and is almost solely responsible for the short-wave absorption of solar radiation caused by aerosol particles.  

BC can also be defined as the carbonaceous material having intense black or dark colour, which absorbs 

visible light efficiently (Hansen et al., 1984; Cachier, 1995; USEPA, 2012(a)).  BC should be distinguished 

from organic carbon (OC), which is mostly reflective.  However, as previously indicated, BC can contain 

certain OC species. 

According to Pope (2001), approximately 20% of global BC is emitted from residential biofuel burning 

and 40% from fossil fuels (of which 14% are diesel engines for transportation; 10% from diesel engines 

for industrial use; 10% from industrial processes and power generation, usually from smaller boilers; and 

6% residential coal burned with traditional technologies).  The remaining 40% are emitted from open 

biomass burning (mostly forest and savanna fires).  While biomass burning may be the dominant BC source 

over tropical regions and most of the southern hemisphere (Hansen et al., 1988; Cooke and Wilson, 1996; 

Wolf and Cachier, 1998), the contribution of fossil fuel combustion to BC is usually more important in 

cities, particularly over the northern hemisphere.  

BC is a good indicator of primary anthropogenic air pollutants because of its shorter lifetime (days to 

weeks) in the atmosphere (Penner et al., 1993; Cachier, 1995; Cooke and Wilson, 1996).  It is critical to 

highlight that BC sources vary by region.  For instance, the majority of BC emissions in South Asia are 

due to biofuel used for cooking, whereas in East Asia, coal combustion for residential and industrial use is 

the main contributor.  According to Ramanathan (2008), a reduction in BC emissions is a potential viable 

climate change mitigation strategy (Mokdad, 2004), since it is a primary species emitted by sources that 

can be controlled. 

Additionally, the term black carbon is also used in soil sciences and geology referring either to deposited 

atmospheric BC or to directly incorporated BC from vegetation fires (Schmidt and Noack, 2000; Glaser, 

2007).  This type of BC significantly contributes to soil fertility, since it is able to adsorb important plant 

nutrients, particularly in the tropics.  Large uncertainties prevail in terms of the global atmospheric radiative 

effect of BC due to insufficient data and its high spatial and temporal variability.  Presently, the majority 

of BC radiative impact assessments are based on models (Zhou et al., 2006; USEPA, 2012; IPCC, 2013), 

http://en.wikipedia.org/wiki/Fossil_fuel
http://en.wikipedia.org/wiki/Biomass
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on both local and global scales, and incorporate measured aerosol properties (Harrison et al., 1997; 

Satheesh et al., 1999). 

 

2.3.1 Climate forcing and climatic impacts of aerosol black carbon 

The scientific understanding of the role of BC in climate change lags behind compared to carbon dioxide 

and other greenhouse gases.  However, this gap appears to be closing as global research on BC has recently 

shown to be expanding rapidly (e.g. Shen, 2012; IPCC, 2013; Wang, 2014).  BC is normally emitted with 

other particles and gases such as sulphur dioxide (SO2), nitrogen oxides (NOx), and organic carbon (OC) 

as co-emitted pollutants, with some of them exerting a cooling effect on the climate. Estimates of the net 

effect of BC emission sources on climate should take into account the offsetting effects of these co-emitted 

pollutants.  Atmospheric processes such as mixing, aging, and coating that occur after BC is emitted can 

also contribute to the net influence of BC on climate.  The short atmospheric lifetime of BC (days to weeks) 

coupled with the mechanisms by which it affects the climate differentiates it from long-lived carbon 

dioxide (CO2).  Reducing black carbon emissions may be the fastest means of slowing global warming and 

climate change in the near-term (Lippmann et al., 2003; USEPA, 2012; Bond, 2013; IPCC, 2013), whereas 

reductions in GHG emissions will take longer to influence atmospheric concentrations and will have less 

impact on climate on a short timescale.  However, extensive reductions in GHG emissions are essential to 

limit climate change over the long term.  Emission sources and ambient BC concentrations vary spatially 

and temporally, resulting in climate effects that are more regionally and seasonally dependent compared to 

the effects of other long-lived and well-mixed GHGs such as CO2.  It is therefore acknowledged that 

mitigation efforts for BC will produce different climate results depending on the region, season, and 

emissions sources.  BC influences the climate through the following mechanisms, similar to the general 

mechanisms previously mentioned for aerosols in general (Seinfeld and Pandis, 2016): 

 Direct effect: by absorbing both incoming and outgoing radiation of all wavelengths contributing 

to warming of the atmosphere and dimming at the surface; whereas, GHGs trap the outgoing 

infrared radiation from the earth’s surface.  

 Snow/ice albedo effect: whereby BC deposited on snow and ice darkens the surface and decreases 

reflectivity (albedo), thereby increasing absorption and accelerating melting of ice.  

 Other effects: Similar to the indirect effects of general aerosols, BC also alters the properties and 

distribution of clouds, affecting cloud reflectivity and lifetime (‘indirect effects’), stability (‘semi-

direct effect’), and precipitation.  

The above-mentioned influencing mechanisms are graphically illustrated in Figure 2.5.  The direct and 

snow/ice albedo effects of BC are widely understood to lead to climate warming.  These combined effects 

likely also contribute more to current warming than any GHG other than CO2 and CH4.  However, it is 
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critical to note that the climate effects of BC, via interaction with clouds, are more uncertain, and their net 

climate influence is not yet clear (IPCC, 2013; USEPA, 2012(b)). 

 

 

Figure 2.5: The impacts of aerosol black carbon on the global climate (Michael, 2011) 

BC from fossil fuels was estimated by the IPCC in the Fifth Assessment Report (AR5) to contribute a 

global mean radiative forcing of +0.2 Wm-2, compared to the +0.1 Wm-2 estimated in the Second 

Assessment Report (SAR) with a range +0.1 to +0.4 Wm-2 (IPCC, 1995; IPCC, 2013).  Close to European 

and North American cities, industrial combustion plants usually have efficient cleaning facilities for 

particulate emissions.  According to Hamilton and Mansfield (1991), more than 90% of BC originates from 

traffic emissions, particularly diesel vehicles that are known to emit EC (Watson et al., 1994) with a large 

mass fraction in the ultrafine (diameter of 0.1 µm) particle size range in most European cities (Kerminen 

et al., 1997).  In addition to having a direct warming effect on the atmosphere, BC also affects cloud albedo 

and formation by changing the hygroscopicity of cloud condensation nuclei (Penner et al., 1991; Liousse 

et al., 1996).  It has been suggested that the increasing level of BC in the atmosphere is an important driver 

in the observed trends of increased rainfall in the south and drought in the north of China over the past 

several decades (Menon et al., 2002).  Evidence also suggests that large BC emissions in India and China 

contributed to shifts in the regional monsoon. 
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The direct radiative forcing effect of BC is augmented by deposition of BC on snow and ice.  The snow 

albedo effect from BC has been estimated in recent studies to add approximately +0.05 Wm-2, which is 

generally less than the +0.1 (±0.1) Wm-2 estimated by the IPCC (AR4).  However, UNEP and WMO (2012) 

found that when the snow/ice albedo forcing estimates are adjusted to account for the greater warming 

efficacy of the snow deposition mechanism, the snow/ice albedo effect could add +0.05 to +0.25 Wm-2 of 

forcing.  The sum of the direct and snow/ice albedo effects of BC on the global scale is likely comparable 

to, or larger than the forcing effect from methane, but less than the effect of carbon dioxide. 

Findings from various studies (Hansen, 2005; Bond et al., 2013; IPCC, 2013) show that estimates of black 

carbon’s climate forcing (combining both direct and indirect forcings) vary from the IPCC’s conservative 

estimate of + 0.23 + 0.25 Wm-2 (Novakov et al., 1974; Chang and Novakov, 1975), to the most recent 

estimate of 1.0 -1.2 Wm-2.  This is larger than the forcing due to other GHGs such as CH4, CFCs, N2O, or 

tropospheric ozone (Nieuwenhuijsen, 2003).  According to Ramanathan’s (2008) global assessment, the 

forcing from black carbon equals 0.9 Wm-2, which is more than the forcing from methane and it is 55% of 

that from CO2 (Michael, 2010).  Assessments by UNEP and WMO (2012) presented a narrower central 

range of +0.3 to +0.6 Wm-2 compared to the IPCC estimate of +0.34 (±0.25) Wm-2 (IPCC, 2007, USEPA, 

2012).  However, in some regions such as the Himalayas, the impact of black carbon on melting snowpacks 

and glaciers may be equal to that of CO2.  Findings from studies by Shindell (2008), who used a coupled 

ocean-atmosphere climate model to reconstruct twentieth-century influences on climate or forcings, with 

and without black carbon, found that increases in black carbon from Asia and reductions in sulphate 

pollution contributed to approximately 45% of the observed warming in the Arctic.  This is critical because 

nothing in climate is more properly described as a tipping point than the 0°C boundary that separates frozen 

from liquid water.  The bright, reflective snow and ice is in contrast to the dark heat-absorbing ocean 

(Adgate, 2011).  Therefore, reducing black carbon emissions may be the most efficient way to mitigate the 

well-known Arctic warming (USEPA, 2012). 

Recent studies by Myhre and Samset (2015) indicate underestimation of the positive radiative forcing (RF) 

of BC by 10% for global mean, all sky conditions, relative to the more sophisticated multi-stream models.  

RF of black carbon (BC) in the atmosphere is estimated using radiative transfer codes of various 

complexities.  The two-stream radiative transfer codes used most in climate models give too strong forward 

scattering, leading to enhanced absorption at the surface and too weak absorption by BC in the atmosphere.  

This underestimation occurs primarily for low surface albedo, even though BC is more efficient for 

absorption of solar radiation over high surface albedo (Myhre and Samset, 2015). 
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2.3.2 Black carbon effects on human health and the environment 

BC is a component of both fine and coarse PM.  However, due to its small size, it is strongly associated 

with the fine particle (PM2.5) fraction.  Most of the literature evaluating the potential impacts of BC on 

human health as well as the health benefits of BC mitigation has focused on BC as part of PM2.5.  Short- 

and long‐term exposures to PM2.5 are associated with various adverse human health effects such as 

respiratory and cardiovascular effects, premature death, etc.  Over the past decade, studies have focused 

increasingly on attempting to identify the health impacts of particular PM2.5 constituents, such as BC 

(USEPA, 2012).  However, EPA has determined that there is insufficient information at present to 

differentiate the health effects of the various constituents of PM2.5, thereby assuming that many constituents 

are associated with adverse health impacts (USEPA, 2012(a)).  Studies show that black carbon, largely 

from combustion processes, contributes to poor air quality and induces respiratory and cardiovascular 

problems (Highwood and Kinnerslay, 2006). 

The limited scientific evidence that is currently available about the health effects of BC is generally 

consistent with the general PM2.5 health literature, with the most consistent evidence for cardiovascular 

effects.  However, review studies undertaken by Janssen et al. (2011) found health effect estimates from 

mortality and morbidity time series studies and cohort studies to be higher for black carbon particles than 

for PM10 or PM2.5 when expressed for a 1 μgm-3 increase in exposure.  This shows that study results for BC 

are variable and that detailed research is required to address these uncertainties.  Both ambient and indoor 

PM2.5 is estimated to result in millions of premature deaths worldwide, the majority of which occur in 

developing countries.  The World Health Organization (WHO) estimates that indoor smoke from the 

combustion of solid fuels is among the top ten major risk factors globally, contributing to approximately 2 

million deaths annually, with women and children at a higher risk (WHO, 2017).  

According to assessment approaches undertaken by the WHO and EPA, the health impacts of black carbon 

are considered equivalent to PM health impacts, and recent reports recognise associations between BC and 

a continuum of cardiovascular and respiratory effects.  However, these studies conclude that it is not 

currently possible to distinguish the health impacts of BC from PM2.5 (Janssen et al., 2012; U.S. EPA, 

2012).  Toxicological studies suggest that BC in its pure form may not be toxic, but it may function as a 

carrier of toxins to the lungs, the body’s major defence cells, and possibly the blood circulation system 

(Janssen et al., 2012).  Therefore, based on the evidence that black carbon is an efficient transporter of 

toxic compounds into the lungs, a strategy to reduce black carbon emissions from diesel vehicles (and by 

implication, particulate matter) would produce health benefits. 

 



23 

2.4 Black carbon emission reduction measures 

Considering the link between PM2.5 and BC, explained in the previous section, emission reduction of the 

former will automatically result in a reduction in the latter.  For large industrial point sources, this implies 

process improvements (having lower emissions), installing of and improving abatement technologies (to 

capture PM), strict emission standards, compliance monitoring and enforcement of standards.  Measures 

such as these can be regulated.  However, it is less easy to regulate biomass burning fires and household 

combustion, both of which are also significant sources of BC.  Reduction of BC emissions from vehicles 

can be achieved using various measures, including improved technology, introduction of standards, 

replacing older engines, using cleaner fuels, reducing idling time, and ensuring proper maintenance (EPA, 

2006; EPA 2012 a and b; EC, 2015). 

According to Ramanathan (1998), technology exists for a drastic reduction of fossil fuel-related black 

carbon. Studies assert that given proper conditions and incentives, soot emitting technologies can be rapidly 

phased out.  For instance, several effective technologies are available to reduce BC emissions from diesel 

vehicles.  In addition, diesel oxidation catalysts that can be used on almost any diesel vehicle have been in 

use for over 30 years and can eliminate 25 to 50% of black carbon emissions (Hansen and Makiki, 2001).  

Furthermore, newer and efficient diesel particulate filters (DPFs) or traps can eliminate over 90% of black 

carbon emissions from motor vehicles that use ultra-low sulphur diesel fuel (ULSD).  The United States 

Environmental Protection Agency (US EPA) requires a nationwide shift to ULSD to ensure compliance 

with new particulate rules for new on-road and non-road vehicles, and introduced legislation on the use of 

DPFs in diesel vehicles in order to meet the standards.  Due to recent EPA regulations, BC emissions from 

diesel vehicles are expected to decline by approximately 70 percent from 2001 to 2020 (Hansen and 

Nazarenko, 2007(a)).  Overall, BC emissions in the United States are projected to decline by 42 % from 

2001 to 2020 (Hansen and Makiki, 2001), as a result of the implementation of these regulations. 

 

2.5 Benefits of reducing black carbon emissions 

Mitigation of BC offers a clear opportunity where continued reductions in BC emissions can provide 

significant near-term benefits for climate, human health, and the environment (Bond and Sun, 2005).  It is 

generally impossible to reduce BC in isolation from other co-pollutants, and most BC mitigation strategies 

involve reductions in total emissions of fine particles, including other PM2.5 constituents.  All control 

measures that reduce PM2.5 pollution, BC and other constituents will achieve substantial health, 

environmental and climate change mitigation benefits.  Therefore, mitigation strategies targeting BC that 

also reduce total direct PM2.5 emissions could potentially result in hundreds of thousands of avoided 

economic losses and premature deaths among communities, resulting in large health benefits (Seinfeld and 

Pandis, 2016). 

http://en.wikipedia.org/wiki/Diesel_particulate_filter
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According to U.S. EPA (2012), the benefits from controlling direct PM2.5 emissions are 7 to 300 times 

greater than the benefits per ton estimated for reductions of PM precursors such as NOx and SOx.  The 

magnitude of human health benefits of emission reductions depends both on how much exposure is 

reduced, as well as the size of the affected population.  The largest health benefits from PM2.5 including 

BC control strategies will be achieved in areas near the emissions sources and where exposure affects a 

large population (USEPA, 2012). 

Studies by Bond and Sun (2005) demonstrated benefits of BC reduction on the mitigation of climate 

change; and found that many BC emission reductions measures are less expensive and/or easier to 

endorse/implement if compared with greenhouse gases.  These studies further proposed the role of black 

carbon in climate mitigation strategies and show that reducing BC emissions is a promising way to reduce 

climatic interference, as well as adverse impacts on health and regional air quality.  

 

2.6 Global and regional black carbon studies 

Interest in black carbon emerged in the 1980s following studies on light reflective properties of snow by 

Warren and Wiscombe (1980), after experiencing difficulties in developing a mathematical model of snow 

reflectance or albedo.  This study found that calculations could not align with the latest albedo 

measurements in the Arctic due to snow reflecting less light than expected.  In this study, snow samples 

collected downwind from a diesel generator that might be contributing to black carbon were analysed.  

Other studies concluded that black carbon soot could have a measurable effect on the Arctic climate (Rosen 

and Hansen., 1985).  Further studies by Hansen et al. (1984) concluded that the fastest way to combat 

global warming was to reduce black carbon, methane and other powerful warming pollutants that could be 

controlled and reduced easier than CO2 (Rosen and Hansen, 1985).  Regional sources indicate that 

developed countries were once the primary source of black carbon emissions, but this trend started 

changing during the 1950s as a result of the adoption of pollution control technologies by these countries.  

The U.S. was found to be contributing approximately 21% of the world’s CO2, while accounting for 6.1% 

of the world’s soot (US Department of Energy, 1985).  

Various recent studies found that the majority of black carbon emissions are from developing countries 

and this trend is expected to increase (Jacobson, 2004; Ramanathan and Carmichael, 2008).  The largest 

sources of black carbon are Asia, Latin America, Africa, China and India (IPCC, 2013; Wang, 2014).  

Emissions from China have doubled from 2000 to 2006 (Jacobson, 2004b) and were estimated to account 

for approximately 30% of global anthropogenic BC emissions (Bond et al., 2004).  These high emission 

levels were mainly attributed to high rates of consumption of coal and biofuels in this country (Bond et al., 

2013).  Furthermore, annual emissions of BC in China were estimated to be 1.3 Tg in 1995 (Bond et al., 

2004), 1.1 Tg in 2000 (Streets et al., 2003a, b) and 1.8 Tg in 2006 
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(http://www.cgrer.uiowa.edu/EMISSION_DATA_ new/index_16.html, accessed: June 2018).  These 

estimates are subject to large uncertainties because of the difficulty in obtaining accurate data on activity 

and emission factors for some emission sources.  For instance, the level of uncertainty was approximately 

800% for 1995 and 484% for 2000, for anthropogenic sources (at a 95% confidence interval).  Although 

recent inventories have reduced this level of uncertainty, improvement is necessary (Streets et al., 2003). 

Existing and well-tested technologies used by developed countries, such as clean diesel and coal could be 

implemented in developing countries to reduce black carbon emissions (Jacobson, 2004).  According to 

Jacobson (2002), black carbon emissions peak close to major source regions and give rise to regional 

hotspots of these emissions.  Such hotspots include the Indo-Gangetic plains in South Asia, eastern China, 

most of Southeast Asia, including Indonesia, regions of Africa between sub-Sahara and South Africa, 

Mexico and Central America, and most of Brazil and Peru in South America (Hansen and Sato, 2001).  

China is a major emitter of carbonaceous aerosols (Saikawa et al., 1999; Cao et al., 2006) and sulphur 

dioxide (SO2) (Streets et al., 2003).  Despite its rapid industrial growth, China has passed and continues to 

develop many environmental regulations (Liu and Diamond, 2005).  However, future emissions remain 

highly uncertain and are of interest for regional and global air quality and climate change.  Most emissions 

of SO2, OC and BC in China result from fossil fuel and biofuel combustion (Ohara et al., 2007).  In addition, 

the two most important sources of atmospheric black carbon are fossil fuel combustion (such as automobile 

exhaust, industrial and power plant emissions, aircraft emissions, etc.) and biomass burning (burning of 

agricultural wastes and forest fires) (Saha and Despiau, 2001).  While biomass burning may be the dominant 

BC source over tropical regions and most of the southern hemisphere, the role of fossil fuel combustion is 

usually more important in cities, especially over the northern hemisphere.  Knowledge of long-term changes 

in BC is vital for the assessment of its regional and global climate effect, and measurements have been 

carried out in the remote and marine environments (Cooke et al., 1997).  However, limited long-term 

measurements exist from certain source regions. 

 

2.7 Global BC measurements 

To date, several field experiments and campaigns have been carried out in recent years such as Smoke, 

Clouds, Aerosols, Radiation-Brazil (SCAR-B), Tropospheric Aerosol Radiative Forcing Observational 

Experiment (TARFOX), Aerosol Characterisation Experiment – Asia (ACE-Asia), Indian Ocean 

Experiment (INDOEX), Experience sur Site pour Contraindre les Modeles de Pollution atmospherique et 

de Transport d'Emissions (ESCOMPTE), Mediterranean Intensive Oxidant Study (MINOS), etc.  

However, most of these experiments provide only snapshot information and data for limited periods.  

Additional studies are necessary to obtain a more complete picture of the global distribution of aerosol BC 

in the atmospheric boundary layer (Cooke et al., 1997).  
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Globally, very few countries have robust networks for ambient measurements of PM2.5, (and probably even 

fewer for BC measurement) with the most available global ambient BC data being produced in the United 

States, Canada, Europe and China.  However, the majority of the data is based on the more widely used 

thermal measurement techniques, with limited light absorption measurements available to supplement 

them, particularly in the United States and Europe.  In addition, there are networks of BC monitoring sites 

across the globe in remote areas that provide information about background levels.  Figure 2.6 provides a 

map showing the extent of known BC monitoring networks around the globe, highlighting locations of the 

sites that use light absorption, thermal, or both measurement techniques (USEPA, 2012).  According to 

this published map, BC was monitored in South Africa at the Global Atmospheric Watch site at Cape Point 

in 2012, as well as EC that was monitored during a campaign on the Mpumalanga Highveld.  However, 

the monitoring network for BC and EC in South Africa has expanded significantly since, as articulated in 

the next section. 

 

 

Figure 2.6: Ambient EC and BC measurement locations worldwide, with light absorption measurement 

locations and thermal measurement locations coloured black and red, respectively.  A small 

subset of locations with both measurements is coloured yellow (USEPA, 2012) 

 

2.8 BC measurements in South Africa 

Limited equivalent black carbon (eBC)monitoring is currently undertaken by various institutions in South 

Africa, including the national Department of Environmental Affairs (DEA) and the South African Weather 

Service (SAWS), the North-West University and Eskom (electricity generating state-owned company).  
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The locations of these sites, within the context of sites where data were gathered during this study, will be 

indicated in Chapter 3 (Measurements, Locations, Techniques and Analyses).  In South Africa, the relative 

significance of BC contributions from anthropogenic sources is still largely unknown, and few BC-related 

papers have been published in the peer-reviewed public domain to date.  Venter et al. (2012) used BC mass 

concentration data collected at the Marikana monitoring station to verify the origin of CO and PM10 but 

did not consider BC further.  Ramsuchi and Kornelius (2013) presented aethalometer BC data, measured 

for a period of almost a year in the Carletonville gold mining area. Collett et al. (2010) only presented a 

single diurnal plot for BC mass concentration measured at the Elandsfontein monitoring station in 2010.  

Hyvärinen et al. (2013) used BC mass concentration data collected at the Welgegund monitoring station to 

illustrate the use of a newly developed method to correct BC mass concentration values measured with a 

multi-angle absorption photometer (MAAP).  

In addition, Martins (2009) determined elemental carbon (EC) and organic carbon (OC) mass 

concentrations from three two-week winter campaigns and one two-week summer campaign at two sites, 

as part of the framework of the Deposition of Biogeochemical Important Trace Species (DEBITS)-

International Global Atmospheric Chemistry (IGAC) in Africa project (Galy-Lacaux et al., 2003; Martins 

et al., 2007).  However, this data have not yet been published in the peer-reviewed scientific domain.  

Maritz et al. (2015) and Aurela et al. (2016) presented limited EC mass concentration data from some 

regional background sites in South Africa. Kuik et al. (2015) used the Weather Research and Forecasting 

model, including chemistry and aerosols (WRF-Chem) to analyse the contribution of anthropogenic 

emissions to the total tropospheric BC mass concentrations from September to December 2010 in South 

Africa.  However, significant underestimations and uncertainties with regard to BC mass concentrations 

were reported by the afore-mentioned authors.  Feig et al. (2015) published limited results from the 

DEA/SAWS stations.  From the afore mentioned, the need for improved BC mass concentration data for 

South Africa is evident. 

 

2.9 BC measurement techniques 

BC mass concentration can be measured using both online and offline techniques.  The two most common 

online and offline approaches to quantify and characterise BC are light-absorption and thermo-optical 

methods, respectively.  The former exploits light-absorbing properties of BC by relating the amount of 

light absorbed or attenuated in a sample to the mass of the absorbing material, assumed to be equivalent to 

the mass of equivalent BC (eBC).  The latter measures elemental carbon (EC) by heating a sample and 

measuring the carbon that evolves from a filter at different temperatures and controlled atmospheric 

conditions (Petzold and Schönlinner, 2004).  These methods will be explained in greater detail in Chapter 

3. 
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In addition to the above-mentioned, online measurements of eBC can also be undertaken with the 

Aethalometer, the Particle Soot Absorption Photometer (PSAP) and the Photoacoustic Extinction Meter 

(PAX).  The first two instruments use a light attenuation method that measures the attenuation of a light 

signal through a filter medium loaded with the aerosol sample; whereas the PAX instrument directly 

measures absorption on the sample while it is still suspended in air.  A sample volume is illuminated by 

modulated laser light, which heats absorbing particles, which, in turn, heat the surrounding air and cause a 

pressure/sound wave.  The absorption coefficient can be calculated directly from the amplitude of the sound 

wave.  BC mass can then be calculated using an assumed mass absorption cross-section (Petzold and 

Schönlinner, 2004).  

 

2.10 BC emissions and sources in South Africa 

Aerosol BC emissions depend on the location of point sources, population density, economic state and 

growth, technological state (e.g. Euro specifications of vehicles), and social trends.  Little has been 

published to link sources in South Africa to BC emissions; therefore, it is one of the main objectives of this 

study.  

 

2.11 Climatology of South Africa 

Although this study does not focus specifically on meteorology, meteorological conditions are critical for 

understanding and interpretation of the results.  Therefore, a brief overview of meteorology over South 

Africa is considered in this section.  Meteorological conditions in South Africa are influenced by strong 

seasonal variability.  The atmospheric circulation pattern around the central Highveld is dominated by 

anticyclonic circulation during winter and frequent easterly disturbances during summer.  Westerly 

disturbances occur approximately 20% of the time throughout the year (Garstang et al., 1996).  

Precipitation is characterised by strong seasonal variation with rainfall experienced during the wet season, 

typically between October and March.  The precipitation cycle strongly affects local pollutant 

concentrations via primary emissions from wildfires during the dry season, as well as wet scavenging by 

precipitation and clouds during the wet season (Garstang et al., 1996).  

Cloud cover over this region is often limited due to a dominant high pressure system created by the high 

altitude and the subtropical subsidence (Tyson et al., 1996; Tyson and Preston-Whyte, 2004).  This, 

combined with low heat capacity of the soil, creates frequent inversion layers that significantly reduce the 

vertical mixing of pollutants in the atmosphere (Garstang et al., 1996).  These inversion layers are most 

prominent just before sunrise and break due to convective heating in the presence of sunlight, resulting in 

the increase in the height of the mixing layer (Tyson et al., 1996; Tyson and Preston-Whyte, 2004).  These 
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meteorological conditions modify pollutant levels on the South African interior and other parts of the 

country.  In addition, given the high occurrence of anticyclonic circulations, pollutants can be trapped over 

this region for several days before exiting the sub-continent towards the east coast via a well-defined plume 

(Garstang et al., 1996; Freiman and Piketh, 2002).  

 

2.12 Conclusion 

There is considerable understanding of climate forcing contributions by most greenhouse gases, whereas 

those by aerosol BC remain one of the largest sources of uncertainties in estimating anthropogenic climate 

perturbations.  As indicated in Chapter 1, limited BC studies have been undertaken for South Africa, with 

significant uncertainties regarding BC mass concentrations being reported by the above-mentioned authors.  

This thesis presents spatial and temporal assessments of equivalent black carbon (eBC) derived from an 

optical absorption method and elemental carbon (EC) determined by an evolved carbon method (definitions 

according to Petzold et al., 2013), mass concentrations over the northern interior of South Africa, as well 

as potential contributing sources of eBC at the Elandsfontein monitoring site.  The results presented in this 

study (Chapters 4-6) contribute towards addressing these gaps. 
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CHAPTER 3: MEASUREMENT LOCATIONS, TECHNIQUES AND DATA 

ANALYSES 

 

This chapter provides a description of the locations where equivalent black carbon (eBC) and elemental 

carbon (EC) measurements were undertaken, including overlay back trajectory plots showing the 

percentage of plume passing over online monitoring sites during sampling periods.  Measurement 

techniques as well as an overview of ancillary measurements that were used are also presented.  

Furthermore, the data quality assurance and analysis processes that were followed are also explained and 

outlined in this chapter.  

 

3.1 Measurement locations 

This thesis presents eBC or EC mass concentration data from eight measurement stations located over the 

northern interior of South Africa.  At three of these stations, continuous high resolution measurements were 

conducted, i.e. Elandsfontein (EF), Marikana (MA), and Welgegund (WG), while at the remaining five 

stations, i.e. Louis Trichardt (LT), Skukuza (SK), Vaal Triangle (VT), Amersfoort (AF) and Botsalano 

(BS), samples were collected once a month on a filter for a period of 24 hours and analysed offline in the 

laboratory.  Figure 3.1 shows the locations of these sites together with the relatively newly commissioned 

eBC sites by the Department of Environmental Affairs (DEA) and the South African Weather Service 

(SAWS), which are presented within a regional context (SAAQIS, 2015).  However, data from the DEA 

and SAWS measurement sites were not considered in the study, since this were not yet available at the 

inception of the study and certain data quality issues were not resolved.  In order to contextualise the 

locations of the sites that were considered, a brief description of each site is presented below. 
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Figure 3.1: Locations of the Elandsfontein (EF), Marikana (MA), Welgegund (WG), Louis Trichardt 

(LT), Skukuza (SK), Vaal Triangle (VT), Amersfoort (AF) and Botsalano (BS) measurement 

stations within a regional context.  The sites where continuous high resolution data were 

gathered are indicated with blue stars, while the sites where filters were gathered and analysed 

offline are indicated with blue dots.  Additionally, DEA and SAWS sites, where eBC is also 

measured, but not considered in this study, are indicated with red dots.  Neighbouring 

countries, some major cities and South African provincial borders are also indicated for 

additional regional contextualisation (Provinces: WC = Western Cape; EC = Eastern Cape; 

NC = Northern Cape; FS = Free State; KZN = KwaZulu-Natal; NW = North West; GP = 

Gauteng; MP = Mpumalanga and LP = Limpopo) 

3.1.1  Elandsfontein 

The Elandsfontein monitoring station (26.25°S 29.42°E; 1750 metres above mean sea level - m.a.m.s.l) is 

located on the top of a hill approximately 200 km east of Johannesburg in the highly industrialised South 

African Highveld (Collett et al., 2010).  The site is relatively frequently affected by plumes from coal-fired 

power stations, metallurgical smelters and a large petrochemical operation located within an approximately 

60 km radius around the site (Laakso et al., 2012).  This site was used for the European Integrated Project 
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on Cloud Climate, Aerosols and Air Quality Interactions (EUCAARI) for measurements outside Europe; 

and was equipped with state-of-the-art instruments for comprehensive aerosol measurements (Laakso et al., 

2012; Kulmala et al., 2009).  Measurements were conducted from February 2009 to January 2011 with a 

PM10 inlet.  The vegetation around the site is typically dry grassland pasture and farmland with annual 

precipitation of approximately 700 mm (Carruthers, 1997).  The rain season is during the October-March 

period with little rain during winter months (SAWS, 2017).  The average maximum daytime temperatures 

in summer and winter are 26°C and 17°C, respectively, with corresponding average night temperatures of 

14°C and 1°C.  Figure 3.2 (a) shows an image of the Elandsfontein air quality monitoring station that was 

equipped with state-of-the-state of the art aerosol and trace gas monitoring equipment, and (b) shows the 

Google Earth image showing the surroundings of Elandsfontein. 
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(a) 

 

(b)Figure 3.2: (a) Google Earth image of the immediate surroundings of the site (indicated using a red 

icon) (Google Earth, 2018).  (b) Elandsfontein monitoring site shelter and setup (Courtesy: JP Beukes) 

 

As stated in section 2.10, the atmospheric circulation pattern over the South African interior is dominated 

by anticyclonic circulation.  Figure 3.3 illustrates this circulation, representing the statistical distribution 

of HYSPLIT 96-hours back trajectories (Draxler and Hess, 2004) for the duration of the EUCAARI project 

measurements period at Elandsfontein.  

 



34 

 

Figure 3.3: Overlay back trajectory plot showing the percentage of trajectories passing over 0.2 X 0.2° grid 

cells, before arriving at Elandsfontein for the period 11 February 2009 to 31 January 2011 

 

3.1.2 Marikana 

The Marikana monitoring station (25.70°S 27.48°E; 1170 m.a.m.s.l.) is located in a small village situated 

approximately 35 km east of the city of Rustenburg, in the North West Province of South Africa.  Within 

an approximately 55 km radius from this site there are 11 pyrometallurgical smelters and at least twice as 

many mines (feeding the afore-mentioned smelters) (Venter et al., 2012).  However, there are no mining 

and/or industrial activities within a 1 km radius of the site.  The closest surroundings include semi-formal 

(government-built housing developments, mostly with some form of informal housing additions by the 

occupants) and informal (self-erected, sometimes unauthorised, mostly without municipal services) 

settlements, a formal residential area with a gas station and shops, as well as tarred and untarred roads 

serving the communities in this area (Venter et al., 2012; Hirsikko et al., 2012).  Figure 3.4 presents a 

Google Earth image, which gives some sense of the area and surrounding sources, while Figure 3.5 

represents the statistical distribution of HYSPLIT 96-hours back trajectories for the September 2008 to 

May 2010 measurement period with a PM10 inlet. 
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(a) 

 

(b) 

Figure 3.4: (a) Google Earth image of the immediate surroundings of Marikana monitoring site (indicated 

using blue star) (Google Earth, 2018), while (b) shows the measurement site shelter and setup 

(Courtesy: V. Vikkari) 
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Figure 3.5: Overlay back trajectory plot showing the percentage of trajectories passing over 0.2 X 0.2° grid 

cells, before arriving at Marikana for the September 2008 to May 2010 measurement period 

 

3.1.3 Welgegund 

The Welgegund measurement station (www.welgegund.org, 26.57°S 26.94°E, 1480 m.a.m.s.l.) is situated 

approximately 115 km west of Johannesburg and 23 km from the Potchefstroom central business district 

(CBD) on the property of a commercial farmer.  It is representative of a regional background site with no 

impacts from local pollution sources in its close proximity, resulting in clean air masses frequently arriving 

at this site.  The entire western sector contains no major sources and is considered a relatively clean regional 

background area.  However, this site is affected by aged plumes from major source regions in the South 

African interior, 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 priority area, the Mpumalanga Highveld priority area and also a region of anticyclonic 

recirculation of air mass over the interior of South Africa (Beukes et al., 2013; Jaars et al., 2014; Tiitta et 

al., 2014; Venter et al., 2016).  In addition, impacts of regional biomass combustion occurring mainly in 

the dry winter and spring are also observed at this site.  A detailed description of the Welgegund 

measurement station and related source regions is presented by Beukes et al. (2014).  Measurements 

reported in this thesis covered the period June 2010 to May 2012, with either PM10 (1 June 2010 to 25 

http://www.welgegund.org/
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August 2010, as well as 1 September 2011 to 31 May 2012) or PM1 (26 August 2010 to 31 August 2011) 

inlets being employed.  Figure 3.6 (a) shows a Google Earth image of the immediate surroundings of the 

Welgegund monitoring site, while (b) shows the actual measurement site shelter and other measurements. 

 

(a) 

 

(b) 

Figure 3.6: (a) Google Earth image of the immediate surroundings of Welgegund monitoring site (indicated 

using a red icon) (Google Earth, 2018), while (b) shows the measurement site shelter and setup 

(Courtesy: JP Beukes) 

The main research aim at this site is to observe different atmospheric parameters relevant for climate 
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change, regional pollution, atmosphere-ecosystem interactions, aerosol chemistry and physics based on 

long-term measurements.  The specific research topics include formation and growth of aerosol particles, 

concentrations of aerosol particles of natural and anthropogenic origin, aerosol optics, atmospheric trace 

gases, grassland-savannah carbon balance, ecosystem interactions and water balance in a water-limited 

ecosystem.  The back-trajectory overlay map for Welgegund, indicated in Figure 3.7, clearly indicates that 

it often samples air masses that have recirculated around the main anthropogenic source regions in the 

South African interior.  The back trajectories have been calculated for Welgegund from 20 May 2010 to 15 

April 2012.  

 

 

Figure 3.7: Overlay back trajectory plot showing the percentage of trajectories passing over 0.2 X 0.2° grid 

cells, before arriving at Welgegund for the period June 2010 to May 2012  

 

3.1.4 Sites where filters were collected and analysed offline 

Maritz et al. (2015) introduced all the Deposition of Biogeochemical Import Trace Species (DEBITS) sites 

for which data are presented.  The DEBITS project is an international project that was established in the 

1990s as a long-term initiative to measure the deposition of atmospheric pollutants.  It is a joint initiative 

of the International Global Atmospheric Chemistry (IGAC) programme and the World Meteorological 

Organisation (WMO).  The main objectives of the DEBITS initiative are to monitor the removal rates (e.g. 
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dry and wet deposition processes) of bio-geochemically important trace species and to determine which 

factors (e.g. physical or chemical) control deposition fluxes (Galy-Lacaux et al., 2003; Mphepya et al., 

2004; Conradie et al., 2016).  Average monthly atmospheric gaseous and 24-hour aerosol samples per 

month have been collected since 2009 at these sites. 

The Louis Trichardt (LT) (22.99 S 30.02 E; 1300 m.a.m.s.l.), Skukuza (SK) (24.99 S 31.58 E; 

267 m.a.m.s.l.), Vaal Triangle (VT) (26.72 S 27.88 E; 1320 m.a.m.s.l.), Amersfoort (AF) (27.07 S 29.87 E; 

1628 m.a.m.s.l.) and Botsalano (BT) (25.54 S 25.75 E; 1424 m.a.m.s.l.) sites were operated within the 

afore-mentioned programme.  Louis Trichardt is a rural site that is predominantly used for agricultural 

purposes located within the savannah biome.  Skukuza is a regional background site located within the 

savannah biome, within the Kruger National Park.  The Kruger National Park is located in the north-eastern 

side of South Africa and is one of Africa’s largest game reserves, featuring a high density of wild animals, 

which include the Big 5 (lions, leopards, rhinos, elephants and buffalos, as well as hundreds of other 

mammals and diverse bird species such as vultures, eagles and storks). Mountains, bush plains and tropical 

forests are all part of the landscape.  The Vaal Triangle site is within the grassland biome and is situated in 

a highly industrialised area, affected by emissions from various industries, traffic and household 

combustion.  Some of South Africa’s largest petrochemical refineries and steel smelters are located in this 

area.  This site lies within the Vaal Triangle Airshed Priority area that has been declared a national air 

pollution hotspot in terms of the South African National Environmental Management: Air Quality Act 

(Government Gazette Republic of South Africa, 2005).  Amersfoort lies southeast of the internationally 

well-known NO2 hotspot that is clearly visible from satellite observations over the Mpumalanga Highveld 

of South Africa (Lourens et al., 2012) and is located in a grassland biome.  It is likely to be affected by 

anthropogenic activities within the Highveld Priority Area (Lourens et al., 2012) wherein it lies.  Botsalano 

is a regional background site that is situated within the 5 800 hectare Botsalano Game Reserve, which is 

situated in the savannah biome.  It is also located in the relatively recently declared Waterberg-Bojanala 

priority area (SAAQIS, 2015).  LT, SK and BT are considered to be background sites. Mphepya et al. 

(2006) and Martins et al. (2007) provide detailed descriptions for the LT and SK sites.  All these DEBITS 

sites are likely to be impacted by local, as well as regional biomass burning fire emissions.  In this thesis, 

EC sampled at these sites with a PM10 inlet was reported for the period March 2009 to April 2011. 

 

3.2 eBC, EC and ancillary measurement techniques 

In this study, online analysis, as well as offline sampling and analysis, of either eBC or EC, were 

undertaken. These methods are described below. 
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3.2.1 eBC online sampling 

This thesis presents equivalent black carbon (eBC) results measured at EL, MA and WE with the multi-

angle absorption photometer (MAAP) that were measured at 1-minute resolutions and converted to 15 

minute averages for further use. All the instruments at all the three sites were positioned behind a PM10 

inlet.  The MAAP measures light absorption by particles at a single wavelength (λ) of 637 nm and eBC 

mass loadings based on aerosol optical absorption.  Figures 3.2 shows an image of the MAAP instrument 

used in this study. It collects aerosol particles on a quartz tape at a flow rate of 16.7 litres per min (Lmin-1) 

and measures the light attenuation caused by the sampled particles.  It reports black carbon concentrations 

by measuring light absorption and uses the mass absorption efficiency of 6.6 m2 g-1 to calculate the 

concentrations of black carbon. Black carbon concentrations are then multiplied by this efficiency to 

calculate light absorption coefficient σAP at 637 nm wavelength.  It is mathematically calibrated from the 

correlation between the optical absorption and mass of BC multiplied by its absorption cross-section.  The 

response between absorption and BC concentration has some variation depending on the chemical 

composition of the black carbon sampled (Petzold and Schönlinner, 2004).  The optical absorption 

coefficient of aerosol collected on the filter is determined by radiative transfer considerations, which 

include multiple scattering effects and absorption enhancement due to reflections from the filter.  This 

calculation is based on the transmitted and reflected phase functions defined by directly measured values 

of transmission, direct and diffuse back scattering.  Full details of the algorithms used are presented by 

Petzold et al. (2002 and 2004). 
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Figure 3.8: An image of the MAAP instrument used to measure eBC at 637nm wavelength in this study 

According to Hyvärinen et al. (2013), an artefact may occur if the automated filter change in MAAP occurs 

at a high eBC concentration.  This artefact was corrected, as recommended by the afore-mentioned authors.  

Furthermore, the MAAP instruments at EL and WE were operated at reduced flow rates, which decreased 

the number of such filter change artefacts. 

 

3.2.2 Offline sampling and analysis of EC 

Twenty four (24)-hour PM10 aerosol samples were collected on quartz filters (with a deposit area of 12.56 

cm2) once a month at the LT, SK, VT, AM and BT sites for the entire measurement period reported. Sample 

preparation and analysis were according to the methods described by Maritz et al. (2015), where quartz 

filters were prebaked at 900°C for four hours and cooled down in a desiccator, prior to sample collection.  

MiniVol samplers developed by the United States Environmental Protection Agency (US-EPA) and the 

Lane Regional Air Pollution Authority were used during sampling (Baldauf et al., 2001).  Samples were 

collected at a flow rate of 5 Lmin-1, which was verified using a handheld flow meter.  All filters were 

handled with tweezers, while wearing surgical gloves as a precautionary measure to prevent possible 

contamination.  Thermally pre-treated filters were visually inspected to ensure that there were no weak 

spots or flaws.  After inspection, acceptable filters were weighed and packed in airtight Petri dish holders 
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to be used for sampling.  After sampling, the filters were placed in Petri dish holders, sealed off, bagged 

and stored in a portable refrigerator and transported to the laboratory for analysis.  At the laboratory, the 

sealed filters were stored in a conventional refrigerator.  Twenty four (24) hours prior to analysis, samples 

were removed from the refrigerator and weighed before analysis.  Several methods can be used to analyse 

EC collected on filters (Chow et al., 2001).   

In this study, the IMPROVE thermal/optical (TOR) protocol (Chow et al., 1993; Chow et al., 2004; 

Environmental Analysis Facility, 2008; Guillaume et al., 2008) was applied using the Desert Research 

Institute (DRI) analyser.  Figures 2.5a and b show photos of the DRI thermal optical carbon analyser used, 

while examples of sampled filterers are presented in Figures 2.5c and d.  With this method, the filters are 

subjected to volatilisation at temperatures of 120, 250, 450 and 550°C in a pure helium (He) atmosphere 

and at temperatures of 550, 700 and 800°C in a mixture of He (98%) and oxygen (O2) (2%) atmosphere.  

Carbon compounds released are converted to CO2 in an oxidation furnace with a manganese dioxide 

(MnO2) catalyst at 932°C.  Then, the flow passes through a digester where the CO2 is reduced to methane 

(CH4) on a nickel-catalysed reaction surface.  The amount of CH4 formed is detected by a flame ionisation 

detector (FID), which is converted to carbon mass using a calibration coefficient.  The carbon mass peaks 

detected correspond to the different temperatures at which the seven separate carbon fractions, which 

include three elemental carbon (EC) fractions, are released.  These fractions are depicted as different peaks 

on the thermogram, of which the surface areas are proportional to the amount of CH4 detected.  The DRI 

thermal optical carbon analyser can detect EC as low as 0.1 μg cm-2. 
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(a)  

 

(b) 

 

(c)  

 

(d) 

Figure 3.9: (a) Desert Research Institute (DRI) thermal optical carbon analyser, (b) components and filter 

mounting instrument setup used to analyse the filters collected from offline DEBITS sites; (c) and (d) are 

some sampled filters for the LT and SK sites, respectively (Courtesy: Maritz, 2017) 

 

3.3 Ancillary measurements at EL, MA and WE 

Various ancillary measurements covering trace gases and meteorological parameters were undertaken at 

the three sites where on-line eBC sampling was undertaken.  Meteorological parameters, vertical structure, 

black carbon and ancillary measurements undertaken at Elandsfontein, Marikana and Welgegund are 

presented in Tables 3.1, 3.2 and 3.3, respectively. 
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Table 3.1: Measured meteorological parameters and instrumentation at Elandsfontein monitoring site 

during the sampling period 

Measurement property and instrumentation Parameter 

Meteorology  Temperature, relative humidity, wind speed 

and direction, ambient pressure and 

precipitation  

Vertical structure measurements PollyXT Raman Lidar planetary boundary 

layer measurements 

Trace gas measurements Mercury (Hg), SO2, NOx, H2S, NH3, O3, 

VOCs 

Aerosol measurements 

Aerosol light absorption measurements 

Multi-Angle Absorption Photometer (MAAP) at λ = 

637 nm 

eBC (Light absorption by PM10-aerosol) 

3-3 wavelength Particle Soot Absorption Photometer 

(PSAP) at λ = 467, 530, and 660 nm (Virkkula, 2010; 

Backman et al., 2014). 

eBC 

Aerosol light scattering measurements 

Ecotech Aurora 3000 3-13 wavelength Nephelometer Measured light scattering by PM10-aerosol at 

λ = 450 nm, 525 nm, and 635 nm wavelength 

Number size distributions 

Particles between 10 and 870 nm diameter at a 5-

minute time resolution. 

Scanning Mobility Particle Sizer (SMPS) 

particles between 10 and 870 nm diameter at 

a 5-minute time resolution. 

Particle number size distribution in the diameter range 

0.3–20 μm 

Optical particle counter (OPC, Grimm Model 

1.108) 

Solar irradiance and aerosol optical depth measurements 

Cimel multichannel 26 Sun photometer Solar irradiance 
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Table 3.1 (continued): Measured meteorological parameters and instrumentation at Elandsfontein 

monitoring site during the sampling period 

Aerosol sampling and analysis of chemical composition - Aerosol chemistry (filter sampling and 

offline analysis) (Gilardoni et al., 2010) 

Dichotomous 3 aerosol sampler – 2025 Partisol 

equipped with a PM10 inlet. 

Aerosol particles were collected for chemical 

analysis  at a flow rate of 1 m3 h-1 (at ambient 

conditions) on 47 mm quartz filters. 

Fine particles (aerodynamic diameter below 

2.5 μm) and coarse particles (aerodynamic 

diameter between 2.5 and 10 μm) were 

collected simultaneously every 6 days for a 

collection period of 24 hours starting from 

8:00 am 

Organic carbon (OC) and elemental carbon 

(EC) were measured by thermo-optical 

analysis with a Sunset Laboratory Dual-

Optical analyser 

Vertical aerosol back scattering profiles 

Portable aerosol Raman LIDAR system extended 

PollyXT (Korhonen et al., 2014) 

Vertical aerosol back scattering profiles 
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Table 3.2: Measured meteorological parameters and vertical structure, and various black carbon 

instrumentation that were installed at Marikana monitoring site during the sampling period  

Measured property Parameter 

Meteorological parameters 
Temperature, relative humidity, wind speed and direction, 

ambient pressure and precipitation 

Solar radiation Direct and reflected PPFD (PAR) 

Aerosol number size distribution Particle size in the range 10-840 nm 

Air ion size distribution Particle size in the range 0.4-40 nm 

Aerosol mass PM10 

Trace gas concentrations SO2, NO, NO2, O3, CO 

Light absorption by aerosol particles 

(Equivalent black carbon) 
eBC 

Aerosol chemistry Campaign-based filter sampling and offline analysis 
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Table 3.3: Measured meteorological parameters and vertical structure, and various black carbon 

instrumentation that were installed at Welgegund monitoring site during the sampling period  

Measured property Parameter 

Meteorology 

Temperature, relative humidity, wind speed and direction, 

ambient pressure, vertical temperature gradient and 

precipitation 

Solar radiation 
Direct and reflected PPFD (PAR), direct and reflected global 

radiation, net radiation 

Aerosol number size distribution DMPS 10-840 nm 

Air ion size distribution AIS 0.4-40 nm 

Aerosol mass PM10 

Trace gas concentrations SO2, NO, NO2, O3, CO, VOCs 

Light absorption by aerosol particles Multi-angle aerosol absorption photometer (MAAP) 

Light scattering by aerosol particles 3-wavelength nephelometer 

Vertical aerosol profile Vaisala CT25K ceilometer 

Flux measurements 
H2O, CO2 and sensible heat fluxes (eddy covariance) 

SO2 and NO2 fluxes (eddy covariance) 

Soil measurements Soil temperature and moisture at different depths, soil heat flux 

 

3.4 Data quality assurance 

Data cleaning and quality verification of the large datasets acquired during the operation of the 

comprehensively equipped long-term atmospheric stations (EL, WE, MA) are summarised in this section.  

Keeping an electronic diary wherein notes and observations are made is important.  Information captured 

in the electronic diaries for all the sites was transferred together with all the other data daily to a server to 

prevent the loss thereof.  Information captured in this diary serves as an institutional memory documenting 

how to solve problems that had occurred in the past.  In addition, it contains arrival and departure times of 

personnel visiting the sites, as well as their names and dates.  Figure 3.10 shows an example of an electronic 

diary file that was recorded at the WE site.  The personnel names are just as important as the times, 

especially if the site is maintained by different personnel.  If data or instrument abnormalities are 

encountered later, the appropriate person (that the diary indicates as the person who successfully resolved 

a similar problem in the past) was normally consulted to resolve the matter (in a case where the person 

visiting the site at that time is unable to resolve the problem).  Secondly, all activities with associated time 

stamps are recorded, including routine checks.  Furthermore, ad hoc procedures such as the installation of 

a new systems or casting of a cement floor as well as abnormal observations or events of interest, e.g. 

nearby savannah or grassland fires were also described in detail and logged, since these are vital in 
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understanding abnormally high or low concentrations of species monitored.  In addition, simple diagnostics 

such as indoor air temperature and operation of the air conditioning units were also logged, since they have 

the potential of influencing the functioning of the equipment. 

 

Figure 3.10: Example of an electronic diary file recorded at Welgegund measurement site (Beukes et al., 

2015) 

The data were cleaned once a year for all the measurement sites, where the arrival and departure times of 

site visits during which work was performed that could have affected the measurements are transferred 

from the electronic diary into a simple data file.  This data file was then read into an appropriate data 

processing program and all the data collected during these site visits are taken out of the dataset to remove 

interferences caused by the site visits.  In addition, artefacts caused by power failures were also removed 

from the dataset.  All instruments were protected by operating through uninterrupted power supplies (UPSs) 

to ensure safe shutdowns (mainly due to power failures).  However, UPS cannot be used to operate the 

instruments for significant periods of time, thereby resulting in the gap in the data, due to a significant spike 

in the data that was normally observed after the power is restored.  The instrument needed to stabilise after 

a power failure before accurate readings are measured.  Furthermore, these power-related data artefacts 

were also removed in a semi-automated manner from the dataset to ensure that the data are not biased by 
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such events, during annual data clean-up. 

 

3.4.1 Regular checks and data transfer 

Various aspects were considered as critical to ensure the production of quality data during automated 

continuous atmospheric species monitoring.  For instance, regular inspections of the instrument and data 

coupled with the ability to immediately act on errors/concerns have proven critical in the operation of the 

online stations.  As a result, routine maintenance was performed weekly as set out in the standard operating 

procedures (SOPs) for all the instrumentation at all the online sites.  In addition, ad hoc issues identified 

were also addressed as and when required.  Furthermore, scheduled weekly visits were also undertaken 

irrespective whether there were any problems or not.  Every night, the entire dataset was automatically 

transferred with third generation mobile telecommunications technology (3G) to a server.  This daily data 

are then visualised with an appropriate processing program and reviewed the next morning to identify any 

problems or concerns.  In addition, diagnostic data such as instrument temperatures, pressures, flows, 

relative humidity and error messages were also checked, since these are very important in ensuring proper 

instrument function and data quality.  Such data were also logged to ensure that data quality issues related 

to error messages and/or diagnostic data could be resolved. 

Another tool used to ensure data quality is an appropriate live-feed viewer that allows viewing diagnostic 

and signal data as they are being generated by instruments.  Figure 3.11 shows an example of a screenshot 

demonstrating how actual live flux data, radiation, as well as soil temperature and moisture can be viewed 

remotely for the WE site.  If any data and/or instrumental operational errors/concerns were identified with 

either the daily data overview or live-feed viewing, the monitoring station was visited as soon as possible.  

The contributions of effective data transfer, daily data evaluation, live-feed viewing, the ability to 

immediately visit the site if issues are identified and the existence of an instrument workshop to assist with 
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more technical issues cannot be underestimated. 

 

Figure 3.11: An example of real-time view of data being recorded by automated continuous monitoring 

devices at WE measurement site (Beukes et al., 2015) 

 

3.5 Data analysis 

Various statistical tools, which included the Matlab software package, were used to analyse the data, and 

are discussed in the subsequent sections.  In addition, uncommon techniques that were also used in data 

analysis are discussed in detail in these sections. 

 

3.5.1 Savannah and grassland fire locations 

A number of products can be used to obtain savannah and grassland fire locations.  In this thesis, remote 

sensing observations of fires from the MODIS collection 5 burned area product were used to obtain fire 

locations (Roy et al., 2008; MODIS, 2014). 
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3.5.2  Air mass back trajectory analysis 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT 2014) model (version 4.8), 

developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory 

(ARL), was used to calculate air mass histories (Draxler and Hess, 2004).  Meteorological data from the 

GDAS archive of the National Centre for Environmental Prediction (NCEP) of the United States National 

Weather Service (USNWS), archived by the ARL (Air Resources Laboratory, 2014a), were used as input 

in this analysis.  This dataset have a 40 or 80 km grid resolution, depending on the year considered (NASA, 

2015), with all the data used in this study having 40 km grid resolution.  All trajectories were calculated for 

24 hours backwards, to arrive on the hour at an arrival height of 100 m above ground level.  An arrival 

height of 100 m was chosen, since the orography in HYSPLIT is not well defined, which could result in 

increased error margins on individual trajectory calculations if lower arrival heights are used (Air Resources 

Laboratory, 2014c).  For such calculated back trajectories, maximum error margins of 15 to 30% of the 

trajectory distance travelled have been estimated (Stohl, 1998; Vakkari et al., 2011). 

 

3.5.3 Linking ground-based measurements with point sources using HYSPLIT back trajectories 

This method was introduced and used by Maritz et al. (2015) to link ambient organic carbon (OC) and EC 

concentrations to potential sources.  The same method was also applied in this study to assess whether large 

point sources and in- or semi-formal settlements contributed to ambient eBC concentrations.  This method 

relates eBC concentrations measured at a particular sampling site with the closest distance between the 

hourly arriving trajectory and the afore-mentioned sources (large point sources, as well as in- and semi-

formal settlements).  Figure 3.12 presents an illustration of the method applied for a specific sampling site 

to determine the shortest distance between a 24-hour back trajectory and large point sources.  The distances 

between the large point sources (indicated by the black markers) and a specific back trajectory were 

calculated for each of the hourly locations of the 24-hour back trajectory (indicated by the red dots on 

Figure 3.12).  The red line indicates the shortest distance between hourly locations of this specific trajectory 

and large point sources (i.e. petrochemical operations, coal-fired power stations and pyro-metallurgical 

smelters).  The weaknesses of the afore-mentioned method were that downwind point sources and/or in- or 

semi-formal settlements, very close to the monitoring site, could in some instances be the closest point 

source/in- or semi-formal settlements.  Additionally, dilution due to distance travelled by the trajectories 

was not considered. 
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Figure 3.12: Example to illustrate the method applied to determine the shortest distance that each 24-hour 

back trajectory passed through large point sources and/or in- or semi-formal settlements 

 

3.5.4 Determining the relative contribution of eBC from sources 

In order to determine the relative strength of eBC mass concentration sources, detailed correlation analyses 

were performed for eBC peaks.  For instance, it is well known that plumes from coal-fired power stations 

on the Mpumalanga Highveld are characterised by a simultaneous increase in NO, NO2 and SO2 

concentrations (Collet et al., 2010; Lourens et al., 2011).  Figure 3.13 shows the eBC, SO2, NO2, NO and 

H2S data that were measured on 14 February 2009.  In this figure, it is evident that two well-defined coal-

fired power plant plumes were observed between 09:15 and 11:30 based on SO2, NO2 and NO time series, 

as well as between 18:00 and 21:00.  However, both of these coal-fired power plant-associated plumes did 

not raise the eBC baseline meaningfully.  There was, however, a significant eBC plume between 02:00 and 

08:30, which coincided perfectly with a simultaneous increase in H2S.  This eBC plume was therefore 

associated with the source that emitted the H2S.  For each such plume, excess eBC (Δ eBC) was determined, 

with Δ eBC defined as the eBC concentration above the baseline, as indicated in the top panel of Figure 
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3.13. 

 

 

Figure 3.13: Example to illustrate how species were correlated with eBC in order to separate sources from 

one another.  Excess eBC (Δ eBC), defined as the eBC concentration above the baseline for 

this example is also indicated in the top panel 

 

3.5.5 Multiple linear regression analysis 

Several techniques were applied in this thesis to characterise possible sources of BC mass concentrations 

measured at the various stations, e.g. seasonal patterns, diurnal patterns, back trajectory analyses, and 

identifying sources based on coincidental increases in species time series.  In an attempt to further critically 

evaluate deductions made from these methods, multiple linear regression (MLR) analyses were conducted.  

Linear regression is denoted by constants or known parameters (c), an independent variable (x) and a 

dependent variable (y) by fitting a linear equation to the observed data.  MLR is characterised by more than 

one independent variable (x).  In MLR, the relationship between the dependent variable (y) and independent 

variables (x) is denoted by Equation 2 below. 

y = c0 + c1x1 + c2x2 + c3x3+ ....................czxz  Eq. 2 

In this study, MLR was used to determine an equation for the dependent variable concentration of eBC.  

MLR was used to determine the optimum combination of independent variables to derive an equation that 

could be used to predict eBC mass concentrations.  MLR analysis models the relationship between two or 

more explanatory independent variables and a dependent variable by fitting a linear equation to the observed 
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data. The equation obtained can be utilised to calculate values for the dependent variable. Root mean square 

error (RMSE) was used to compare the calculated values with the measured values.  Several authors have 

previously applied similar methods for various atmospheric species (e.g. Awang et al., 2015; Du Preez et 

al., 2015; Venter et al., 2015). 
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CHAPTER 4  SPATIAL AND TEMPORAL ASSESSMENT OF BC OVER 

THE NORTHERN SOUTH AFRICAN INTERIOR 

 

This chapter presents spatial and temporal variations of aerosol black carbon measured at sites located in 

the in northern parts of South Africa.  In order to extend the spatial coverage, sites where active sampling, 

i.e. Elandsfontein (EL), Marikana (MA) and Welgegund (WE), as well as sites where filter based sample 

collection and off-line analysis , i.e. Louis Trichardt (LT), Skukuza (SK), Vaal Triangle (VT), Amersfoort 

(AF) and Botsalano (BT) were conducted are considered.  To elucidate temporal patterns, only sites where 

active sampling (EL, MA and WE) was conducted, are considered and presented in this chapter.  

 

4.1 Spatial variations of eBC 

In Figure 4.1, a box and whisker plot indicating statistical equivalent black carbon (eBC) and elemental 

carbon (EC) mass concentrations for each of the sites is presented.  The significant difference in number of 

samples (N) is due to the fact that at the DEBITS sites EC mass concentrations were only measured once 

per month over a 24 hour sampling period, whereas at the other sites collected one-minute eBC data that 

were converted to 15 min averages.  Precaution should be taken when directly comparing eBC and EC, 

since it has been proven that eBC and EC concentrations can differ by up to a factor of 7 among different 

methods, with a factor of 2 differences being common (Watson et al., 2005).  However, an unpublished 12 

month intern-comparison of eBC and EC at the Welgegund measurement site, with the actual sampling and 

analysis equipment used to acquire data for this study, proved that eBC and EC were within the same order 

of magnitude (Sehloho, 2017).  Therefore, notwithstanding the limitations in directly comparing EC and 

eBC data, Figure 4.1 provides the most realistic spatial perspective for the northern interior of South Africa, 

especially within the context of very little eBC data being available in the peer reviewed public domain. 

 

 

Figure 4.1:  Box and whisker plot indicating statistical eBC mass concentrations at the EL, WE and MA 
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sites, as well as EC mass concentrations at the LT, SK, VT, AF and BT sites.  The red line of 

each box indicates the median, the black dot the mean, the top and bottom edges of the box 

the 25th and 75th percentiles and the whiskers ±2.7σ (99.3% coverage if the data has a normal 

distribution).  The 15-minute and 24-hour maximum mass concentration values measured at 

the sites with continuous and off-line analyses, respectively, as well as the number of 

measurements (N) are indicated 

Of all the sites considered, the highest mass concentrations were measured at VT that had a median EC of 

3.2 µgm-3and a mean of 4.4 µgm-3 for the entire measurement period.  Although sources will be considered 

in greater detail later, the higher EC mass concentration levels at VT can be attributed to various possible 

sources.  Firstly, this area is densely populated with large semi-formal and informal settlements (See Figure 

4.2).  This indicates that household combustion for space heating and cooking could be a significant source 

of EC.  Secondly, the area experiences relatively high traffic volumes and several large point sources 

(including petrochemical and related chemical industries, two coal-fired power stations and numerous 

metallurgical smelters) occur in the area.  Thirdly, the site experiences less dilution of pollutants due to the 

close proximity of the sources to the measurement site that contribute to the observed elevated levels of EC 

mass concentration. 

 

Figure 4.2:  Google image showing the position of the Vaal Triangle monitoring site (showed by yellow 

place mark).  Although this is an image of a large area, indications of the relatively high 

population density (formal and informal housing) and potential large industrial sources are 

evident (Google Maps, 2017) 
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The eBC at EL and MA as well as EC at AF sites indicated to be somewhat high levels with median and 

mean values of 0.8 and 1.3, 1.2 and 1.7, and 1.1 and 1.4 µgm-3 respectively.  EL and AF lie within the well-

known NO2 hotspot over the Mpumalanga Highveld identified from satellite observations (Lourens et al., 

2012) and are therefore likely to be influenced by industrial activities in this area.  Figures 4.3a and b 

present Google Earth images of areas surrounding the EL and AF sites.  Since the large industrial points 

sources and towns are relatively far from one another on the Mpumalanga Highveld, the potential BC 

sources are not that evident from these Google Earth images.  However, surface scarring due to coal mining 

in the sector between north-east and north-west from EL (Figure 4.3a) and the coal-fired power station 

south-west from the AF measurement site (Figure 4.3b) are clearly visible in these two images.  Marikana 

can be affected by household combustion from in - and semi-formal settlements that are located close to 

the measurement site, as well as the large pyrometallurgical processing plants located in the area (Venter 

et al., 2012; Hirsikko et al., 2012).  Figure 4.3b shows a Google Earth image of the area surrounding MA, 

which clearly indicates surface scarring due to mining and pyrometallurgical activities. 

 

(a)  Elandsfontein 
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(b) Amersfoort  

Figure 4.3:  Google Map showing the locations and surrounding areas of (a) Elandsfontein, (b) Amersfoort 

and (c) Marikana monitoring stations (showed by yellow place marks) (Google Maps, 2017) 

 

(c) Marikana  

Figure 4.3 (continued):  Google Map showing the locations and surrounding areas of (a) Elandsfontein, (b) 

Amersfoort and (c) Marikana monitoring stations (showed by yellow place marks) (Google 

Maps, 2017) 

The background sites, i.e. WE, BT, LT and SK (Google Earth images of the surrounding areas are presented 

in Figure 4.4) had lower eBC or EC levels compared to other locations, with median and mean 
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concentrations of 0.4 and 0.7, 0.7 and 0.9, 0.8 and 0.9, and 0.9 and 1.1 µgm-3, respectively.  All these 

background sites are likely to be affected most by regional savannah and grassland fires that are common 

in southern Africa or by pollutants transported from other parts of the country.  However, WE, which is the 

furthest west of these sites, is likely to be affected less by savannah and grassland fires due to the dryer 

biomes, i.e. the Kalahari and Karoo that are located to the west of this site.  These drier biome regions 

produce less biomass that can burn (Mafusire et al., 2016).  In Figure 4.7, which will be presented later 

(Section 4.2.3) spatial distribution patterns of fires across southern Africa are indicated, to support the 

previous statements.  It is therefore understandable that WE had lower eBC levels than the other background 

sites.  Obviously, EL, MA, VT and AF will also be affected by regional savannah and grassland fires, in 

addition to the possible sources already mentioned. 

 

(a) Welgegund  
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(b) Botsalano  

Figure 4.4:  Google map showing the locations and surrounding areas around (a) Welgegund, (b) Botsalano, 

(c) Louis Trichardt and (d) Skukuza monitoring stations (showed by yellow place marks) 

(Google Maps, 2017) 

 

 (c) Louis Trichardt 
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(d) Skukuza  

Figure 4.4 (continued):  Google map showing the locations and surrounding areas around (a) Welgegund, 

(b) Botsalano, (c) Louis Trichardt and (d) Skukuza monitoring stations (shown by yellow place 

mark) (Google Maps, 2017) 

The eBC and EC concentrations presented for all the sites considered (Figure 4.1) should also be 

contextualised.  The background site with the lowest PM10 eBC concentrations reported here, i.e. 

Welgegund, had similar or higher eBC mass concentration values than typical western European 

background sites.  eBC mass concentrations of 0.2 to 0.3 µgm-3 have been reported for western parts of 

northern Europe (e.g. Yttri et al., 2007).  At natural and rural European background sites, values of 0.3 to 

0.5 and 0.6 to 1.6 µgm-3 have been reported, respectively (e.g. Putaud et al., 2004; Hyvärinen et al., 2013).  

The other South African background sites reported here, i.e. Botsalano, Louis Trichardt and Skukuza, had 

higher mean and median values than the afore-mentioned European background/natural sites.  The 

industrial/urban/household affected sites reported here, i.e. Elandsfontein, Marikana, Vaal Triangle and 

Amersfoort had higher average eBC or EC mass concentration levels than, for instance, an urban site in a 

large European city, where BC mass concentrations had an average of approximately 1.0 µgm-3 (Järvi et 

al., 2008; Viidanoja et al., 2002).  In general, it can therefore be stated that eBC or EC mass concentrations 

across the measurement sites considered are relatively high, although lower than polluted areas in for 

instance China where concentrations of ~ 6-11 µgm-3 have been reported (USEPA, 2012). 

Apart from the spatial information and possible indication of contributing sources obtained from Figure 

4.1, it is also evident from the comparison of the PM1 and PM10 eBC data of Welgegund that most of the 

eBC resides in the PM1 size fraction, which was expected.  
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4.2 Temporal variations 

4.2.1 Seasonal variations 

In order to determine seasonal patterns, only the site where continuous measurements were conducted was 

considered.  Monthly statistical distributions of eBC mass concentrations for Elandsfontein, Welgegund 

and Marikana measurement sites are presented in Figure 4.5.  As is evident from these figures, there is a 

distinct and similar seasonal pattern observed at all three sites, with the highest eBC mass concentrations 

measured during June to October months.  These months coincide with the colder winter months of June 

to August as well as the dry season occurring between May and middle October on the South African 

Highveld.  Venter et al. (2012) previously indicated that household combustion for cooking and space 

heating in informal and semi-formal settlements during winter could be a significant eBC mass 

concentration source on a local scale.  However, it has not yet been determined whether such household 

combustion could also make a significant regional contribution in South Africa.  During the dry season, 

increased savannah and grassland fires occur, which contributed to increased atmospheric eBC 

concentrations (Bond et al., 2004, Saha and Despiau, 2009).  The influence of both of these potential eBC 

sources, i.e. household combustion, and savannah and grassland fires, will be discussed later in Section 5.1. 

Obviously, increased atmospheric stability during the colder months (Garstang et al., 1996) will also lead 

to trapping of low level emissions, resulting in possible higher eBC concentrations.  This is discussed in 

greater detail in the next section. 
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Figure 4.5:  Monthly statistical distribution of PM10 (unless stated otherwise on figure) eBC concentrations 

at the three sites where continuous measurement data were gathered, i.e. Elandsfontein, 

Welgegund and Marikana.  The red line of each box is the median, the black dots indicate the 

mean, the top and bottom edges of the box are the 25th and 75th percentiles and the whiskers 

±2.7σ (99.3% coverage if the data has a normal distribution) 

 

4.2.2 Diurnal variations 

Average diurnal and seasonal diurnal plots (separate for summer, autumn, winter and spring) for the stations 

where continuous eBC mass concentration data were gathered, i.e. Elandsfontein, Marikana and Welgegund 

(both PM1 and PM10), are presented in Figure 4.6. 
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Figure 4.6:  Overall and seasonal average eBC diurnal patterns observed for Elandsfontein, Welgegund and 

Marikana.  Summer: DJF, Autumn: MAM, Winter: JJA and Spring: SON 
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Figure 4.6 (continued):  Overall and seasonal average eBC diurnal patterns observed for Elandsfontein, 

Welgegund and Marikana.  Summer: DJF, Autumn: MAM, Winter: JJA and Spring: SON 
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The Elandsfontein diurnal plots indicate that the main source of eBC is not high stack emissions.  The area 

in which Elandsfontein is situated is a well-known international NO2 hotspot, with tropospheric column 

densities similar to what is observed over south-east Asia (Lourens et al., 2012; Lourens et al., 2016).  It is 

widely accepted that NO2 in this hotspot mainly originates from NOx emission from coal-fired power 

stations.  The troposphere over the Highveld is strongly layered, with several inversion layers occurring.  

These layers prevent vertical mixing to a large degree (Garstang et al., 1996).  The afore-mentioned NOx 

emissions are released into the atmosphere via high stacks, which are typically taller than 300m.  The 

effective stack heights (actual stack heights plus rise due to emissions being hot) were designed to ensure 

that the NOx emissions are released above the lowest inversion layers, to prevent excessive local pollution 

and ensure distribution over a wider area. Collet et al. (2010) proved that NO2 concentrations at 

Elandsfontein peak after 11:00 am, due to the breakdown of the lowest inversion layers, which allows 

downward mixing of the NOx tall stack emissions.  Therefore, if eBC mainly originated from these large 

point sources with tall stacks, eBC concentrations would also have peaked, after the breakdown of the night-

time inversion layers that would allow downward mixing of tall stack emitted eBC.  However, this is clearly 

not the case.  Additionally, the winter diurnal plot for Elandsfontein indicates substantially higher values 

during night-time when the planetary boundary layer (PBL) is less well mixed (i.e. strong low level 

inversion layers that  trap surface emissions), which re-enforces the notion that the major origin of eBC is 

from low-level sources, rather than industrial high stacks. 

At Elandsfontein the daily evolution of the PBL starts approximately three to four hours after sunrise (which 

varies between 05:07 and 06:56 local time), which results in increasing atmospheric mixing down from the 

upper troposphere, including high stack emissions (Korhonen et al., 2014).  Considering all the afore 

mentioned, the most likely eBC sources during winter (June to August) and the dry season (May to middle 

October) are surface emissions from household combustion, and savannah and grassland fires of which the 

plumes do not punch through the PBL.  This is an important finding, since industries on the Mpumalanga 

Highveld are often blamed for all forms of pollution, due to the NO2 hotspot over this area. 

In contrast to Elandsfontein, eBC concentrations at Marikana peaked in the early mornings (05:00-09:00) 

and again in the early to late evenings (17:30-22:00).  These times correlate with the peak times for 

household combustion for space heating and cooking in the nearby informal and semi-formal settlements 

(Venter et al., 2012).  Seasonal timing of the peak eBC concentration in the diurnal plots confirms that 

household combustion is the main source at this site.  In winter, during which time daylight hours are 

shorter, the peak morning eBC concentration is at ~07:00 and the evening peak at ~18:00; whereas, during 

summer, with longer daylight hours, the peak morning eBC concentration is at ~06:00 and the evening peak 

at ~20:00.  During the cold winter months, space heating is a priority, apart from cooking, while in summer, 

household combustion would mainly be used for cooking.  These seasonal household combustion use 

patterns are reflected by the diurnal eBC patterns for Marikana. 

The eBC diurnal plots of Welgegund do not indicate well-defined peaks as observed for Marikana.  This is 
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expected, since there are no informal or semiformal settlements located close to the Welgegund station. 

Additionally, there are also no large point sources close to Welgegund, as there are at Elandsfontein.  

Therefore, only sources that have a regional influence are likely to contribute to eBC levels at Welgegund.  

It is therefore likely that savannah and grassland fires, especially during winter and early spring, are mainly 

responsible for eBC levels measured at Welgegund and mainly long-range transportation during the wet 

season.  The lower PBL during the evenings and early mornings (Gierens et al., 2018) will concentrate the 

eBC and contribute to eBC levels rising in the evening and only decreasing three to four hours after sunrise, 

as suggested by Korhonen et al. (2014).  This effect is strongest in the winter months. 

 

4.2.3 Inter-annual differences 

According to the seasonal eBC patterns for the sites where active monitoring took place, as presented in 

Figure 4.5, inter-annual variations can be expected.  Detailed assessment of these variations was not 

considered in this study, since measurements covering several years would be required – the datasets 

considered were ≤ 2 years.  However, some reasons for these variations can be postulated.  Obviously, 

changes in availability patterns of large industrial point sources (i.e. whether they operate or not, or operate 

at reduced levels) and traffic volume could results in inter-annual variations.  However, it is very difficult 

to assess such variations.  Beukes et al. (2018) recently proposed a method that can be used to assess the 

availability patterns of industrial sources, but this method must still be developed and validated further.  

Additionally, meteorological patterns may vary from year to year, which will influence aspects such as 

circulation patterns, wet deposition (rain), biomass growth that will influence savannah and grassland 

activities and winter temperatures that will impact the frequency and intensity of household combustion for 

space heating.  All the factors will influence ambient eBC concentrations.  To practically illustrate this, one 

of the aspects, i.e. annual savannah and grassland fire frequencies, is considered further.  Figure 4.7 

illustrates the occurrences and locations of savannah and grassland fires throughout southern Africa relative 

to the location of all monitoring sites for years covering the monitoring periods of all sites (2008 to 2012).  

As evident from this figure, there are significant inter-annual differences in fire frequencies and spatial 

areas affected, which can mainly be related to changes in El Niño-Southern Oscillation (ENSO) patterns 

(Masifure et al., 2016 for ENSO). 
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Figure 4.7:  Modis fire detected savannah and grassland fires (red) relative to the location of all the online 

monitoring sites (blue dots indicate sites where filters were collected and analysed offline blue 

stars for sites where continuous online measurements were conducted) for years covering the 

monitoring periods of all sites (2008 to 2012) 
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4.3 Conclusion 

BC levels (expressed as eBC or EC) at all the South African measurements sites considered were in general 

higher than levels reported for comparative sites (comparing like with like, i.e. background, urban or 

industrially influenced) in first world countries, but lower than levels reported for highly polluted areas 

(e.g. certain sites in China) (Section 4.1).  Large variations in EC and eBC concentrations were observed 

for the monitoring sites (Figure 4.1), which indicated that different sites are likely influenced by different 

sources.  Specific deduction could not be made regarding sources influencing the DEBITS sites (LT, SK, 

VT, AF and BT), due to the lower temporal resolution of the data.  Only general source deduction could be 

made for these sites, which included that sites located further east in South Africa are likely to be influenced 

more by savannah and grassland fires (See Figure 4.7), due to differences in biome productivity. Well 

defined seasonal and diurnal patterns were observed for sites where active measurements were conducted 

(EL, MA and WE).  The seasonal patterns (Figure 4.5) indicated that savannah and grassland fires, as well 

as household combustion could be significant sources for all sites, since maximum eBC concentrations 

were observed in the cold winter months, or early spring when fire frequencies peaked.  Diurnal patterns 

(Figure 4.6) indicated that WE and MA are likely influenced most by regional and long-range transport of 

eBC, and domestic combustion, respectively.  The diurnal patterns for EL (Figure 4.6) proved that industrial 

high stack emissions are not the most significant source at this site.  Lastly, although not investigated in 

detail, inter-annual variations in eBC levels were evident (Figure 4.5), which can be explained in differences 

in temporal activity patterns of anthropogenic sources and meteorological patterns. 
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CHAPTER 5  EQUIVALENT BC SOURCE IDENTIFICATION FOCUSING 

ON ELANDSFONTEIN SITE 

 

As indicated in Chapter 4, there are various possible sources for eBC, e.g. industrial, household combustion, 

traffic, and savannah and grassland fires.  This chapter considers possible significant contributing sources 

of eBC in greater detail for Elandsfontein (EL), Marikana (MA) and Welgegund (WE), with specific focus 

on Elandsfontein (EL). 

 

5.1  eBC source identification 

Figure 5.1 indicates fire pixel counts calculated from MODIS collection 5 burned area product (Roy et al., 

2008) within the entire southern Africa (10-35˚S and 10-41˚E) region indicated on the primary y-axis, as 

well as fire pixel counts within a radius of 125 km around measurement sites where high resolution EBD 

data was gathered (EL, MA and WE) on the secondary y-axis. 

 

Figure 5.1:  Fire pixels within the entire southern Africa (10-35˚S and 10-41˚E) indicated on the primary 

y-axis, as well as fires pixels within 125 km radii around Elandsfontein, Marikana and 

Welgegund measurement sites for their entire monitoring periods, indicated on the secondary 

y-axis as determined from MODIS collection 5 burned area product (Roy et al., 2008) 

It is important to note that it is difficult to separate the influence of various sources at a specific site, since 

the measured eBC originates from a mixture of contributing sources.  Therefore Figure 5.1 was considered 

first, since it provided guidance about which periods would be best to consider for the different eBC sources.  

This figure shows that peak fire frequencies were detected during July, August and September for southern 

Africa, as well as within 125 km radii around EL, MA and WE.  For instance, there are very few savannah 

and grassland fires during December to February (DJF) every year in the northern interior of South Africa.  

The savannah and grassland fires during the summer period only occur in the southern Western Cape and 

will not influence eBC levels in the northern interior significantly.  This is illustrated in Figures 5.2 and (b), 

which indicate significant fires during DJF in the southern Western Cape (Figure 5.2a), if compared to 
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detected fires during July to September (JAS) (Figure 5.2b). 

 

 

(a) 

 

Figure 5.2:  Modis burned area (See Figure 5.1) detected fires (red) during (a) summer (DJF) and (b) peak 

fire frequency (JAS) months for the years 2009 and 2011 combined.  Blue dots indicate sites 

where filters were collected and analysed offline, while blue stars indicate sites where 

continuous online measurements were conducted (Roy et al., 2008) 

In addition to the above-discussed temporal-spatial variation of savannah and grassland fires, minimal 

household combustion takes place during summer months (December to February), since it is the warmest 

months in the South African interior.  This is illustrated in Figure 5.3 that presents the statistical spread of 
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temperatures measured during the sampling campaigns at EL, MA and WE.  Since it is coldest in June and 

July (Figure 5.3), the effect of household combustion for space heating can be best isolated then. 

 

 

 

Figure 5.3:  Statistical spread of temperatures measured at EL, MA and WE during the measurement 

campaigns.  The red line of each box is the median, the top and bottom edges of the box are 

the 25th and 75th percentiles and the whiskers ±2.7σ (99.3% coverage if the data has a normal 

distribution) 
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It is clear for the overall southern African fire frequencies, as well as those around each site (Figure 5.1) 

that August and September have the highest savannah and grassland fire intensities.  This is the driest 

period, just before the onset of the first rains, usually in middle October, which is illustrated by the actual 

rain event frequencies presented in Figure 5.4.  However, the influence of household combustion is also 

not that strong during September to middle October; since it is already becoming warmer (see Figure 5.3) 

and less space heating is required.  By considering aerosol particle concentrations at Marikana, Vakkari et 

al. (2014) proved that the evening peak associated with household combustion was significantly lower in 

September than in June to July.  

 

 

 

Figure 5.4:  Seasonal distribution of rainfall measured at Elandsfontein, Marikana and Welgegund 

monitoring stations for the measurement periods considered in this study 

Considering all the afore-mentioned (i.e. timing of savannah and grassland fires, and household 

combustion), it is best to isolate industrial and traffic related eBC sources during December to February, 

when household combustion for space heating, and savannah and grassland fire emissions are low in the 

South African interior.  In the following sections, eBC contributions from the above-mentioned sources, 

i.e. industrial, traffic, savannah and grassland fires, and household combustion, will be explored in greater 

detail for Elandsfontein site only.  This site was chosen since it can be affected by all the afore-mentioned 
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sources, while the other sites where continuous high resolution data were gathered will mainly be influenced 

by savannah and grassland fires (Welgegund) and household combustion (Marikana). 

 

5.1.1 Industrial contribution 

Numerous large industrial point sources linked to coal utilisation occur in the South African interior, e.g. 

coal-fired power stations that produce most of South Africa’s electricity, large petrochemical operations 

utilising coal gasification, as well as numerous pyro-metallurgical smelters utilising coal and coal-related 

products as carbonaceous reductants for the production of various steels and alloys, exist around 

Elandsfontein (Collet et al., 2010; Lourens et al., 2011; Beukes et al., 2012).  Previously, it has been 

indicated that some of these large point sources contribute significantly to certain pollutant concentrations, 

e.g. the NO2 hotspot observed with satellite observations over the Highveld, mainly due to coal-fired power 

stations that do not de-SOx or de-NOx and traffic emissions (Lourens et al., 2012).  However, the possible 

contributions of these large point sources to atmospheric BC concentrations have not yet been investigated 

for South Africa.  

As previously indicated, Elandsfontein is situated within the well-known NO2 hotspot, with various large 

points sources located in close proximity (Collet et al., 2010; Lourens et al., 2011).  The diurnal eBC 

concentration plots of Elandsfontein (Figure 4.3) indicated that it is unlikely that industrial high stack 

emissions were the main source of eBC at this site.  However, this postulate has to be proven.  In Figure 

5.5, eBC concentrations measured at Elandsfontein were plotted against the shortest distances that back 

trajectories passed any large point source, during the summer months (December to February), when 

minimal household combustion (Figure 5.3), as well as savannah and grassland fires occur (Figures 5.2). 

Although there was no clear correlation (Figure 5.5), the results indicated that at least some trajectories 

passing closer to these large industrial point sources had significant eBC concentrations.  This suggests that 

eBC contributions from large industrial point sources cannot be ignored, notwithstanding the diurnal 

patterns indicating that high stack industrial emissions were not the main eBC source (Figure 4.3). 
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Figure 5.5:  Hourly average eBC concentrations plotted against the shortest distances that hourly arriving 

back trajectories passed large point sources during the summer months (i.e. December to 

February) at Elandsfontein 

In order to quantify the possible fractional contributions of industries to eBC levels, eBC peaks that 

coincided with peaks of other pollutants (Figure 3.9 and associated discussions), which are characteristic 

of large point sources in that area were considered for the December to February periods.  Two distinct 

types of contributing sources were identified, i.e. eBC peaks that coincided with SO2, NO2 and NO, as well 

as those that only coincided with H2S.  Examples of both these types of identified coinciding peaks are 

indicated in Figures 5.6 and 5.7 below. 
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Figure 5.6:  Example to illustrate coincidental peaks of SO2, NO2 and NO with eBC.  Excess eBC (Δ eBC) 

defined as the eBC concentration above the baseline for this example is also indicated in the 

top panel 

 

 

Figure 5.7:  Example to illustrate coincidental peaks of H2S with eBC.  Excess eBC (Δ eBC) defined as the 

eBC concentration above the baseline for this example is also indicated in the top panel  

From literature, it is known that plumes from coal-fired power plants on the South African Highveld are 

characterised by coincidental SO2, NO2 and NO increases (Collet et al., 2010; Lourens et al., 2011). 

Although it is not shown here, eBC plumes that were associated with these species were confirmed to have 
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originated from coal-fired power stations with back trajectory analyses.  However, H2S peaks that coincided 

with the eBC peaks could have been from various sources, e.g. the large petrochemical plant near Secunda, 

pyro-metallurgical smelters in the area or smouldering coal dumps that burn as a result of spontaneous 

combustion.  In order to identify the origin of the eBC peaks that were associated with H2S only, a map on 

which all back trajectories that arrived at Elandsfontein during these eBC peaks were plotted is presented 

in Figure 5.8, together with a wind rose for such events.   

From these Figures, it is evident that the back trajectories that were associated with simultaneous eBC and 

H2S concentration peaks only passed over the sector between the northwest and northeast from 

Elandsfontein.  This is the area where all the pyro-metallurgical smelters are located.  Smouldering coal 

dumps occur in all directions from Elandsfontein.  Additionally, no trajectories associated with coincidental 

eBC and H2S increases had passed over the petrochemical operation.  It therefore seems likely that the eBC 

contribution associated with H2S originates from the pyro-metallurgical smelters in the sector located 

between northwest and northeast from Elandsfontein. 
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(a) 

 

(b) 

Figure 5.8:  (a) All 24-hour back trajectories associated with peaks characterised by coincidental increases 

in eBC and H2S during December to February.  Elandsfontein site is indicated by the black 

star.  Dots, diamonds and triangles indicate pyro-metallurgical smelters and char plants, coal-

fired power plants and a large petrochemical operation, respectively.  (b) The wind rose shows 

the prevailing wind direction during periods when eBC plumes that coincided with H2S plumes 

were observed 
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5.1.2 Traffic contribution 

From literature, it seems feasible to associate increased BC concentrations with traffic emissions, 

particularly diesel-powered vehicles (Cachier, 1995; Cooke and Wilson, 1996; Bond and Sun, 2005).  Such 

plumes were identified with the method described earlier (Figure 3.9 and associated discussions) which 

identified coincidental increases of eBC with other pollutants.  To isolate traffic contribution, only eBC 

plumes that coincided with NO2, as indicated in Figure 5.9 were considered. 

 

Figure 5.9:  Example to illustrate coincidental peaks of NO2 with eBC.  Excess eBC (Δ eBC) defined as 

the eBC concentration above the baseline for this example is also indicated in the top panel 

The Mpumalanga Highveld around Elandsfontein is the area where most thermal coal is mined in South 

Africa, which is mostly transported by diesel trucks via various roads criss-crossing the area as indicated 

in Figure 5.10a.  However, the closest tarred road, i.e. the R35, passes Elandsfontein approximately 4.7 km 

to the east.  This road is also one of the most utilised for coal road transportation.  Additionally, to the north 

of Elandsfontein, numerous such tarred roads are located, e.g. the national N12 and N4 highways pass 

Elandsfontein approximately 38 km to the north and north-west respectively.  It therefore seems reasonable 

that the traffic-related eBC back trajectory map (Figure 5.10a) is somewhat biased toward the east and 

north, although limited contributions from other sectors are also evident.  The wind rose showing the 

prevailing wind direction during periods when eBC plumes that coincided with NO2 plumes (Figure 5.10b) 

also indicates the sources to be mainly from the east, i.e. where the R35 passes Elandsfontein. 
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(a) 

 

(b) 

Figure 5.10:  (a) All 24-hour back trajectories associated with peaks characterised by coincidental increases 

in eBC and NO2 during December to February.  The Elandsfontein site is indicated by the 

black star.  The dots, diamonds and triangle indicate pyro-metallurgical smelters and char 

plants, coal-fired power plants and a large petrochemical operation, respectively.  Roads are 

indicated with blue lines.  (b) The wind rose shows the prevailing wind direction during 

periods when eBC plumes that coincided with NO2 plumes were observed 
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5.1.3 Household combustion contribution 

Various authors (e.g. Venter et al., 2012 and Nkosi et al., 2018) have indicated that household combustion 

for space heating and cooking in in- and semi-formal settlements contributes significantly to poor air quality 

in such settlements.  In Figure 5.11, the relationships between monthly average and median eBC, against 

monthly mean and median temperatures for Elandsfontein, are presented.  As is evident from the results 

presented in Figure 5.11, there is a significant correlation between eBC concentration and temperature, if 

August and September are ignored (indicated with hollow markers in Figure 5.11).  During these months, 

significant eBC contributions can be expected from savannah and grassland fires (see Figure 5.1).  The 

correlation between eBC concentration and temperature indicates that household combustion for space 

heating contributes significantly to eBC levels measured at Elandsfontein, especially during the colder 

months when household combustion is used more frequently for space heating. 

 

Figure 5.11:  Monthly median and mean eBC (with bars indicating 25th and 75th percentiles) plotted 

against monthly median and mean temperatures for Elandsfontein 

Similar to what was done for large industrial point sources (Figure 5.5), eBC concentrations were drawn as 

a function of the closest distance that back trajectories had passed in- and semi-formal settlement for 

Elandsfontein.  However, this was done only for the winter months of June and July for both years, since 

household combustion contributions could be better isolated from savannah and grassland fire contributions 

during these periods.  These results are presented in Figure 5.12.  Although not conclusive, the results 

presented indicate that, in general, higher eBC concentrations were observed when trajectories passed 

closer to in- and semi-formal settlements in June and July. 

 



82 

 

Figure 5.12:   eBC concentration plotted against the shortest distances that hourly arriving back trajectories 

passed in- or semi-formal settlements during the winter months of June and July at 

Elandsfontein 

Household combustion could result in the emission of various atmospheric species (Venter et al., 2012).  In 

this study, tracers for household combustion were determined from species that simultaneously increased 

with eBC, including NO2, SO2 and H2S, but not NO characterised household plumes measured at 

Elandsfontein.  An example of such simultaneous increases in NO2, SO2 and H2S is presented in Figure 

5.13.  Low-grade coal that is burned in ineffective stoves is commonly used for household combustion in 

the Mpumalanga Highveld, due to such coal being relatively inexpensive, and the use of which results in 

NOx, SO2 and H2S emissions.  During the cold winter months of June and July, strong inversion layers trap 

pollutants emitted closer to ground level and prevent the mixing and subsequent transportation of these 

pollutants.  The low-level emissions from in- and semi-formal settlements are therefore not dispersed before 

the inversion layers break up during mid-morning.  A previous study has indicated that the PBL starts 

growing around 10:00 local time at Elandsfontein during the winter months (Korhonen et al., 2014).  It can 

therefore be accepted that the low-level inversion layers also start dissipating at that time.  The long 

residence time of air masses around in- and semi-formal settlements in winter before being dispersed, 

coupled with additional transport time results in NO being oxidised to NO2 prior to these plumes being 

measured at Elandsfontein.  
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Figure 5.13:  Example to coincidental peaks of SO2, NO2 and H2S, but not NO.  Excess eBC (Δ eBC) 

defined as the eBC concentration above the baseline for this example is also indicated in the 

top panel 

Figure 5.14a indicates back trajectories associated with household combustion contribution to eBC levels 

(for time periods with coincidental increases in eBC with NO2, SO2 and H2S, but not NO).  Most of these 

back trajectories passed over Thubelihle and Kriel residential settlements, which are located 12.4 and 13.8 

kilometres from Elandsfontein, respectively.  Apart from this relatively local eBC influence from household 

combustion, most trajectories associated with household combustion eBC plumes passed over the sector 

between east and north-north-east, where the cities of Witbank and Middelburg, as well as the 

Johannesburg-Pretoria mega-city are located.  These large cities have many more large in- and semi-formal 

settlements than the smaller towns in the area.  Figure 5.14b presents the wind rose showing the prevailing 

wind direction during periods when eBC plumes that coincided with NO2, SO2 and H2S plumes were 

observed, indicating sources to be mainly from more or less the same direction as most of the back 

trajectories. 
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(a) 

 

(b) 

Figure 5.14:  (a) Map indicating 24-hour back trajectories associated with peaks characterised by 

coincidental increases in eBC with NO2, SO2 and H2S, but not NO in June and July.  

Elandsfontein site is indicated by the black star.  b) The wind rose shows the prevailing wind 

direction during periods associated with arrival times of plumes associated with household 

combustion  
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5.1.4 Savannah and grassland fire contribution 

Vakkari et al. (2014) recently indicated how savannah and grassland fire emission aerosols are changed via 

atmospheric oxidation in South Africa.  To positively identify savannah and grassland fire plumes, the 

afore-mentioned authors used CO and eBC as coincidental increasing species.  However, CO was not 

measured at Elandsfontein and therefore the positive identification of savannah and grassland plume could 

not be undertaken using this method.  Additionally, the plumes of savannah and grassland fires occurring 

in neighbouring countries arriving at Elandsfontein will be diluted and aged.  Such regional fires lift the 

entire eBC baseline, rather than exhibiting well-defined plumes that can be separated from the baseline 

(Mafusire et al., 2016), as was done for the industrial, traffic and household combustion sources.  Thus far 

in this thesis, August and September have been considered as the months in which savannah and grassland 

fires frequencies peak.  However, some household combustion might still occur in August due to space 

heating, since it is still a relatively cold month.  Therefore, to determine the overall baseline increase as a 

result of savannah and grassland fires, only September was considered as being representative of savannah 

and grassland fires, while the summer months (December to February) can be considered as the baseline.  

By subtracting the September eBC mean from the summer mean, the eBC baseline increased by 2.01μgm- 

3.  This increase will be contextualised with the previously investigated sources in the next section. 

 

5.1.5 Contextualisation of eBC source strengths 

Up to now, individual eBC sources for Elandsfontein were discussed. However, their strengths were not 

compared with one another.  In Figure 5.8, the comparison of the Δ eBC from coal-fired power stations, 

pyro-metallurgical smelters, traffic, household combustion, as well as savannah and grassland fires for 

Elandsfontein is presented.  The relative savannah and grassland fire source strength is not statistically 

presented with a box and whisker like other sources, but only with a black star that indicates the mean eBC 

baseline increase during September when compared to the summer months of December to February.  The 

data presented in Figure 5.15 were normalised to account for variations in the planetary boundary layer 

(PBL) height at Elandsfontein.  This was done by using the monthly average PBL daily maximum heights 

reported by Korhonen et al. (2014) for 2010 at Elandsfontein.  Unfortunately, no such data existed for 2009, 

therefore the 2009 monthly PBL heights were assumed to be similar to 2010.  Thereafter, the ratios of the 

average PBL daily maximum heights for each of the periods during which certain sources could be better 

isolated (i.e. December to February for large point sources and traffic emission; and June to July to 

household combustion) were calculated and compared to the average PBL daily maximum heights for 

August and September (period with peak savannah and grassland fire occurrence).  The Δ eBC for each of 

the sources identified during the December to February and June to July periods where then adjusted with 

these ratios to account for variations in the PBL, which could have a significant dilution or concentration 

effect on the measured eBC values, from which the Δ eBCs were derived.  The results indicate the 
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significant source strength of household combustion, as well as savannah and grassland fires, as measured 

at Elandsfontein.  However, coal-fired power stations, pyro-metallurgical and/or char plants and traffic 

contribute throughout the year, while household combustion, as well as savannah and grassland fires only 

contribute significantly in May to August, and June to September, respectively.  Bond et al. (2013) indicated 

relatively high BC emissions from biofuel cooking (calculated for Africa in total), but did not indicate space 

heating to contribute significantly.  However, our data seem to prove that space heating does contribute 

considerably to eBC levels in South Africa, particularly during cold winter months (June-July). 

 

 

Figure 5.15:  Δ eBC measured during plumes when eBC increases originated from coal-fired power station, 

traffic, pyro-metallurgical smelters and household combustion as measured at Elandsfontein.  

The overall mean baseline increase due to savannah and grassland (G&S) fires in September 

are indicated with a black star.  This data was normalised to variations in boundary layer at 

Elandsfontein (Korhonen et al., 2014) 

Vakkari et al. (2014) used Δ eBC in relation to other species to characterise differences in plumes of 

savannah and grassland fires.  In a similar manner, these ratios for Δ eBC divided by species that were 

characteristic of the different plume types identified (i.e. representing industrial, traffic or house hold 

combustion) were determined and are presented in Figure 5.16.  Since so little BC data is available for 

South Africa, the median and/or mean values indicated in this figure could be used in subsequent modelling 

studies as emission factors to estimate eBC if only the concentration(s) of the species that were used in 

calculating these ratios are known. 
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Figure 5.16:  Ratio of Δ eBC divided by Δ of other species relevant to the identification of each source type, 

except for grassland and savannah fires measured at Elandsfontein. 

 

5.2 Conclusion  

Possible contributing eBC sources were explored in greater detail for Elandsfontein only. Industrial sources 

could be isolated best during the summer months of December to February, since very few savannah and 

grassland fires, as well as household combustion for space heating occur then.  Coincidental plumes of SO2, 

NO2, NO and eBC were used to identify plumes from coal-fired power stations, while coincidental increases 

of H2S and eBC characterised eBC contributions from pyrometallurgical smelters. During summer, 

coincidental increases of NO2 and eBC were used to identify traffic emissions.  The contribution of 

household combustion was isolated during the coldest winter months of June and July. Coincidental 

increases of NO2, SO2 and H2S, with eBC, which did not correlate to NO increases, were found to 

characterise household combustion plumes.  Back trajectory analyses and wind roses supported the validity 

of all the aforementioned source associations.  Savannah and grassland fire plumes could not be isolated 

since CO was not measured at Elandsfontein.  However, the general baseline increase in eBC levels between 

September (the peak fire frequency period) and the summer months (with virtually no savannah and 

grassland fires) could be calculated and attributed to savannah and grassland fire eBC emissions.  At 

Elandsfontein, the eBC concentration in September was comparable to the eBC concentration in June to 

July, which indicates that at this location domestic heating and regional scale savannah and grassland fires 

are equally significant sources of eBC.  

Although the source strengths of coal-fired power stations, pyro-metallurgical smelters and traffic 

emissions were lower than that of household combustion, as well as savannah and grassland fires, the first 

mentioned sources contribute throughout the year, while the latter only contributed significantly in May to 

August, and June to September, respectively. Of the fresh industrial plumes, the highest eBC concentrations 

were associated with pyro-metallurgical smelters.  This is a significant finding, since coal-fired power 

stations and petrochemical operations have in the past been attributed for most of the pollution problems 

on the Mpumalanga Highveld (mainly due to the fact that this area has been identified as NO2 hotspot).  

Therefore, contributions resulting from pyrometallurgical sources in this area need to be considered in 

greater detail in future studies to obtain a comprehensive picture.  Lastly, the calculated emission ratios of 
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eBC and gaseous species that were presented could be used in future modelling studies as emission factors 

for sources in South Africa. 
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CHAPTER 6  MATHEMATICAL CONFIRMATION OF eBC SOURCES 

AT ELANDSFONTEIN 

 

Various multivariate analysis methods can be used to conduct or confirm source apportionment.  These 

methods provide both descriptive and inferential procedures that allow the search for patterns in the data, 

or test hypotheses about patterns of a priori interest.  With multivariate descriptive techniques one can peer 

beneath the tangled web of variables on the surface and extract the essence of the system.  Some examples 

of these methods include multivariate linear regression (MLR) andprincipal component analysis (PCA), 

amongst others (Rencher, 2002). MLR was used in this study.  

 

6.1 MLR analysis 

MLR explores the linear relationship between one or more y’s (the dependent or response variables) and 

one or more x’s (the independent or predictor variables).  It uses a linear model to relate the y’s to the x’s 

and is concerned with the estimation and testing of the parameters in the model.  In this thesis, MLR was 

used to mathematically verify in an independent manner (i.e. mathematically, without the possible source-

related prejudices of the candidate) if the source deductions made in Chapter 5 were valid.  This method 

has been used by various authors to conduct data analysis and gain insight (e.g. Venter et al., 2015, Du 

Preez et al., 2015; Jaars et al., 2014). 

 

6.2 Mathematical confirmation of eBC sources at Elandsfontein  

Four scenarios were investigated with MLR analyses. Firstly, MLR analysis was conducted for the entire 

monitoring period at Elandsfontein.  As evident from Figure 6.1(a), the RMSE difference between the 

experimental (actual measured) and the calculated eBC concentration if only one independent parameter 

was included in the optimum MLR solution was approximately 1.54.  The RMSE difference could be 

reduced by including more independent parameters in the optimum MLR solution.  However, it was found 

that the inclusion of more than nine independent parameters did not further reduce the RMSE difference 

significantly.  From the MLR analysis conducted for the entire measurement period at Elandsfontein, the 

actual MLR equation obtained is presented as Equation 3.  With this equation, eBC concentration at 

Elandsfontein could be calculated.  The comparisons between actual and calculated (with Equation 3) eBC 

concentrations are presented in Figure 6.1 (b).  From this comparison, it is evident that Equation 3 could be 

used to predict eBC at Elandsfontein relatively accurately. 
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y= -33.7038 + (0.0050 x O3) + (0.0387 x SO2) + (0.0006 x NO2) + (0.0722 x H2S) + (-0.0174 x RH) + 

(0.0997 x WS) + (0.0005 x WD) + (0.0421 x P) + (2.27433 x T-grad) Eq. 3 

 

 

(a) 

 

(b) 

Figure 6.1:  (a) RMSE difference between the MLR calculated eBC and the actual measured eBC at 

Elandsfontein for the entire measurement period.  (b) Actual eBC compared with calculated 

(using Eq. 3) for the entire monitoring period at Elandsfontein 

To further verify whether the eBC contribution sources were identified correctly in Chapter 5, MRL 

analyses were also conducted for the different time periods defined for isolation of the various sources, i.e. 

December to February for industrial and traffic sources, June and July for household combustion, and 

August and September for savannah and grassland fires.  As is indicated in Equation 4 and Figure 6.2 (a), 

the optimum MLR solution obtained for the December to February period included seven independent 

variables in the equation.  Firstly, the fact that fewer independent variables were required to reduce the 

RMSE optimally, if compared with the overall period in Figure 6.2 (a) indicates that the December to 

February period is less complicated (which could imply, but does not necessarily mean less sources) in 
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terms of contributing sources than the overall period.  Secondly, the identity of the independent variables 

and the sign (positive or negative) associated with them in Equation 4 are noteworthy.  For instance, 

increased O3 concentrations led to lower eBC, which indicates that aged air masses had lower eBC than 

fresh plumes do.  This supports the notion that relatively nearby industry and traffic sources dominated 

eBC levels at this site, during the specified time period.  The increased eBC associated with increased NO2 

and H2S concentrations in Equation 4 supports the identity of the specific source types previously identified, 

i.e. coal-fired power stations, pyrometallurgical smelters, as well as traffic emissions.  The remaining 

independent variables in Equation 4 are associated with meteorological parameters, which could indicate 

that meteorological patterns (e.g. atmospheric stability as indicated by T-gradient) could have a significant 

influence on plumes containing eBC measured at Elandsfontein. 

y= -30.3494 + (-0.0170 x O3) + (0.0002 x NO2) + (0.1005 x H2S) + (0.1350 x T) + (0.0102 x RH) + 

(0.0338 x P) + (1.8185 x T-gradient) Eq. 4 

 

(a) 

 

(b) 

Figure 6.2:  (a) RMSE difference between the MLR calculated eBC and the actual measured eBC at 

Elandsfontein for the summer (DJF) period.  (b) Actual eBC compared with calculated (using 
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Eq. 4) for the summer (DJF) period at Elandsfontein 

For the June and July periods, Equation 4 and the lower left panel of Figure 6.3 (a) indicate that the optimum 

MLR solution included only four independent variables in the equation.  The fact that fewer independent 

variables were required to reduce the RMSE optimally, if compared with the overall period in Figure 6.3 

(a) indicates that the December to February period was influenced by fewer eBC sources.  This low number 

of independent variables confirm that this time period was dominated by a much less complicated source 

mixture than the overall time period.  During June to July, it was previously indicated that household 

combustion dominated eBC contributions, which is confirmed by the SO2- and NO2-associated eBC 

increases indicated by Equation 5.  As stated earlier, the household combustion plumes measured at 

Elandsfontein are likely to be NO depleted, due to the stagnant nature of air masses during the evening and 

early morning that result in the oxidation of NO to NO2.  This phenomenon is also indicated by Equation 

4.  Lastly, increased relative humidity (RH) will be associated with increased moisture-induced particle 

growth that could result in quicker aerosol deposition and therefore reduced eBC levels. 

y= 1.7061 + (0.0453 x SO2) + (-0.1059 x NO) + (0.0855 x NO2) + (-0.0191 x RH) Eq. 5 

 

 

(a) 

 

(b) 

Figure 6.3:  (a) RMSE difference between the MLR calculated eBC and the actual measured eBC for the 
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winter (JJ) period at Elandsfontein.  (b) Actual eBC compared with calculated (using Eq. 5) 

for the winter (JJA) period at Elandsfontein 

For the August and September periods, Equation 6 and Figure 6.4 (a) indicate that the optimum MLR 

solution included eight independent variables in the equation.  Although not as low as for the June and July 

period, this low number of independent variables confirms that the August and September period eBC 

sources were less complicated than for the overall time period.  According to Equation 6, increased O3 for 

August to September had a positive constant associated with it, which indicates that aged savannah and 

grassland fire plumes increase the eBC concentrations, while the NO2 and SO2 positive constant 

associations and the negative NO constant association indicate that household combustion also contributes 

to eBC concentrations during this time.  This makes sense, since August is regarded as a winter month with 

significant household combustion for space heating taking place.  However, since the August and 

September periods already include warmer spring months (September for both years) with lower household 

combustion, the H2S, T, RH and T-grad relationships observed in summer also already make a meaningful 

contribution. 

y= -2.549 + (0.0511 x O3) + (0.0316 x SO2) + (-0.5737 x NO) + (0.1840 x NO2) + (0.0433 x H2S) + 

(0.0469 x T) + (0.0145 x RH) + (2.4877 x T-grad) Eq. 6 
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Figure 6.4:  (a) RMSE difference between the MLR calculated eBC and the actual measured eBC at 

Elandsfontein for August and September.  (b) Actual eBC compared with calculated (using 

Eq. 6) for the entire monitoring period at Elandsfontein 

6.3 Conclusion 

The statistical/mathematical results obtained in this chapter confirmed that the sources identified in Chapter 

5 were correct.  The lower number of independent variables for selected periods (which correlated with 

specific source types), comparison to the MLR solution for the entire sampling period, confirmed the 

seasonal dominance of certain sources.  
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CHAPTER 7: MAIN CONCLUSIONS, PROJECT EVALUATION AND 

FUTURE PERSPECTIVES  

 

In this chapter, the main conclusions are presented.  This is followed by a project evaluation, within the 

context of the objectives set in Chapter 1.  Thereafter, future perspectives (e.g. research gaps and 

opportunities) identified during the course of this study are presented. 

 

7.1 Main conclusions 

Analyses of eBC and EC spatial concentration patterns at eight sites indicate that concentrations in the 

South African interior are in general higher than what has been reported for the developed world, e.g. 

Western Europe.  The highest levels were observed at the Vaal Triangle, which were attributed to EC 

emissions from household combustion emanating from in- and semi-formal settlements, as well as traffic 

and large point sources.  eBC or EC levels at Elandsfontein, Amersfoort and Marikana were similar, but 

likely originated from different sources.  Elandsfontein and Amersfoort lie within the well-known NO2 

hotspot over the Mpumalanga Highveld and are therefore likely to be influenced by industrial activities in 

this area, while Marikana is in close proximity to in- and semi-formal settlements.  The background sites, 

i.e. Welgegund, Botsalano, Louis Trichardt and Skukuza, had lower eBC or EC levels.  All these 

background sites are likely to be affected most by regional savannah and grassland fires, which are common 

in southern Africa. 

Similar seasonal patterns were observed at all three sites where high resolution eBC data were collected, 

i.e. Elandsfontein, Marikana and Welgegund, with the highest eBC concentrations measured in June to 

October.  These months coincide with the cold winter months of June to August that indicate possible 

contributions from household combustion, as well as the dry season on the South African Highveld 

occurring between May and mid-October, which indicates contributions from savannah and grassland fires.  

Diurnal patterns indicated that, at Elandsfontein, industrial high stack emissions were not the most 

significant source, since no peaks were observed after the breakup of lower-level inversion layers.  The 

diurnal patterns at Marikana revealed household combustion for space heating and cooking to be the most 

significant sources.  At Welgegund, the most significant source contribution was most likely regional 

savannah and grassland fires. 

 

Possible contributing eBC sources were explored in greater detail for Elandsfontein only.  Industrial sources 

could be isolated best during the summer months of December to February, since very few savannah and 
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grassland fires, as well as household combustion for space heating occur then.  Coincidental plumes of SO2, 

NO2, NO and eBC were used to identify plumes from coal-fired power stations, while coincidental increases 

of H2S and eBC characterised eBC contributions from pyrometallurgical smelters.  During summer, 

coincidental increases of NO2 and eBC were used to identify traffic emissions.  The contribution of 

household combustion was isolated during the coldest winter months of June and July.  Coincidental 

increases of NO2, SO2 and H2S, with eBC, which did not correlate with NO increases, were found to 

characterise household combustion plumes.  Back trajectory analyses and wind roses supported the validity 

of all the aforementioned source associations.  Savannah and grassland fire plumes could not be isolated, 

since CO was not measured at Elandsfontein.  However, the general baseline increase in eBC levels between 

September (the peak fire frequency month) and the summer months (December to February, with virtually 

no savannah and grassland fires) could be calculated and attributed to savannah and grassland fire eBC 

emissions.  At Elandsfontein, the eBC concentration in September was comparable to the eBC 

concentration in June to July, which indicates that, at this location, domestic heating and regional scale 

savannah and grassland fires are equally significant sources of eBC.  Furthermore, multilinear regression 

(MLR) analyses supported the seasonality of eBC sources at Elandsfontein. 

Although the source strengths of coal-fired power stations, pyro-metallurgical smelters and traffic 

emissions were lower than that of household combustion, as well as savannah and grassland fires, the first-

mentioned sources contribute year round, while the latter only contributed significantly in May to August, 

and June to September, respectively.  Of the fresh industrial plumes, the highest eBC concentrations were 

associated with pyro-metallurgical smelters.  This is a very significant finding, since coal-fired power 

stations and petrochemical operations have in the past been blamed for most of the pollution problems on 

the Mpumalanga Highveld (mainly due to the NO2 hotspot over this area).  Therefore, pyrometallurgical 

sources in this area need to be considered in greater detail in future studies.  The calculated emission ratios 

of eBC and gaseous species that were presented could be used in future studies to assess the eBC emission 

inventories for industrial and domestic sources in South Africa.  

Although this was a technical study (focusing on the science), some policy-related decisions/deductions 

could be made from it, i.e. targeted sector-specific reduction measure to address BC emissions.  Since BC 

is a short-lived climate forcing species (and air quality pollutant, as part of fine particulate matter), 

reductions in ambient levels could have a significant regional benefit.  However, such decisions/deductions 

should be cost-effective and considered only after a tailored assessment that accounts for the countries’ 

resources and needs has been completed to ensure lasting human health, environmental and climate 

benefits.  The results presented in this PhD provide a strong foundation for the afore-mentioned and 

indicates the need to expand related research in South Africa. 
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7.2 Project evaluation 

In order to evaluate the success and shortcomings of this study, specific objectives set at the beginning of 

the study have to be considered.  These study objectives with specific outcomes are presented below: 

 Objective 1: Assess spatial and temporal (seasonal and diurnal) trends of BC over the 

northern interior of South Africa.  Data from several measurement sites will be 

considered and general deduction with regard to possible sources will be derived from 

the spatial and temporal trends. 

Outcome/evaluation: This study provided an assessment of spatial and temporal (seasonal and 

diurnal) trends of BC over the South African interior using data collected from several BC 

measurement sites (EL, MA, WE, LT, SK, VT, AF and BT).  During this assessment, preliminary 

possible BC source deductions from the trends were also made.  Detailed findings from this 

assessment are presented in Chapter 4.  

 Objective 2: Determine potential contributing source strengths for at least one of the 

measurement sites for which high resolution continuous data were available. 

Outcome/evaluation: Potential contributing sources strengths of BC were assessed using data 

collected from Elandsfontein monitoring site only, since it is the site that was deemed to be 

influenced by the most complex (diverse) source mixture.  The other two sites, where continuous 

high resolution data were collected (i.e. Welgegund and Marikana), were influenced mainly by single 

dominant sources (i.e. savannah and grassland fires at Welgegund; household combustion at 

Marikana). These findings are presented in Chapter 5. 

 Objective 3: Use a multivariant statistical method to confirm that the above-mentioned 

deductions made regarding source contributions were valid.  Such a statistical 

evaluation will prevent biases that could have arisen due to preconceptions of the 

candidate. 

Outcome/evaluation: Potential contributing source deductions made from the source assessment 

(Chapter 5) were validated and confirmed using a multilinear regression method.  These findings are 

presented in Chapter 6. 

Given the above-mentioned outcome evaluations within the context of the specific objectives, the candidate 

considers the project as successful.  However, this does not imply that the project was perfect or that all 

research graphs have been addressed.  Remaining research and knowledge gaps that can be considered are 

discussed in the next section. 
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7.3 Future perspectives 

To further enhance the BC knowledge base in South Africa and to address research gaps that were identified 

during the study, the following future work should be considered: 

 Although this thesis presents the most comprehensive eBC spatial, temporal and source 

contribution assessments for the South African interior that has been published in the peer-

reviewed public domain to date, the spatial coverage of eBC measurements is still limited in 

the country.  Limited studies by, for example Fieg et al. (2015), only show basic BC analysis 

of data collected from some of the national DEA BC monitoring stations with findings 

published in the local peer reviewed domain, i.e. the Clean Air Journal (Feig et al., 2015).  A 

comprehensive analysis of the data from these stations should be considered and resourced to 

improve SA’s understanding of BC and its associated impacts (on human health, the 

environment and global warming). 

 In this study, a comprehensive source apportionment of BC was undertaken for the 

Elandsfontein monitoring site only.  A similar approach, as presented in this study, could be 

followed to conduct BC source apportionment for other sites where comprehensive datasets 

are acquired. 

 BC contributions resulting from pyrometallurgical sources in the Mpumalanga Highveld need 

to be considered in greater detail in future studies.  To date, emissions for these sources have 

not received as much attention as the coal-fired power stations and petrochemical operations. 

 Expansion on the spatial coverage of BC measurements sites to include areas that are currently 

not covered by the national DEA BC monitoring programme (as outlined in Chapter 2) is 

recommended; therefore, expanding BC monitoring to cover additional areas outside of the 

national priority areas, prioritising residential areas with the aim of characterising the impacts 

of BC on human health. 

 The calculated emission ratios of eBC and gaseous species that were presented in Chapter 5 

could be used in future modelling studies as emission factors for BC emission sources in South 

Africa. 

 In this study, ambient BC levels were not converted/translated to local and/or regional climatic 

impacts, which is critical in order to assess current and future impacts and contributions of BC 

to global warming.  Compared to CO2 (long lifetime in the atmosphere), BC (a short-lived 

climate pollutant) is a regional and local contributor to global warming (that causes climate 

change) due to its short lifetime in the atmosphere (days to weeks).  Using the information 

presented in this PhD coupled with related national and international studies (e.g. DEA BC 

monitoring network, Ramanathan (2008)), a nationwide BC reduction policy/strategy/plan can 

be formulated for South Africa.  According to Ramanathan (2008) and Mokdad (2004), 
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reductions in BC emissions may be the fastest means of slowing global warming and climate 

change in the short term; and can form part of a viable climate change mitigation strategy, 

whereas reductions in GHG emissions will take longer to influence atmospheric concentrations 

and will have less impact on climate on a short timescale.  However, extensive reductions in 

GHG emissions remain essential to limit climate change over the long term.  Emission sources 

and ambient BC concentrations vary spatially and temporally, resulting in climate effects that 

are more regionally and seasonally dependent compared to the effects of other long-lived and 

well-mixed GHGs such as CO2.  It should therefore be acknowledged that mitigation efforts 

for BC will produce different climate results depending on the region, season, and emissions 

sources (Lippmann et al., 2003; USEPA, 2012; Bond, 2013; IPCC, 2013). 

 The recently released scientific IPCC Special Report on assessing the impacts of 1.5 degrees 

global warming (IPCC, 2018) confirms that the climate is warming at a much faster rate/pace 

than it was anticipated and that the globe is expected to reach the 1.5 degrees global warming 

by the year 2030 (12 years from now!). A global warming of 3.4 degrees will be experienced 

by 2100, with the African continent warming at a rate much higher than this global 3.4 degrees. 

This warming will have devastating impacts on water, food security, ecosystems, human 

health, human settlements, infrastructure etc., with huge adaptation costs associated with these 

impacts Therefore, there is a need to consider reducing short-lived climate pollutants such as 

BC to limit the pace of global warming that has been projected by this recent IPCC special 

report.  

 Therefore, focusing on reducing BC nationally will contribute to SA’s climate change 

mitigation strategies, plans and efforts and will ensure that SA meets its international climate 

change commitments as outlined in the country’s nationally determined commitments (NDCs) 

that were submitted to the United Nations Framework Convention on Climate Change 

(UNFCCC) as part of the Paris Agreement (PA) signed in 2015.  The IPCC 2018 report also 

warns that the NDCs submitted by all global countries as part of the PA that is currently being 

implemented fall short and will not be sufficient to slow down the projected global warming; 

and encourages countries to review their mitigation commitments to explore potential 

mitigation efforts and areas that can be strengthened to keep global warming to below 1.5 

degrees Celsius. 

 Investing in BC reduction as part of SA’s mitigation system will help reduce regional and 

localised global warming and strengthen the country’s NDC. This will ensure that SA does not 

only depend on other major GHG emitting countries (such as the United States of America 

and China) to reduce its GHG emissions to address its regional and local impacts of climate 

change.  
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