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ABSTRACT 

Light-absorbing aerosols are an important fraction of atmospheric particulates that 

have large impacts on human health and the climate system. There is still limited 

information available on this type of aerosol-fraction in South Africa. This dissertation 

outlines the optical characteristics of ground-based absorbing-particulates from 

residential solid-fuel combustion in Kwadela township measured in winter 2014 and 

summer 2015. A dual and multiple aethalometers were used to measure the 

concentrations of light-absorbing aerosols at 5-minute time intervals. Ambient light-

absorbing aerosols winter daily average mass concentrations were 2.9 times higher 

(1.89 (±0.5) µg/m³) than the summer levels (0.66 (±0.2) µg/m³). Hourly-averaged 

mass concentrations indicated a strong bimodal diurnal pattern with maxima in the 

morning (04h00-09h00) and evening (15h00-21h00). The proportion of absorbing 

aerosols to PM2.5 mass was 6.5(±1.0)% and 3.4(±1.0)% in winter and summer, 

correspondingly, indicating the dominance of fine absorbing particulates particularly 

in winter. The absorption Ångström exponent (AAE370/950) was 1.3(±0.7) during 

summer. The diurnal averaged AAE(370/950) indicated a strong bimodal pattern with 

two maxima (AAE(370/950)~1.5) suggesting the presence of black carbon (BC) and 

brown carbon (BrC) and according to previous literature, this AAE value (~1.5) is 

attributed to solid-fuel combustion-generated particulates. Therefore the analysis 

from absorption wavelength dependence suggested that domestic fuel combustion is 

one of the important sources of absorbing aerosol mass loading. Traffic-related BC 

was suggested by low AAE(370/950)(~1.1) and wind patterns pronounced at midday 

and at midnight when local fuel burning is minimal. On average, 73% of summer 

days were estimated to be influenced by internally-mixed BC aerosols which 

dominated at peak hours. These particles can have 30% higher absorption which 

can contribute 44% to the regional radiative forcing compared to uncoated BC 

particulates. It is believed that the results from the current study would provide useful 

information in understanding light−absorbing aerosols and thus further improve 

assessment of aerosol−related human health and environmental impacts on a local 

scale.  
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PREFACE 

Ambient domestic fuel combustion is increasingly recognized as a significant source 

of particulates. In South Africa, domestic fuel burning is still actively practiced, 

particularly in low-income communities including those with access to electricity. The 

most commonly used solid fuels include wood, coal, animal dung and agricultural 

waste. These fuels serve as primary source of household energy due to their easy 

accessibility and economical affordability.  

Domestic solid fuel combustion has been linked to poor air quality in many solid fuel-

burning communities. This is because fossil fuels combustion generates 

considerable amounts of airborne particulates including light-absorbing aerosols 

such as BC and BrC (an absorbing fraction of organic carbon aerosols). Much 

research has shown that light-absorbing particles can strongly influence air quality, 

climate system and human health. Amongst all the known light-absorbing particles, 

BC has been reported to have severe climate and human health effects which can 

be five times more than any inorganic particulates. Among other sources, substantial 

amounts of light-absorbing aerosols are generated from incomplete combustion of 

solid fuels. An incomplete combustion process is most likely to happen when poor 

quality fuel is burnt under low temperature conditions and oxygen supply, resulting in 

poor combustion efficiency. These conditions are specifically common in South 

African coal-burning communities as they use low grade bituminous coal which has 

high proportion of impurities and moisture content; inhibiting combustion efficiency 

and thus favouring high amounts of incomplete combustion products. 

Although light-absorbing particulates are a pressing issue for human health and the 

environment, not much work has been done to fully understand these aerosols in 

South Africa, let alone in low-income settlements. Extensive research has been done 

on other domestic burning emissions (trace gases and particulate matter (PM2.5 and 

PM10)) but limited information is available on light-absorbing particulates. Poor 

understanding of light-absorbing atmospheric particles contributes to the 

uncertainties associated with quantification of the impacts of aerosols on human 

health and climate. 
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The aim of this project was to improve the understanding of the light-absorbing 

aerosols from residential solid fuel burning in Mpumalanga, South Africa.  

The objectives of the current research were: 

1. to measure light-absorbing aerosols mass concentrations from residential fuel 

combustion during summer and winter,  

2. to estimate the proportion of light-absorbing aerosols to the total particulate matter 

mass loading in a low-income settlement,  

3. to analyse the light absorption coefficient wavelength-dependency for estimation 

of the dominant absorbing aerosol sources.  

Part of this work has been presented at the: 

  National Association for Clean Air (NACA) conference in Bloemfontein, on the  

1st -2nd  of October 2015 (Poster presentation)  

  European Aerosol Conference (EAC)-2015 in Milan, on the 10th of September 

2015 by Dr. Rebecca Garland (Oral Presentation) 

  National Geography Student Conference at UNISA Florida Campus in 

Roodepoort on the 7th of September 2015 (Oral presentation) 

  National Association for Clean Air (NACA) conference in Durban, on the 10th 

of October 2014 (Oral Presentation) 

  13th (IGAC) Science Conference on Atmospheric Chemistry in Natal-Brazil on 

the 22nd-26th  September 2014 by Prof. Stuart Piketh (Poster Presentation)  

  Coal Carbon Energy and Environment National Student Colloquium at 

Potchefstroom, on the 7th of August 2014 (Oral Presentation) 

The detailed information of the current research will be submitted for publication by 

the South African Journal of Science - an official peer-reviewing publication of 

science academy in South Africa.  

This dissertation consists of 5 chapters which are structured as follows: 

Chapter 1 introduces the research background and the problem statement. 

Consequently, the aim and objectives are defined and the relevance and limitations 

of the current study are also illustrated in this chapter. 
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Chapter 2 is a literature review section of the current work. This chapter provides a 

comprehensive background on atmospheric aerosols with specific focus on light 

absorbing aerosols. General light-absorbing aerosol impacts are reviewed on both 

global and local extent to conceptualise the framework underpinning this study.  

Chapter 3 gives a full illustration of the methodology conducted on this research with 

detailed description of the study area and the instrumentation, including in-depth 

information on data collection as well as analysis methods applied. 

Chapter 4 demonstrates the findings and detailed discussion of the current work. 

Some of the major findings will also be illustrated and discussed in a detailed article.  

Chapter 5 gives overall conclusions and a critical evaluation of the whole 

investigation in order to assess the level of success. Recommendations which would 

further improve the knowledge of light-absorbing aerosols in South Africa are also 

provided in this chapter.  
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DEFINITIONS 

(The definitions of the concepts listed below are based on previous studies including 

Seinfeld & Pandis, 2006; EPA, 2012; Nuwarinda, 2007)  

Aerosols – tiny liquid and/ solid particles suspended in the atmosphere for few 

minutes to few weeks. 

Atmospheric lifetime - an average time an airbone particle is suspended in the 

atmosphere before it is removed by either being converted to another 

chemical component or being deposited on the Earth surface. Average 

lifetimes vary from few hours to weeks for aerosol particles.  

Basa njengo Magogo (BnM) (also known as top-down approach) - a modern method 

of fire ignition which is regarded to have reduced particulate emissions 

compared to a traditional method. In the BnM process, fire is prepared in the 

order of lying coal at the bottom; followed by paper then wood and few lumps 

of coal on top. 

Black carbon - a deep black solid form of mostly pure carbon that strongly absorbs 

all wavelengths of solar radiation (light) due to its significant imaginary 

refractive index (k=0.79). It is mainly generated through the combustion of 

fossil fuels such as diesel, coal or wood and biomass burning, and is 

dominated by fine-mode particles.   

 

Brown carbon – a humic-like fraction of organic carbon that absorbs ultraviolet 

and visible wavelengths of light. Its wavelength-dependent refractive 

imaginary index is estimated to be 0.074 and 0.0003 at 340 nm and 650 

nm, respectively, enabling stronger absorption at shortwavelength region 

than at long wavelength. This aerosol type is commonly formed from 

low-temperature fuel combustion such as biomass burning but can also 

be emitted from coal/wood combustion processes.   
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Boundary layer - bottom layer of the atmosphere that is strongly influenced by 

short-term-based (minutes to few hours) anthropogenic activities and 

meteorological changes. 

Carbonaceous particulate matter - general term for carbon-rich aerosols 

including black carbon and brown carbon. 

Coating - atmospheric process whereby a particle is coated by a shell of another 

material of different chemical composition. This process can alter the optical 

properties of the primary aerosol (core particle) 

Domestic burning - a combustion of fuels at homes for a purpose of household 

energy supply 

Fossil fuels - fuels which are derived from coal, natural gas and oil 

Incomplete combustion - a process of fuel combustion when fuel is only partial 

burned due to insufficient oxygen supply and low temperature. Complete 

combustion favours the production of carbon dioxide gas whereas 

incomplete combustion generated substantial amounts of particulate 

matter. 

Light-absorbing aerosols – atmospheric particulates which absorb solar 

radiation, contributing to increasing atmospheric temperatures. 

Organic carbon aerosols - particulates containing a complex mixture of carbon 

compounds commonly produced from fossil fuel and biofuel combustion. 

Polycyclic Aromatic Hydrocarbons - a group of organic compounds which 

consist of two or more hydrogen-carbon rings (e.g. benzene rings) 

organized in various structures. These pollutants are also generated 

from incomplete combustion of fossil fuels.  

Radiative forcing - The change in the energy balance between incoming solar 

radiation and exiting infrared radiation, due to a change in pollutants 

concentration in the atmosphere. Positive radiative forcing tends to warm the 

surface of the Earth, while negative forcing generally leads to cooling.  



xvi 

Short-lived climate forcer - an air pollutant that has a positive radiative forcing to 

climate but has a relatively shorter atmospheric lifetime (days to few years).  

Traditional fuel burning method (also known as bottom-up approach) - is a fire 

ignition method through the order of laying paper at the bottom then wood and 

coal on top. This practice has been used by generations of people in South 

Africa for domestic fuel combustion and is regarded to emit high amounts of 

airborne particulates compared to top-down approach.  
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CHAPTER 1 INTRODUCTION 

This chapter gives a brief background on atmospheric aerosols with the main focus 

on light-absorbing aerosols. The importance of the study is discussed; aims and 

objectives are also outlined. 

1.1 Background and Motivation  

Aerosols have significant impacts on air quality, human health and climate; however, 

the complexities of aerosol properties have made the assessment of their influence 

on human health and climate, one of the challenging tasks in aerosol sciences. 

Aerosols are tiny solid/liquid airborne particles that are generated from natural (e.g. 

volcanic eruptions, sea salt and dust suspension-which could also be related to 

human activities) and anthropogenic-related sources (e.g. fossil fuel combustion, 

forests and biomass burning) (Seinfeld & Pandis, 2006:55). From both sources, 

primary aerosols are emitted directly from the source to the atmosphere; whereas 

secondary particulates are generated in the atmosphere through oxidation, 

photolysis and atmospheric chemical mixing processes (Reddington et al., 

2011:12008). Generally, aerosols have an aerodynamic size ranging from few to 

tens of micrometers (µm) and are suspended in the atmosphere from days to few 

weeks (Seinfeld & Pandis, 2006:55-56). Aerosol composition can vary widely, and 

include sulphates, nitrates, sea salt, mineral dust and carbonaceous (e.g. black 

carbon (BC) and organic carbon) particulates (Jøgensen & Fath, 2010:216). The 

optical properties of aerosols are characterized by their ability to scatter and/or 

absorb solar radiation. Among the above mentioned aerosol types, BC, mineral dust 

and brown carbon (BrC) (an absorbing fraction of organic carbon) are classified as 

light-absorbing aerosols (Jøgensen & Fath, 2010:216).  

Light-absorbing aerosols are characterized by their relatively strong potential to 

absorb the visible light wavelengths. This effect can increase atmospheric 

temperatures and influence regional meteorological processes (Johnson et al., 

2004:1407; Huang et al., 2006; Bergstrom et al., 2007:5938; Moosmüller et al., 

2009:844; Wu et al., 2009:1153; Petzold et al., 2013:8365). Specifically, BC is 

estimated to have 1.1 Wm-2 radiative forcing potential at the top of the atmosphere 
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on a global average scale. Such radiative potential is second only after that of 

carbon dioxide (CO2)(Bond et al., 2013:5380) and enables BC to absorb solar 

radiation more effectively than other absorbing particulates such as BrC and dust, 

which contribute 0.25 Wm-2 (Feng et al., 2013:8607) and 0.33 Wm−2 (Woodage & 

Woodward, 2014:5907), respectively.  

The regional climate-related effects of light-absorbing aerosols, particularly BC 

include the enhancement of snow/ice melting rate by a factor of at least 1.4 (Arnott et 

al., 2005:17) as well as the suppression of the precipitation-forming clouds and 

hence the reduction of local precipitation rates (Bonan, 2016:616). In addition to the 

effects of BC, Yoshioka et al. (2007:1445) found that high levels of dust particulates 

have resulted to 30% reduction of precipitation in the Sahel, North Africa since 

1970s. This was due to the intensive regional radiative forcing of dust particulates 

which altered atmospheric energy distribution and hydrological processes. This was 

through the absorption of solar radiation before it reaches the surface and thus the 

enforcement of the cooling effect on the surface while increasing the atmospheric 

temperatures in turn. This results in reduction of cloud formation as evaporation and 

upward heat transfer gets suppressed.  

 
Light-absorbing aerosols have also been associated with increased atmospheric 

temperatures. Recently, Kuik et al. (2015:8826) reported the daily increase of 

atmospheric heating rates by 0.7K per day at 600hPa in Johannesburg and Pretoria 

during September 2010. Such temperature increase was associated with rising 

anthropogenic BC aerosol mass loading. BC is also characterised as a short-lived 

climate forcing pollutant (Petzold et al., 2013:8366; WHO, 2012:1) thus can have 

significant climate change-related impacts that can affect human livelihood though its 

precise influence on climate change is still controversial (Samset et al., 2014:12466). 

Apart from climate-related influence, light-absorbing aerosols (and all other 

atmospheric particulates) have also been correlated with adverse human health 

problems which include respiratory and cardiovascular diseases (Hansen, 2005:17).  

 

Recently, diesel exhaust emissions of which BC is the main component (75% by 

volume, EPA, 2012:5) has been classified as human carcinogen (WHO, 2012:33). 

WHO (2012:31); Smith et al. (2009:2091) reported that BC-containing material has 
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more severe impacts than the material that does not contain this aerosol type. This is 

because BC can interact with toxic substances which can be adsorbed onto the BC 

particle. If these chemically modified particles are inhaled they can be harmful to 

human health (Hansen, 2005:17).  

 

Though extensive work has been done in understanding atmospheric particulates 

and   their impacts on climate and human health; it is however still challenging to 

accurately quantify such influence. This challenge is largely due to the poor 

knowledge of aerosol properties (Wu et al., 2009:1153; Ayash et al., 2009:149; 

Gadhavi & Jayaraman, 2010:103; Wilson et al., 2010:285; Chung et al., 2012:1624; 

Morgan, 2013) having light-absorbing particulates regarded as the least understood 

fractions of atmospheric particulates (Bergstrom et al., 2007:5937; Petzold et al., 

2013:8371; Maritz et al., 2015:21). The most commonly addressed uncertainties in 

quantifying aerosols impacts are associated with the difficulties in identifying the 

precise source and differentiating the types of individual aerosols. These 

uncertainties are largely due to the unpredictable spatial and temporal changes of 

aerosol physio-chemical properties. The influence of the dynamic meteorology on 

aerosols as well as their mixing processes in the atmosphere also contributes to the 

challenges of understanding aerosol properties (NOAA, 2011; Morgan, 2013). 

Collectively, these challenges have negative implications on quantifying aerosol 

impacts and evaluating the aerosol management efforts (Wu et al., 2009:1153; 

Gadhavi & Jayaraman, 2010:103; Wilson et al., 2010:285; Flores et al., 2012:5511) 

as well as planning future climate projections (Morgan, 2013). On human health 

studies, WHO (2012: viii); Kelly and Fussel (2012:504) indicated that there is still not 

enough evidence to precisely evaluate as to which particulate matter is associated 

with specific health outcomes. This is because the mechanisms of action of aerosols 

on human systems are poorly understood (Pope et al., 2004:71; Arellanes, 2008:1; 

Fuzzi et al., 2015:8217). For instance, BC may not directly be a major cause of a 

specific disease but can serve as a carrier of multiple toxic particulates which can 

target lungs, blood stream of a human body (WHO, 2012:viii). Since the sulphates 

can also adsorb and transport poisonous compounds (Cassee et al., 2013:804), it 

can be challenging to accurately identify the specific disease-causing pollutants and 

that can have negative implications on regional health mitigation strategies such as 

the efforts on discovering the effective treatment plans. At homes, it can be difficult 
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to identify the source of toxic pollutants without having full understanding of their 

properties and thus their level of impacts. Hence, knowledge of aerosols needs to be 

improved and that can be done by understanding their properties (Kaskaoutis et al., 

2007: 7349; Li et al., 2013:216) through frequent measurements including ground-

based measurements, computation and modelling at different parts of the world 

(NOAA, 2011; Morgan, 2013). According to Cazorla et al. (2013:9338), improved 

information on aerosol properties and characterization is critical for better 

understanding of their impacts on human health and climate. Part of improving 

aerosol characterization includes understanding aerosol sources, particularly those 

which are strongly influenced by human activities.  

 

On a global scale, the residential fuel burning-related particulates form a major part 

of anthropogenic-generated particulate matter (Bond et al., 2002:1). In South Africa, 

this source (domestic solid fuel combustion) has been recognised as a significant 

source of airborne pollutants especially in solid fuel burning low-income settlements 

(Scorgie et al., 2003; Mdluli, 2007: xiv). In these communities, atmospheric pollutants 

are commonly generated from fossil fuel combustion due to insufficient electricity 

supply, resulting to the dependence on fossil fuel such as wood and coal for 

domestic energy supply (FRIDGE, 2004). Domestic fuel combustion contribute 

significant amounts of air particulates particularly in winter where carbonaceous fuels 

are burnt for cooking and space heating (Laakso et al., 2012:1849; Lourens et al., 

2011:1).  

 

Recent studies (Kankaria et al., 2014:203; Kodros et al., 2015:8577; Lilieveld et al., 

2015:367) indicated that domestic-generated pollutants can have severe human 

health impacts. Tiwari et al. (2015:582) found that solid fuel-combustion pollutants 

are more hazardous than non-solid fuels (e. g. liquified petroleum gas and 

kerosene), which (solid fuels) are commonly used in many low-income residential 

areas particularly in developing countries including South Africa (Pretorius et al., 

2015:261). This is because solid fuels emit large amounts of poly-aromatic 

hydrocarbons (PAH) by mass compared to non-solids. Fossil fuel-related PAHs are 

of human concern because they can cause cancer (Tiwari et al., 2015:582-586). In 

Trombay Mumbai, the estimated 50th percentile values of health risks due to 

firewood, coal, dung cake and kerosene combustion were 6.25 × 10–5, 2.99 × 10-5, 
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9.11 × 10–5 and 1.14 × 10–5, respectively (Tiwari et al., 2015:582). In South Africa, 

residential fuel burning-related aerosols were responsible for approximately 69% of 

the total air pollution-associated health impacts in year 2000 (FRIDGE, 2004). 

Specifically, approximately 0.5% of all the national deaths in the year 2000 were 

related to domestic solid fuel combustion (Norman et al., 2007b:764). Scorgie et al., 

(2003) estimated that about 65% health-related effects in the Vaal Triangle in 2002 

were associated with particulates resulting from domestic solid fuel combustion. 

However, all these effects are still not yet accurately quantified owing to the 

uncertainties associated with aerosol characterization (Laakso et al., 2012:1847; 

Chung et al., 2012:11624; Gadhavi & Jayaraman, 2010:103; Wilson et al., 2010:285; 

Wu et al., 2009:1153; Ayash et al., 2009:149). In South Africa, research on aerosol 

science has improved over the years, however, there are still knowledge gaps 

particularly associated with the characterization of light-absorbing particulates.  

 

In South Africa, a major focus of ambient air monitoring has been put on measuring 

particulate matter and trace gases mass concentrations to comply with the national 

air quality standards. Research on aerosols in general have also been intensively 

done but with only selective studies available on light-absorbing aerosols particularly 

from residential solid fuel combustion. Feig et al. (2015) found that domestic fuel 

combustion is an important source of local BC mass loading. The measured BC 

aerosols contributed between 6% and 12% to total PM2.5 mass concentrations, and 

the highest proportions were observed during winter, signifying the importance of 

domestic fuel combustion to air pollution levels. Moreover, Maritz et al. (2015) 

studied temporal and spatial variations of BC and organic carbon mass 

concentrations proportions from different source locations. From their findings, 

organic carbon and BC were substantially higher in winter assumed to be influenced 

by proportions from domestic fuel combustion. BC and organic carbon contributed 

12% and 24% to total PM2.5 mass concentrations, respectively (Maritz et al. 

2015:20). BC proportions to PM2.5 were comparable to those found by Feig et al. 

(2015), which were also assumed to be influenced by contributions from residential 

fuel combustion. From both studies, it was concluded that local solid fuel combustion 

influenced aerosol mass loading particularly in the Vaal triangle. Naidoo et al. (2014) 

conducted a study in a small un-electrified low-income settlement in Gauteng and 

found that wood and coal were important source of domestic energy and the 
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commonly burnt fuels. Coal/wood fuels were frequently used for cooking and heating 

in winter but non-solid fuels (e.g. paraffin and petroleum gas) were preferred during 

summer for cooking purposes (Naidoo et al., 2014). A study by Language et al. 

(2016) showed that solid fuels burnt in Kwadela (a relatively small low-income 

settlement in Mpumalanga) can generate high mass concentrations of fine 

particulates (PM4 – particulate matter with aerodynamic size less than 4 

micrometers) indoors, which can be 4 to 5 times higher than ambient particulate 

measurements. Makonese et al. (2014) concluded that the fuel type and combustion 

approach can significantly influence the emissions associated with solid fuel 

combustion. Low-temperature coal combustion generated higher particulate 

emissions coupled with smoke during the ignition phase of a traditional coal 

combustion process than when the Basa njengoMagogo (BnM) approach to coal 

combustion was used.  

 

Moreover, a comprehensive study on trace gases and aerosol optical properties in 

the Highveld was studied by Laakso et al. (2012). In their work, Laakso et al. (2012) 

indicated that the scattering wavelength dependence can be used to estimate the 

size distribution of the dominating particles. The scattering Ångström exponent of 1.5 

was measured from 450 nm to 635 nm which indicated the dominance of fine 

particulates in ambient air. In their study, the absorption spectral dependency was 

not investigated. Hersey et al. (2015) recently analysed ground-based data which 

indicated that domestic fuel combustion is responsible for particulate mass loading in 

low-income townships particularly in winter. This was evidenced by bimodal diurnal 

patterns observed at all selected sites in the studied areas of South Africa. From 

their study, it was found that most aerosols were limited on the lowest levels of the 

atmosphere and did not affect the entire atmospheric aerosol column (Hersey et al., 

2015:4259).  

 

Based on the literature survey, there is a knowledge gap particularly on the 

absorption wavelength dependency of residential-related absorbing aerosol 

fractions. Detailed information on light absorption wavelength-dependence can be 

key for understanding source apportionment of absorbing-aerosols (Backman et al., 

2014:4286) and estimation of their radiative impacts on regional climate (Praveen et 

al., 2012:1179). 
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In order to address the knowledge gap in the South African literature, this study 

focuses on characterization of light-absorbing aerosols with a specific emphasis on 

residential solid fuel combustion-related particulates. The fraction of light-absorbing 

particulates is estimated from PM2.5 (particulate matter with aerodynamic size less 

than 2.5 micrometres) and PM10 (particulate matter with aerodynamic size less than 

10 micrometres) particulate matter mass loading in a low-income settlement, which 

is situated approximately 50 km away from industrial centres. The influence of local 

meteorology (wind, boundary layer) was analysed to get a better perspective of the 

interaction between these particulates and the prevailing weather. A 7-wavelength 

aethalometer instrument was used to analyse the absorption wavelength 

dependence of light-absorption aerosols. Such information was used to estimate the 

dominant aerosols types and their sources which contribute to absorbing aerosol 

mass loading in low-income settlement.  

 

1.2 Aim 

The aim of this project was to improve the understanding of the light-absorbing 

aerosols from residential solid fuel burning in Mpumalanga. 

  

1.3 Objectives 

The objectives of the current research were: 

1. to measure the light-absorbing aerosols mass concentrations from residential fuel 

combustion during summer and winter in a low-income settlement,  

2. to estimate the proportion of light absorbing aerosols to the total particulate mass 

loading in a low-income settlement,  

3. to analyse the light absorption coefficient wavelength-dependency for the 

estimation of the dominant absorbing aerosol sources. 
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1.4 The relevance of the research 

The characteristics of light-absorbing aerosols have been documented elsewhere in 

the world (e.g. Bergstrom et al., 2002; Marinoni et al., 2010; Favez et al., 2010); 

however there are still limitations regarding characterization of these atmospheric 

particles especially from domestic-related sources in South Africa. Also, no work has 

yet been published with an analysis of the absorption wavelength dependence on a 

wide spectral range (e.g. 370-950 nm) in South Africa. The assessment of 

absorption wavelength dependence is important for understanding source 

apportionment of absorbing aerosols (Backman et al., 2014:4286) and the estimation 

of radiative forcing (Praveen et al., 2012:1179; Kirchstetter et al., 2004).  

The results from this study can be useful for improvement of the human health and 

environmental impacts assessment. It is well recognised that high levels of aerosols 

in general can negatively impact human health and the environment.  The 

understanding of the extent of such effects can be incomplete without full knowledge 

of all the existing aerosol types, particularly since absorbing particulates are the least 

studied on a regional scale. Although differentiating each individual aerosol type can 

be complicated by internal and external mixing mechanism which is not exclusively 

studied here; analysis of absorption wavelength dependency and aerosol 

apportionment will give indications of aerosol sources and types dominating at 

different times of the day and the distributions of particle size in different seasons. 

Moreover, this research will raise awareness about the influence of domestic fuel 

energy usage on the light absorbing aerosol mass loading in low-income 

settlements. Therefore, this study will make a valuable contribution to the aerosol 

knowledge body in South Africa. 

***********************************************************************************************

Chapter 1 has briefly discussed international knowledge of atmospheric aerosol with 

specific attention on light-absorbing fractions particularly generated from residential 

solid fuel combustion; however South Africa still has a gap in the information. 

Chapter 2 broadly discusses the context of atmospheric aerosols and explores the 

light-absorbing aerosol knowledge gap in the South Africa.  

************************************************************************************************ 
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CHAPTER 2 LITERATURE REVIEW 
 
This chapter gives the conceptual framework based on comprehensive integrated 

knowledge of light-absorbing aerosols which underpins this study. The background 

information on absorbing aerosols is commonly viewed on a global scale as there is 

still limited work available on a regional scale. 

2.1. An overview on atmospheric aerosols  

Aerosols are tiny solid and/or liquid airborne particles (Seinfeld & Pandis, 2006:55-

56) occupying 1-billionth of the entire atmosphere by volume (Wu et al., 2009:1153). 

Chemically, they are roughly classified as sulphates, nitrates, sea salt, dust and 

carbonaceous (BC and organic carbon) particulates (Jøgensen & Fath, 2010:216). 

Aerosol particles are visibly observed as haze, smog, dust or smoke in the 

atmosphere (Kokhanovsky, 2013:505). With respect to the manner of how they 

interact with solar radiation, aerosols are characterized as scattering and absorbing 

aerosols, meaning they can scatter and absorb solar radiation, respectively 

(Jøgensen & Fath, 2010:216).  

 

Aerosols can be generated naturally and anthropogenically. Natural sources include 

volcanic eruptions, sea salt, pollen, dust, biomass and forest burning. Anthropogenic 

aerosols originate from urban and industrial emissions, domestic fires, agricultural 

activities as well as dust from deforestation and overgrazing (Chin & Kahn, 2009:11). 

Atmospheric particulates are categorized as primary and secondary aerosols. 

Primary aerosols are directly emitted from the source to the atmosphere, whereas 

secondary aerosols are produced in the atmosphere through chemical reactions 

such as oxidation, (Reddington et al., 2011:12008).  

 

In general, aerosols aerodynamic sizes range from 10-3 to 102 µm (Wu et al., 

2009:1153). On average, natural particulates particularly sea salt and volcanic dust 

can be 5 times larger than anthropogenic aerosols on a global scale (Madhavan, 

2008:1). The size distribution of atmospheric particulates is characterized as 

ultrafine/nucleation mode (0.001 to 0.1 µm), accumulation mode (0.1 to 2.5 µm) and 

coarse mode (>2.5 µm) (Figure 2.1).  
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Figure 2.1: The theoretical illustration of the aerosol size distribution and typical 

particle morphology from potential sources of each classified size mode (Phalen, 

2002)  

 

Ultrafine particulates are generated from primary sources such as fossil fuel 

combustion, but can also be formed through nucleation of gases to form particles 

(Finlayson-Pitts & Pitts, 2000:281; Seinfeld & Pandis, 2006:368-369). Accumulation 

mode particles result from primary emissions of aerosols, condensation of gases 

onto aerosol particles, and coagulation of ultrafine atmospheric particles. Coarse 

particulates are largely from primary processes such as dust and pollen suspension 

(Figure 2.1). The accumulation and coarse-mode aerosols dominate aerosol mass 

distribution while the aerosol number distribution is largely controlled by the 

nucleation nuclei-mode (Finlayson-Pitts & Pitts, 2000:281; Seinfeld & Pandis, 

2006:369). 
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Aerosols have limited atmospheric lifetime which typically range from a couple of 

days to few weeks (Penner et al., 2001:297; Seinfeld & Pandis, 2006:55-56; Dessler, 

2016:99) and after a month, only 5% of the original aerosol mass loading remains 

(Andreae, 2007:50). An aerosol atmospheric lifetime is dependent on the dynamic 

balance between its mass, size, acceleration and injection height such that aerosols 

in the stratosphere last longer than those in the troposphere (Madhavan, 2008:3). 

Commonly, fine particles (size diameter <2.5 µm) have relatively longer atmospheric 

lifetime and can be dispersed to longer distances (Jacobson et al., 2000:267; Penner 

et al., 2001:291; Naidoo, 2014:16) and thus have higher potential of modifying 

climate system and human health (Walton, 2005:8). On the other hand, coarse-mode 

aerosols such as large dust particles become suspended for short periods and are 

generally deposited relatively closer to their sources (Piketh et al., 1995:14; Naidoo, 

2014:16). Due to their short atmospheric lifetime, particulates are not evenly 

distributed in the atmosphere because it takes at least a year for relatively uniform 

distribution (Dessler, 2016:99). Despite the short atmospheric lifetime, a particle 

which is suspended for a week and moves at a mean velocity of 5 meters per 

second (ms-1) can travel up to 3000 kilometres (km) (Chin & Kahn, 2009:11). 

Atmospheric aerosol number concentrations can be as high as 108 cm-3 regardless 

of whether the area is remote or urban (Seinfeld & Pandis, 2006:350).  

 

The dominant pathway of aerosol atmospheric removal is precipitation (wet 

deposition) and gravitational settling (dry deposition) (Madhavan, 2008:3, Chin & 

Kahn, 2009:10-11). Almost all atmospheric aerosols are susceptible to being 

washed-out of the atmosphere during precipitation (Madhavan, 2008:3). The 

gravitational settling is referred to as an aerosol deposition mechanism, governed by 

the force of gravity. The rate of aerosol gravitational deposition is proportional to 

aerosol mobility (aerosol motion in the atmosphere) such that relatively fast-moving 

particles are removed at a faster rate than those which travel slower. Furthermore, 

larger particulates settle faster than smaller aerosols due to gravitational pulling 

(Madhavan, 2008:3). Some aerosols are not directly removed but transformed to 

other atmospheric particulates (e.g. secondary particulates which are formed from 

oxidation of primary gases such as sulfur and nitrogen oxides to form sulfuric acid 

particulates) and can participate in atmospheric processes reactions such as cloud 
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formation (Chin & Kahn, 2009:11). Before they are removed from the atmosphere, 

aerosols can have significant effects on human health, climate and air quality. 

 

Aerosols impacts on human health include cardiovascular and vascular diseases as 

well as premature death due to air pollution. Additionally, aerosol impacts on the 

environment includes air quality degradation, variations in cloud properties which 

thus leads to local weather changes; influence on atmospheric photochemical 

reactions; modification of snow/ice surface albedo and changes in its melting rates 

and most importantly the direct modification of radiative budget through scattering 

and/or absorption of solar radiation which can lead to atmospheric cooling and 

heating, respectively. However, the quantification of aerosol impacts is still uncertain 

largely due to the poor knowledge of their properties (Wu et al., 2009:1153; Ayash et 

al., 2009:149; Gadhavi & Jayaraman, 2010:103; Wilson et al., 2010:285; Mahowald 

et al., 2011:46; Laakso et al., 2012:1847; Chung et al., 2012:11624; Morgan, 2013; 

Dessler, 2016:99). 

 

Currently, worldwide research efforts are done to improve the knowledge of aerosols 

and their impacts on human health and climate. Much research (Penner et al., 

2001:291; Kaskaoutis et al., 2007: 7349; Liu et al., 2014:1004; Curci et al., 2015:542; 

Dessler, 2016:95) has indicated that understanding aerosol chemical, physical and 

optical properties can significantly improve knowledge of the impacts of aerosols. 

Although aerosol science has progressed over the years, the level of scientific 

understanding of aerosols is still low (Lӧndahl et al., 2010:9441; Flores et al., 

2012:5511-5512; Lee et al., 2014:6; Fuzzi et al., 2015:8217) with significant 

knowledge gaps on characterization of light-absorbing aerosols (Bergstrom et al., 

2007:5937; Muller et al., 2011:246; Michel-Flores et al., 2012:5512; Liu Y. et al., 

2014:1003; Maritz et al., 2015:21; Wu et al., 2015:1178). Absorbing aerosols are a 

fundamental climate-relevant aerosol property (IPCC, 2013:603). Gadhavi and 

Jayaraman (2010:103); Moosmüller et al. (2012:1) added that even aerosol cooling 

and warming of the atmosphere is driven by aerosol absorption properties, which are 

generally underestimated by global models thus leaving knowledge gaps in the 

research field (Chung et al., 2012:11624; Morgan, 2013). Therefore more research is 

needed to improve the knowledge of aerosol properties (Feng et al., 2013:8608). 
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2.2 Light-absorbing aerosols 

 

Light-absorbing aerosols vary in chemical composition and the degree to which 

effectively absorb solar radiation (i.e. absorption efficiencies). Absorbing aerosols 

include BC, BrC and mineral dust (Moosmüller et al., 2009:844; Yang et al., 

2009:2035; Wang et al., 2013:6534; Segura et al., 2014:2374). Particularly, BC and 

BrC contribute approximately 72% and 19 % of solar energy absorption associated 

with anthropogenic aerosols, respectively (Feng et al., 2013:8607). Despite the 

uncertainties, the magnitude of radiative forcing induced by anthropogenic-related 

absorbing aerosols is estimated to exceed that contributed by the greenhouse gases 

at a time-span equivalent to aerosol atmospheric lifetime (days-few weeks). A brief 

background on these aerosol types is given in the next three subsections.  

 

2.2.1 Black carbon (BC) 

BC is regarded as a principal light-absorbing aerosol which can effectively absorbs 

all wavelengths of solar radiation (Schnaiter et al., 2006:2981; Moosmüller et al., 

2009:844; Petzold et al., 2013:8366). The term black carbon is also commonly used 

to refer to all carbonaceous material which can significantly absorb solar radiation 

(Weingartner et al., 2003:1446; Seinfeld & Pandis, 2006:60-61; Petzold et al., 

2013:8366). In this work, BC is treated as an individual aerosol type, following 

Moosmüller et al. (2009) definition; which is that BC is an aerosol type which strongly 

absorbs all wavelengths of solar radiation.   

BC is mainly generated through the combustion of fossil fuels such as diesel, coal or 

wood and biomass burning, and is dominated by fine-mode particles (Walton, 

2005:7; IPCC, 2007; EPA, 2012:1-2). Current global estimates show that BC total 

emissions (the strong light-absorbing aerosol type) are approximately 8 TgCyr−1 

(IPCC, 2007). Freshly-emitted BC particles have spherical chain-like structures 

which are typically unstable and hydrophobic (water-repelling) (Andreae & 

Gelencsѐr, 2006:3132), however, they transform to relatively stable graphitic 

hydrophilic (water-loving) aerosols approximately a day after they have been emitted 

(Naoe et al., 2009:1296). BC aerosols have an atmospheric lifetime of ≥ a week and 
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are able to be transported over longer distances and removed predominantly by 

precipitation (Kumar et al., 2011:12; Guha et al., 2015:786). 

 

The deep black appearance of this aerosol type results from its significant imaginary 

refractive index (k=0.79). A refractive index is a fundamental microphysical aerosol 

property which determines how much light is absorbed or scattered by a substance 

(Madhavan, 2008:4). BC refractive index causes a relative constant absorption of 

light wavelengths, particularly from near-ultraviolet to near-infrared region 

(Moosmüller et al., 2009:853). Detailed information of this parameter is further 

discussed in the forthcoming sections of the current document.  

BC is thermally-resistant in temperatures below 350˚C and insoluble in polar and 

non-polar solvents (Hansen, 2005:15, Andreae & Gelencsér, 2006:3133; Moosmüller 

et al., 2009:853). The surface of this aerosol-type has great porosity enabling 

effective adsorption of compounds which can have hazardous effects on human 

health particularly when they have entered the human body (Hansen, 2005:17).   

Apart from BC, BrC is another distinguished absorbing aerosol type, which is also 

not well understood (Moosmüller et al., 2009:844; Cheng et al., 2011:11499; 

Costabile et al., 2013:2456).  

 

2.2.2 Brown Carbon (BrC) 

BrC is a fraction of organic carbon which has significant light-absorbing potential 

(Feng et al., 2013:8607). On average, BrC proportion in total organic carbon is 

relatively low, ranging from 20 to 40% particularly over fossil-fuel burning dominated 

source regions (e.g. Western Europe and East Asia ) and natural organic source 

regions (e.g. South America and Southeast Asia) (Feng et al., 2013:8609).  

 

This aerosol type is commonly formed from low-temperature fuel combustion such 

as biomass burning (Moosmüller et al., 2009:854) but can also be emitted from 

coal/wood combustion processes (Bond et al., 2002:6; Rodent et al., 2006:6753). 

The global burden of BrC is approximately 0.65 Mgm-2. Higher BrC levels have been 

estimated over source regions with 15-20 Mgm-2 measured over southern Africa in 

2000 (Feng et al., 2013:8609). BrC is composed of water-soluble organic carbon 
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particulates which are generally referred to as humic-like compounds and traces of 

aromatic hydrocarbons (Andreae & Gelencsér, 2006:3132) as well as tar-like 

substances from solid fossil fuel combustion (Alexander et al., 2008).  

 

BrC is a stronger absorber of short wavelengths than long wavelengths of the visible 

solar radiation (Kirchstetter et al., 2004; Yang et al., 2009:2036; Moosmüller et al., 

2009:854; Backman et al., 2014:4286). This effect is enabled by its wavelength-

dependent imaginary index, which is estimated to be 0.074 and 0.0003 at 340 nm 

and 650 nm, respectively (Feng et al., 2013:8610). The absorption efficiency (a 

measure of how effectively a particle can absorb light) of this aerosol-type can be 

operationally assumed to be between a strong light-absorbing and a non-absorbing 

carbonaceous aerosol (Yang et al., 2009:2036). It was estimated that BrC can 

contribute 19% of the light absorption due to anthropogenic- related particulates. BrC 

light-absorption is enhanced over source regions as well as above the clouds. The 

absorption above the clouds can effectively modify the hydrological cycle by 

introducing heating and evaporation in the atmosphere (Feng et al., 2013:8607). On 

average, the BrC ratio to BC is higher in the Southern hemisphere (> 6) relative to 

the Northern hemisphere (< 2). This implies that BrC has relatively larger effect on 

solar radiation over this region (Southern hemisphere) (Feng et al., 2013:8609). In 

addition to the carbonaceous absorbing particulates; dust has also been regarded to 

have significant contribution to the absorption of solar radiation.  

 

2.2.3 Mineral Dust 

Mineral dust is another light-absorbing aerosol type, mainly generated from soil 

erosion. This aerosol type is a major contributor of aerosol mass loading however 

globally; its mass concentrations vary greatly through space and time (Penner et al., 

2001:296; Madhavan, 2008:5; Backman et al., 2014:4286). Mineral dust is a mixture 

of materials including quartz; clay, gypsum, calcite and hematite (Moosmüller et al., 

2009:855) and its chemical composition is largely controlled by the particle‟s origin 

(Calvo et al., 2013:10). Mineral dust is generally coarse-sized (Phalen, 2002; Walton, 

2005:8) but can be small-sized (0.1 µm) too (Moosmüller et al. 2009:855). The 

dominant source origin of dust is desert (Penner et al., 2001:296; Madhavan, 
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2008:5). The suspension of dust off the ground results when the minimum wind 

speed which is the function of a particle size; soil moisture and surface roughness is 

strong enough to lift and suspend particles into the atmosphere (Penner et al., 

2001:296; Seinfeld & Pandis, 2006:61-62).  

 

Mineral dust light-absorption is also controlled by the imaginary refractive index 

which is estimated to range from 0.05, 0.005 and 0.003 at 305nm, 505nm and 

905nm, respectively (Wagner et al., 2012: 2491). Petzold et al. (2009:118) reported 

the imaginary index between 0.0031 and 0.005 at 470 nm as well as 0.003 and 

0.0027 at 700 nm. Such variability is attributed to differences in sources and 

mineralogical stage thus leading to different optical properties of mineral dust 

aerosols (Petzold et al., 2009:118). Previous studies have shown that BC, BrC and 

mineral dust aerosols can be strongly correlated with adverse human health and 

climate change effects. 

 

2.3 The significance of light-absorbing aerosols on human health and climate  

 

Light-absorbing aerosols can effectively absorb solar radiation and thus increase 

atmospheric temperatures and influence regional meteorological processes 

(Johnson et al., 2004:1407; Huang et al., 2006; Bergstrom et al., 2007:5937; 

Moosmüller et al., 2009:845; Wu et al., 2009:1153). Cappa et al. (2008:1022) noted 

that the absorption of light by aerosols is relatively small compared to total light 

extinction but can have severe impacts on regional climate. Such absorption is 

mainly governed by BC, which is regarded as the principal absorbing aerosol 

(Schnaiter et al., 2006:2981; Moosmüller et al., 2009:844; Petzold et al., 2013:8366). 

This aerosol type contributes approximately 72% of all anthropogenic particulate-

related solar absorption (Feng et al., 2013:8607). Apart from the direct absorption of 

solar radiation and the related effects; light-absorbing particulates have also been 

strongly attributed to human health impacts. 

 

The most commonly reported human health effects associated with (but not strictly 

limited to) absorbing particulates include respiratory and cardiovascular diseases 

(Hansen, 2005:17). Diesel exhausts emissions of which BC is the main component 

(75% (EPA, 2012:5)), has been classified as a human carcinogen (WHO, 2012:33). 
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Moreover, Smith, et al (2009:2091) found that material with BC can have severely 

higher health impacts than the material without this aerosol type. Such impacts can 

be 5 times more hazardous on human health than the effects of any inorganic 

particulates (Lilieveld et al., 2015:367). Janssen et al. (2011) recently found that the 

estimated health effects of 1 µg/m³ increase of BC were higher than those of PM2.5 

and PM10. This could reflect the toxicity of BC and additional compounds which could 

be adsorbed on BC surface. A study of BC on blood pressure levels on 280 women 

(> 50 years old) in Yuhhen (China) indicated strong correlation of BC with high blood 

pressure compared to the effect of PM2.5 of similar exposure quantities. The 

measured high pressure was 4.3 mmHg and 2.2 mmHg for 1 µg/m³ increase of BC 

and PM2.5, respectively. Comparable BC effects were also observed from relatively 

younger individuals (25-50 years) with 1.8 mmHg blood pressure increase due to BC 

and insignificant effects were seen from exposure to PM2.5. On average, BC 

influence on high blood pressure was three times higher on older individuals living in 

areas close to the highway. This was partly due to higher levels of these particulates 

from traffic emissions (Baumgartner et al., 2014:13232). These results indicate the 

importance of absorbing particulates on particularly on human health in addition to 

climate system. 

 

Although intensive research has verified significant impacts of absorbing particulates 

on human health and climate system, it is still challenging to accurately assess their 

effects because absorbing aerosols are still the least understood fractions of 

atmospheric particulates, globally (Bergstrom et al., 2007:5937; Petzold et al., 

2013:8371; Maritz et al., 2015:21). The impacts of absorbing aerosols on human 

health and environment signify the need for improving the understanding of their 

characteristics (e.g. aerosol composition, size) as well as their source origin (Feng et 

al., 2013:8607-8608). For example, from Baumgartner et al. (2014) study; it was 

difficult to exclusively evaluate the influence of individual particulates and their 

precise sources. Hence there was a possibility that the reported results of BC on 

blood pressure levels were based on the combination of absorbing particulates. That 

is, BC may have been an indicator of the larger category of combustion-related 

primary components such as PAH which can potentially increase blood pressure and 

contribute to adverse human health effects (Baumgartner et al., 2014:13233). As Qin 
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and Oduyemi (2003:1799) stated, understanding aerosol properties, sources and 

their contribution is one of the important parameters for improving aerosol 

characterization, air quality management and human health assessments because 

aerosol impacts can differ depending on these factors.   

 

Aerosol source origin is one of the important parameters which can have important 

information regarding aerosol characterization. Among other sources, residential fuel 

combustion has been recognised as one the significant sources of atmospheric 

particulates in many developing countries including South Africa (Pretorius et al., 

2015:261) which can also generate substantial proportions of absorbing aerosols.  

 

2.4 Domestic solid fuel combustion as a source of light-absorbing aerosols 

 

Domestic burning of fossil fuels is associated with the combustion of solid fuels in 

homes, particularly for space heating and cooking (Bond et al., 2002:1). This form of 

energy-use is a primary source of household energy to many low-income 

communities in developing countries (Mdluli, 2007: xiv). Approximately 3 billion of 

global population relies on domestic fuel combustion for energy supply (IEA, 

2011:56; EPA, 2012:9). Global estimates indicate that domestic solid fuel 

combustion is the second-most important source of BC (after biomass burning), 

which contributed ~25.1% of global BC emissions in year 2000 (EPA, 2012:2).  

 

South Africa is also one of the major source regions of light-absorbing aerosols, 

emitting an estimated 58 Gg of BC aerosols, which is approximately equal to 15% of 

USA light-absorbing aerosol emissions in 2000 (EPA, 2012:9). Within the estimated 

total BC emissions for South Africa, 16 Gg was generated from domestic fuel 

combustion, with another 16 Gg and 14 Gg originated from biomass burning and 

traffic emissions, respectively (EPA, 2012:98).  

 

In South Africa, intensive domestic fuel combustion is practiced in low-income 

settlements (Balmer, 2007:27) and solid fuels are one of the commonly burnt, used 

in approximately one-third of South African households particularly for cooking and 

heating (Norman et al., 2007:764). On average, this practice (domestic solid fuel 

combustion) is attributable to 17.6% of total population. Domestic solid fuel 
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combustion occur in all provinces but is most prevalent in Limpopo (39%), Eastern 

Cape (29%), Mpumalanga (24%), KwaZulu Natal (23%) and the Northern Cape 

(21%) (Department of Energy (DoE), 2013:13). The most common solid fuels include 

wood, coal, charcoal, animal waste and agricultural waste and paraffin (Scorgie, 

2012:29). In the year 2000, approximately 41 % of wood, 35% of coal, 13.9 % of 

paraffin and 2.9% of agricultural waste were combusted for energy in residential 

areas of South Africa (Energy Research Institute (ERI), 2001). In recent years, these 

estimates have dropped to 28% and 6% of wood and coal combustion, respectively 

(DoE, 2013:30). Balmer (2007:27) found that ~3% of total coal energy use in South 

Africa is burnt in low-income residential areas for household energy supply because 

electricity and its appliances are considered to be relatively costly. In Mpumalanga, 

26% of residents rely on coal for energy supply. This percentage is approximately 4 

factors higher than the national average (7%) (DoE, 2012:23). 

 

A survey done by the DoE (2013:13) indicates that the usage of solid fuel is  

continuously used for domestic energy in low-income communities due to the 

increase of electricity prices with the average residential tariffs rising from 60.6 to 

78.6 c/Kwh between 2010 and 2012. Scorgie et al. (2003) found that even electrified 

communities use fossil fuels such that 45% and 88% of electrified and non-

electrified, low-income households in the Vaal Triangle use coal as primary source of 

household energy, respectively. Recent report by the DoE (2013:22) shows that on 

average, 7% of total electrified households (which account for 60% of total 

population) still use solid fuels for domestic energy supply compared to 89% of 

domestic solid combustion used by un-electrified households (40% of total national 

population). These fuels (solid fuels) influence atmospheric aerosol mass loading 

and are associated with high levels of air pollution particularly in low-income 

settlements (Scorgie et al., 2003; Mdluli, 2007: xiv).  

 

On average, 16370 tonnes per year (8.8%) of total particulate matter were estimated 

to be emitted from domestic solid fuel combustion in 2002 in South Africa (DEA, 

2012). A study conducted by Mathee (2004) indicated that the City of Johannesburg 

has up to 48% of total mass aerosol particles originated from domestic fuel 

combustion for daily household energy needs. Recent research indicates that wood 
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and coal burnt domestically from all the selected sites (Johannesburg, Vaal Triangle, 

Mpumalanga, Tshwane, Ekurhuleni, Durban and Cape Town) can contribute up to 

44% and 56% of fine particulates (PM2.5) mass concentrations, respectively (Scorgie, 

2012:84). In relation to absorbing aerosols, Alade (2010) measured proportions of 

BC to PM2.5 which were 6% in winter, autumn and 5% summer in Elandsfontein. The 

highest percentage (15%) of BC mass proportions to PM2.5 was obtained in spring 

due to contributions from biomass burning which was frequent during spring season 

in Elandsfontein. Winter and autumn BC mass proportions were largely associated 

with local domestic coal combustion which was relatively significant in winter and 

lower in summer (Alade, 2010:59). Feig et al. (2015) reported BC mass 

concentration annual average which ranged between 1.8 µgm-³ and 2.1 µgm-³ in 

South African townships in the Vaal Triangle Airshed Priority Area and the Highveld 

Priority Area (Diepkloof, Sebokeng, Sharpeville, Witbank, Secunda, Three Rivers, 

Zamdela and Klieprivier). These areas were impacted by air particulates from 

domestic solid fuel combustion particularly in winter. From these sites, the annual 

average BC proportion of fine particulate matter was estimated to be approximately 

10%.  

From the literature, it is evident that domestic fuel combustion in South African 

townships is an important source of air pollutants that can contribute to local air 

pollution and thus can have negative implications on human well-being. 

 

2.4.1 The implications of domestic solid fuel combustion particulates on 

human health 

 

Domestic solid fuel burning-related aerosols can pose serious threats on human 

health (Scorgie, 2012:43; Kankaria et al., 2014:203; Kodros et al., 2015:8577; 

Lilieveld et al., 2015:367). This aerosol source primarily contributes BC, organic 

carbon particulates as well as inorganic sulfates (Butt et al., 2015: 874). Residential 

fuel combustion emissions from this source have been responsible for 2 million 

global annual deaths and have been ranked as the 6th highest mortality and the 5th 

disease risk factor in developing countries (WHO, 2009:11). Zhang and Smith 

(2007:848) found that domestic solid fuel combustion was responsible for 420 000 
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premature annual deaths in China. Recent research (Butt et al., 2015:874) indicated 

that sub-Saharan Africa was estimated to experience approximately 2% of global 

annual deaths due to domestic solid fuel combustion-related particulates. In year 

2000, 24% of children under the age of 5 years died from acute respiratory infection 

due to exposure to domestic solid fuel combustion pollutants in South Africa 

(Norman et al., 2007:767). Recently, Scorgie (2012:137) reported that approximately 

7% and 12% of hospital admission were attributed to residential wood and coal 

combustion, respectively in Mpumalanga. These solid fuels (i.e. wood and/ coal) 

have caused 24% of premature mortality in this region (Mpumalanga), 32% in 

Tshwane and 80% in Cape Town (Scorgie, 2012:130-135). But these estimates were 

only based on the effects of sulphur dioxide (SO2), nitrogen oxide (NOx) and PM10 

with limited information on the impacts of the light-absorbing fractions such as BC. 

Such impacts can be severe because BC effects can be 5 times more hazardous on 

human health than any inorganic particulates (Lilieveld et al., 2015:367). In addition 

to human health, research indicate that domestic-burning emissions can also have 

climate-related implications, as discussed on the next subsection. 

 

2.4.2 The implications of residential fuel combustion particulates on climate 

 

High levels of atmospheric particulates can modify local vertical temperature profiles 

and influence atmospheric stability and thus changes precipitation patterns. The 

reduction of rainfall in tropical Africa was associated with the accumulation of 

carbonaceous pollutants with high contributions from residential fuel burning 

(Talukdar et al., 2014:1). Microscopy analyses indicated that domestic fuel 

combustion from townships (e.g. Khayelitsha and Mitchell‟s Plain) in Cape Town, 

was one of the significant contributors of BC aerosols proportions (which ranged 

between 12% and 37% of total particulates) which also contributed to the formation 

of brown haze over Cape Town (Gwaze et al., 2007:37-38) and the visibility 

reduction in Cape Town (Walton, 2005:25).  

 

Ramana et al. (2010:542) found that fossil-fuel generated BC has 100% more 

effective warming potential than that from biomass burning. The difference on the 

warming potential of these aerosols is based on the ratio of BC to sulphate with 

fossil-fuel combustion having low sulphate content. Ramana et al. (2010:542) found 
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that the BC absorption efficiency was inversely proportional to the level of sulphate 

particulate within the measured sample having relatively higher absorption efficiency 

corresponding with lower sulphate level. This partly implies that domestic fuel 

combustion can have remarkable implications on the regional solar radiation balance 

and thus indirect effects on human well-being (e.g. reduced rainfall and increased 

surface temperatures and thus reduced agricultural production in relation to 

increased BC levels). However, fossil fuel emissions are controlled by various 

factors. As was stated by Makonese et al. (2014:14), solid fuel combustion emits 

airborne particulates. But the fuel combustion emissions differ with fuel type, ignition 

approach and the frequency of its combustion. Various factors which affect fuel 

combustion particularly on a domestic level are fully discussed on the next 

subsection 

 

2.5 The factors determining the emissions from solid fuel combustion in 

residential areas  

The carbon-rich fuels (e.g. coal, wood, natural gas), are some of the most burnt fuels 

on Earth. Fuel combustion can either be complete or incomplete based on the 

availability of oxygen and the sustainability of relatively high combustion 

temperatures (EPA, 2012:23). Complete fuel combustion favours the production of 

CO2 and water vapour (Streets et al., 2004:2). Incomplete combustion primarily 

generates significant amounts of atmospheric particulates (Scorgie, 2011:29; 

Praveen et al., 2012:1180; Jose & Gharai, 2014:103) including BC, BrC and PAH 

(Streets et al., 2004:2; EPA, 2012:207). This is because during incomplete fuel 

combustion, some of the carbon fraction is not completely converted to CO2 (EPA, 

2012:23). This process is common in domestic fossil fuel combustion because the 

burning of fossil fuel is never complete due to insufficient mixing of the burning fuel 

with oxygen (WHO, 2012:515) as the oxygen supply is normally not maintained and 

combustion temperature is generally low (UNEP, 2011:4).  

The generation of pollutants is determined by fuel burning efficiency which is highly 

dependent on fuel type and its moisture content, ignition temperature as well as the 

availability of air (EPA, 2012:23; Makonese et al., 2014:14). 
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2.5.1 Fuel type and moisture content 

The variability of fuel types (e.g. coal types such as peat, lignite or brown coal, sub-

bituminous, bituminous, anthracite and graphite) (Mugabo, 2011:15) can also affect 

combustion process and particulate emissions. This is because different fuel types 

have different levels of moisture content and impurities which influence their 

combustion efficiency (WHO, 2012:515). Low-grade coal (such as the sub-

bituminous (45% of water content) is the most abundant coal type in South Africa 

(Mohamed, 2008:6) and has high moisture content and impurities that inhibit the 

combustion process and facilitate incomplete fuel combustion (Dahl & Knipping, 

2001). High emissions of particulates are generated when low-grade coal is burnt 

domestically because household temperature fuel burning (<300˚C) is fairly low to 

efficiently burn such coal type (with impurities and high water content). Thus 

incomplete combustion can be very common during domestic fuel combustion which 

can lead to high amounts of pollutants emissions (Mugabo, 2011:8; WHO, 2012:516) 

including BC and BrC (Bergstrom et al., 2007:5940; Yang et al., 2009:2037) among 

other air pollutants. This is because high water-content and impurities can decrease 

the efficiency of burning, leading to incomplete combustion (Yang et al., 2009:2037). 

Water in a fuel can absorb large amount of heat due to its high specific heat (4.184 

Jg-1K-1). Evaporation of water during fuel combustion can take away significant 

amount of heat energy which could have increased the fuel temperature. In this way, 

higher moisture content reduces the efficiency of coal combustion and thus favours 

the production of incomplete burning particulates (Xu et al., 2013:118; Beamish & 

Grath, 2005:133).  

2.5.2 Ignition temperature 

The product of incomplete combustion generally results when temperature does not 

increase from the initial ignition temperature (Bond et al., 2004 cited by Naidoo, 

2014:12). This condition is characterized by large amounts of unburnt carbonaceous 

particulate matter coupled with pale-white smoke. This is generally observed during 

the initial stage of fuel combustion when the flame is invisible (Naidoo, 2014:12). 

Commonly, household fuels are burnt under low-temperatures (< 300˚C) compared 

to commercial combustion processes. Low-temperature combustion of fossil fuel 

facilitates the generation of high proportions of air pollutants (Mugabo, 2011:8) and 
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most likely to lead to incomplete fuel combustion due to low burning efficiency which 

can thus generates significant levels of absorbing particulates among other 

pollutants (Bond et al., 2002:6; Yang et al., 2009:2037).  

 

2.5.3 Oxygen supply 

 

The carbonaceous fuel burnt in household stoves can generate substantial amounts 

of particulates because of insufficient mixing of fuel with oxygen, leading to 

incomplete combustion process (WHO, 2012:515). Bond et al. (2002:6) reported 

higher particulate emissions associated with limited air-flow. Inadequate air supply 

(choked inlet) can restrict the combustion rate and thus reduce fuel-burning 

temperature leading to minimal fuel organic content graphitization (solidification of 

the organic material during solid fuel combustion process). This condition (limited air-

flow) favours the production of low-absorbing aerosols with low absorption efficiency 

(e.g. BrC). Increased air-flow promotes combustion and thermal increase leading to 

higher degree of organic material graphitization favouring BC production (Bond et al., 

2002:6). Poor condition domestic coal stoves used in Kwadela township in 

Mpumalanga (personal observations and interviews, 2014-2015) is likely to facilitate 

widely varying air flow and temperature which can facilitates incomplete fuel 

combustion and thus the production of light-absorbing particulates such as BC and 

BrC (EPA, 2012:23). 

 

2.5.4 Ignition method 

The method used to burn domestic fuel can also affect the characteristics of fuel 

combustion emissions (Makonese et al., 2014:14; Nuwarinda, 2007:8). According to 

Nuwarinda (2007:8), the bottom-up coal fire ignition approach (defined on the 

definition section) generates substantial amount of smoke. The top-down approach 

improves complete combustion of fossil fuel which significantly reduce pollutant 

emissions. Makonese et al. (2014:27) added that the bottom-up ignition method 

blocks oxygen flow from the bottom especially during initial phase and after refuelling 

thus inhibiting combustion efficiency. This condition can facilitate the production of 

brown carbon-related particulate matter (Bond et al., 2002:4).  
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Incomplete fuel combustion products are likely to be generated in low-income fuel 

burning households owing to poor fuel burning techniques in inefficient stoves 

(Naidoo, 2014:23). BrC and BC can both be emitted from solid fuel combustion 

(Bergstrom et al., 2007:5934; Praveen et al., 2012:1174) simply because for coal 

combustion process, wood (one of major a sources of BrC ) is commonly used to 

start the fire (Bond et al., 2002:3; Naidoo et al., 2014:36).   

 

According to Rodent et al. (2006:6753) coal combustion process is divided into three 

distinct phases namely, vigorous flaming, gentle flaming and smoldering phase. The 

first stage includes the substantial emissions of devolatilized organic content and 

smoke. The devolatization process occurs when partial aromatic organic matter is 

warmed-up and released due to thermal increase of the solid fuel. This happens 

during the initial combustion stage which can last up to 5 to 8 minutes (Bond et al., 

2002: 4; Rodent et al., 2006:6753). Bond et al. (2002:4-6) measured higher levels of 

BrC during the initial stage (vigorous flaming) of coal combustion. On the other hand, 

BC emissions were noted to dominate the initial vigorous stage of coal and wood 

combustion (Rodent et al., 2006:6753). During the second phase of coal combustion, 

both BC and BrC are emitted from solid fuel remains (Bond et al., 2002:6; Rodent et 

al., 2006:6753). But Bi et al. (2008:115) argued that BrC particulates are mostly 

generated on the last stage of fuel combustion when combustion process is on the 

smoldering phase. The EPA (2012:23) noted that open and uncontrolled combustion 

of solid fuels result in the formation of both BC and BrC because all the stages of 

combustion can occur simultaneously and unrestrained. 

 

The variability of particulate emission during coal combustion can be understood 

through analysing the degree of graphitization. According to Bond et al. (2002:6), the 

volatile organic matter has lower degree of graphitization. During the initial stage of 

fuel burning, such volatile matter is devolatilised and released. The remaining solid 

material becomes more graphitized particularly as combustion temperatures 

increase. Increased graphitization enhances absorption efficiency and effective 

absorption of lower energy wavelengths. This process favours the generation of BC 

during coal combustion.  
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BC, BrC and dust are characterized as light-absorbing aerosols because they have 

intrinsic factors which control the absorption of the wavelengths of solar radiation. 

The fundamental concept of light absorption is discussed in the next subsection. 

 

2.6 The concept of aerosol light-absorption 

 

Aerosols interact with solar radiation through absorption, scattering, refraction and 

reflection (Vallero, 2014:616); such that approximately 25% of the incident light 

photons which are propagating vertically in a typical urban area always interact with 

aerosols before reaching the ground (Toon & Pollack, 1980:268).  

The general concept of light reflection implies to when the incident light bounces 

back at the same angle as when it hits the aerosol surface. This generally occurs 

when light hits smooth surfaces. Refraction refers to when the incident light is bent 

towards a normal (a line which is perpendicular between two medium through-which 

light is propagating) when light passes from a less dense through a more dense 

medium which then limits the speed of the incident light. The bending of light occurs 

because light travels slower in a denser medium than it does in a less dense 

medium. When light travels from a dense to a less dense medium, the beam of light 

is generally refracted away from the normal (Aieta et al., 2012:1703). Light scattering 

is a form of aerosol-light attenuation which is characterized by the redirection of solar 

energy through an aerosol particle to all directions. This type of aerosol-light 

interaction happens when the incident light hits the particle and transfer 

electromagnetic force which charge aerosol species and thus facilitates movement of 

electrons and hence the emission of thermal energy to all directions. Aerosol light-

scattering is generally governed by aerosol composition, size such that very small 

particles scatter light to all direction approximately equally. As the particle size 

increase, major proportion of light is scattered at relatively forward direction 

(direction similar to that of the initial incident) though some is still reflected to other 

directions. Commonly, pure sulfates and nitrates are main scattering particulates 

which scatter a major fraction of incident light to all directions and thus contribute to 

surface cooling (Montilla et al., 2011:2163).  
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In a different manner, when sunlight passes through the atmosphere some of its 

energy is absorbed by atmospheric particulates (Johnson et al., 2004:1407; 

Schnaiter et al., 2006:2981; Bergstrom et al., 2007:5937; Muller et al., 2011:246). In 

principle, light-absorption occurs when photons of the electromagnetic energy are 

absorbed into an aerosol particle, causing vibrations and oscillations of the electrons 

in the particle. The oscillating electrons transform some of the light into thermal 

energy which increases the temperature of an aerosol and certain fraction of energy 

is released to the surrounding medium (Finlayson-Pitts & Pitts, 2000:43; Seinfeld & 

Pandis, 2006:691; Moosmüller et al., 2009:849). The specific wavelength absorbed 

by a particle is a factor of the amount of energy needed to move an electron from the 

lower energy to higher energy orbital. When such electrons fall back to the lower 

orbital, thermal energy is released from an aerosol (Preston-Whyte & Tyson, 

1988:24). Theoretically, a fraction of solar energy absorbed can be estimated 

through calculations as briefly illustrated in the next subsection.  

2.6.1 Quantification of light absorption in aerosol particles 

Aerosols absorb light differently, depending on their absorption efficiencies relative to 

the wavelength of light. The key parameters for aerosol light absorption is absorption 

cross-section α(abs) (m2) and absorption efficiency Q(abs) (unitless) (Bond & 

Bergstrom, 2006:10; Moosmüller et al., 2009:849). According to Moosmüller et al. 

(2009:849) the absorption cross-section for a single particle is a measure of the 

probability of light absorption at an area where the incident light impacts a particle. 

The Q(abs) (which determines how effectively a particle can absorb light) is 

characterized as the ratio of α(abs) and the geometric area of a particle (A=πr2 for 

spherical particles) expressed as: 

                                   
        

   
                                                                             (2.1) 

 

Since aerosols are generally measured as a collection of a number particles in a 

volume of air, the absorption efficiency of a sample of aerosols is called mass 

absorption efficiency (E(abs) ), which determines if aerosols can absorb solar radiation 

(Martins et al. 1998:32041). This parameter is characterized as the sum of all 

individual cross-sections over the sum of the mass of the particles expressed as: 
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                                                              (2.2) 

         where n is the number of particles in a sample and mi is mass of individual 

particles, generally measured in grams (g). 

 

There is a wide range of E(abs) values. Bond and Bergstrom (2006:7) previously 

reported BC E(abs) value of 7.5 m2g-1 at 550 nm. Also Lim et al. (2014:7789) argued 

that BC has a E(abs) of 7.7 m2g-1 at 520 nm. Instruments used to measure absorbing 

aerosols do have default E(abs) that are a function of wavelength of light and its 

attenuation by the absorbing particulates loading on the filter spot (Wang et al., 

2013:275). These are discussed for the aethalometer in more detail in Chapter 3 of 

the current document.  

For the aethalometer, default wavelength-specific E(abs) values are generally applied 

(Wang et al., 2013:275; Hansen, 2005:40) using equation 2.3:  

 

                        = 
      

 
                                                                                    (2.3) 

     where λ is the wavelength of light (nm)  

 

The Multi-Angle Absorption Photometer-(MAAP) is another instrument that measures 

aerosol absorption by using a standard E(abs) value of 6.6 m2g-1 at 670 nm. The 

standard E(abs) values are calibration factors which reduce the differences caused by 

instrumentally-dependent attributes which might affect optical analysis of BC  

measurements (Hansen, 2005:40). If possible, site-derived E(abs) values are mostly 

preferred for long-term absorbing aerosol measurements as they can improve the 

accuracy of quantifying BC particulates measured from time to time (Wang et al., 

2013:283). This is because E(abs) can vary based on aerosol composition, mixing 

state, light wavelength as well as variability in time and space of absorbing 

particulate measurements (Park et al., 2006:575; Avino et al., 2011:655; Xing et al., 

2014:1902). Xing et al. (2014) recently found seasonally-changing E(abs) ,having 

higher values (2.1 factors higher) obtained in summer compared to other seasons 
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(autumn, spring and winter) in Sichuan Basin area, and Pearl River Delta. This was 

mainly due to varying emission patterns and source types. Higher E(abs) were 

observed from biomass burning aerosol measurements, which dominated during late 

summer relative to residential solid fuel combustion particulates, which dominated in 

winter- in Beijing-Tianjin-Hebei, Yangtze River Delta, Sichuan Basin and Pearl River 

Delta areas. Wang et al. (2013:1902) also found varying E(abs) values which ranged 

from 0.47 m2g-1 to 5.15 m2g-1, signifying the effect of temporal and spatial variability 

on E(abs) measurements.  

 

Such variations in E(abs) signify the importance of using site-derived E(abs) for 

improved BC measurements (Xing et al., 2014:1902). Accurate measurements of 

this aerosol type are crucial for improved evaluation of its human health, regional 

climate and local environment (Wang et al., 2013:275). Park et al. (2006) found site-

specific E(abs) values (5.5 m2g-1 for MAAP and 10 m2g-1 for AE-31) which were 

substantially different from the default E(abs) values for MAAP (6.6 m2g-1 at 670 nm) 

and Aethalometer (16.6 m2g-1 at 880 nm). Such differences were possibly due to 

changing composition and size of sampled aerosols, which then affected the 

measurements of E(abs). For that matter, Park et al. (2006:483) argued that default 

E(abs) values may not be suitable to give accurately BC measurements, mainly 

because the conversion of these values disregard multiple artifacts due scattering 

effects particularly on the aethalometer.   

 

The absorption cross-sections can further be used in computing the absorption 

coefficient σ(abs) (Mm-1), which is applied to estimate the total energy absorbed by a 

sample of light-absorbing aerosols in a volume of air (Bond & Bergstrom, 2006:27; 

Moosmüller et al., 2009:849). Light absorption coefficient is a key parameter to 

estimate the radiative impacts of light-absorbing on climate (Praveen et al., 

2012:1179). This parameter is expressed as the sum of individual absorption cross-

sections divided by the volume V (m3) of aerosols: 

                                 
∑         

 

   

 
                                                                   (2.4) 

      where n is the number of particles per volume (V) of aerosols and α(abs) is 

absorption cross-section. 
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In general the internal analytical BC light-absorption measurements used in 

instruments like the Aethalometer-22;31 and MAAP-5012 allows the estimation of 

absorption coefficient to be calculated as a product of aerosol mass concentration 

and mass absorption efficiency (E(abs)) as applied by Wu et al. (2009); Yang et al. 

(2009) and Laakso et al. (2012). Aerosol light absorption is however dependent on 

different factors, which can affect the amount of light being absorbed by a particle 

through space and time. 

 

2.6.2 Factors affecting light absorption 

 

The fundamental factors affecting the absorption of light by aerosol particles include  

chemical composition (Schnaiter et al., 2006:2982; Bond & Bergstrom, 2006:27; 

Vallero, 2014:616), size, the complex refractive index, and mixing state (Signorell & 

Reid, 2010:269-270; Wright, 2012:9). The absorption of light by aerosols is also 

dependent upon the wavelength of the incident light (Abel, 2004:6; Seinfeld & 

Pandis, 2006:693). 

 

2.6.2.1 Chemical composition 

 

Aerosol chemical composition varies greatly. Individual aerosol particle can have 

homogenous chemical composition or a mixture of chemical constituents 

(heterogeneous) (Shandilya et al., 2009:107). Chemical composition is largely 

influenced by the source origin of the aerosol (Madhavan, 2008 3; Calvo et al., 

2013:2) but can be complicated by emissions from different sources being mixed and 

resulting in reactions with radicals and oxidants in the atmosphere (Signorell & Reid, 

2010:269-270).  

 

Aerosols can scatter or absorb solar radiation differently partly based on their 

chemical composition. For example, aerosols that have high inorganic content, such 

as sulfates and nitrate particles, can efficiently scatter whereas BC-dominated 

particulates can strongly absorb visible light energy (Signorell & Reid, 2010: 270). 

Aerosol chemical composition can influence aerosols  interaction with solar radiation 

because it controls some of the important intrinsic parameters such as aerosol 
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complex refractive index, which can significantly affect the amount of solar energy 

absorbed by aerosol particle (Dinar et al., 2008:279; Yang et al., 2009:2036; Vallero, 

2014:616) as discussed below.  

 

2.6.2.2. Complex refractive index 

 

A complex refractive index is the fundamental microphysical property that controls 

how much energy can be absorbed by an aerosol (Dinar et al., 2008:279; Signorell & 

Reid, 2010: 270). This parameter is characterized as: 

                                                                                                               (2.5) 

   where n is the real part representing the scattering fraction and k is the imaginary 

part influenced by light absorption by a particle (Moosmüller et al., 2009:849). 

The complex refractive index can significantly influence aerosol light absorption 

(Signorell & Reid, 2010: 270). The real and imaginary part of the refractive index 

describes the scattering and absorption efficiency, respectively, such that highly 

absorbing aerosols have a higher imaginary index than purely scattering or weak 

absorbing particles (Seinfeld & Pandis, 2006:693; Madhavan, 2008:5). On average, 

the imaginary part of the refractive index increases with the absorbing aerosol ability 

(Bergstrom et al., 2002:572). BC is the most absorbing aerosols indicated by a 

relatively high imaginary index value (Seinfeld & Pandis, 2006:693). Generally, fossil 

fuel combustion-related aerosols are dominated by BC and thus have higher 

imaginary value of the refractive index (Madhavan, 2008:5). Some commonly used 

complex refractive index values of selected particulates are presented in Table 2.1.  
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Generally, some particulates do not have unique refractive indices (Table 2.1). A 

wide range of refractive index of the same aerosol type, is partly due to the 

differences of methods used to estimate this parameter (Kokhanovsky, 2016:251). 

Additionally, the variability of the combustion processes which are governed by the 

fuel type being burnt, the combustion temperature as well as the amount of 

hydrocarbons in the fuel can affect the composition of emitted particulates and thus 

the value of refractive index of the measured aerosols (Bergstrom et al., 2002: 572). 

As for dust, a range of refractive indices are attributed to the differences in sources 

origin and mineralogical stage of dust particulates which can significantly influence 

its intrinsic absorption properties such as refractive index (Petzold et al., 2009:118). 

Recently Feng et al. (2013:8610) noted that the differences of the refractive indices 

are due to measured size distribution and/densities used in Mie calculations 

(discussed below) for obtaining refractive index of a particular aerosol type. BC 

refractive index differences could also be due to the inconsistency on the definition of 

Table 2.1:The refractive indices of the common substances                            

     Substance M=n-ik (at 550 

nm)                          

Reference 

Black carbon 1.75-i4.4x10
-1 

1.75-i7.9x10
-1
 

Hess et al.,1998 

Bond & Bergstrom, 2006 

Dust 1.55-i5.5x10
-3
 

1.56-i6.0x10
-3
 

Hess et al., 1998 

Tegen & Lacis.,1996 

Ammonium 

Sulfates 

1.55-i0.0x10
-3
 Michel-Flores et al., 2012 

Ammonium 

Nitrates 

1.81-2.44x10
-2
 Jarzembski et al., 2003 

        Water 1.33-i1.96x10
-9

 Hess et al., 1998 

       Sea salt 1.5-i1.0x10
-9
 Hess et al.,1998 
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BC terminology. At times, the term black carbon is used as a generic name to 

describe all the carbonaceous absorbing aerosols (Weingartner et al., 2003:1446; 

Seinfeld & Pandis, 2006:60-61; Petzold et al., 2013:8366) which may have different 

chemical composition. The complexity of chemical composition can substantially 

affect estimations of refractive index as this parameter is strongly dependent on 

chemical composition of a particle (Dinar et al., 2008:279; Yang et al., 2009:2036; 

Vallero, 2014:616). Such refractive index may also be misinterpreted as that of a 

specific BC aerosol type. However, the refractive indices noted by Hess et al. (1998) 

as well as Bond and Bergstrom (2006) (Table 2.1), specifically referred to BC as 

precise strong-light absorbing aerosol type. The same applies to this study as BC is 

used as an individual light-absorbing particulate.  

Mathematically, the relationship between light absorption and refractive index is 

characterized as: 

                                     
   

 
                                                                        (2.6) 

         where σ(abs) is the light-absorption coefficient (σ(abs) is the same as in equation 

2.4); k is the imaginary part of the refractive index and λ is the wavelength of the 

incident light.  

Equation (2.6) shows the dependence of the absorption coefficient on the imaginary 

refractive index and wavelength (Schuster et al., 2015:20912; Kokhanovsky, 

2016:251). The refractive index for BC is relatively constant through visible and near 

infrared region (Bond & Bergstrom, 2006:27; Moteki et al., 2010:514; Kokhanovsky, 

2016:265). However, the imaginary index for BrC and hematite dust decreases with 

wavelength, with the highest values in short wavelength region (Kokhanovsky, 

2016:251). Wagner et al. (2012:2503) measured the imaginary value of 0.15 for red 

hematite dust at ultraviolet region which decreased to 0.003 towards the 

longwavelength region. Similarly, a substantial decrease of BrC imaginary index from 

ultraviolet region to near-infrared region was obtained by Dinar et al. (2008: 274). 

Moreover, Feng et al. (2013:8607) found the decrease of imaginary refractive index 

with wavelength; indicating the presence of BrC aerosols with a lesser absorbing 

potential at longwavelengths compared to BC.  
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While the refractive index is an important factor that impacts aerosol light absorption, 

this parameter is not an exclusive determinant of light-absorption. Particle size has 

also been shown to have significant influence on light-absorption by aerosols. 

2.6.2.3. Particle Size 

Particle size is also one of the important factors which influence the interaction of 

aerosol particles with solar radiation (Calvo et al., 2013:2; Kokhanovsky et al., 

2016:252). In general, aerosols light-absorption is dependent on particle size relative 

to the size of the wavelength of solar radiation (Gadhavi & Jayaraman, 2010:103). 

The effect of particle size on light absorption can be understood through the Mie 

theory. This theory is a set of computational applications which can be used to 

quantify light absorption of any particle relative to the wavelength of light (Seinfeld & 

Pandis, 2006:696). Based on the Mie theory, the attenuation of light by aerosols is 

divided into three regimes, depending on the size of a particle with respect to the 

wavelength of light. The regimes include Rayleigh, Mie and Geometrical regime 

(Seinfeld & Pandis, 2006:696).  

 

For spherical particles, size (x, unitless) is given as a ratio of the aerosol 

circumference and the wavelength (λ) of light (nm) expressed as: 

 

                                    x= 
   

 
                                                                           (2.7) 

         where r is the radius of the particle (nm). 

Aerosols which are very small (x<1) compared to the wavelength of incident light, fall 

within Rayleigh regime (Moosmüller et al., 2009:850; Signorell & Reid, 2010:272). 

The absorption of light at this regime is most significant for small particles (≤0.1 µm) 

(Seinfeld & Pandis, 2006:696). In the Rayleigh regime, aerosol absorption efficiency 

can be characterized as: 
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                                                    4x.ik|
    

    
|                                                      (2.8) 

        where ik is the imaginary part of the complex refractive index (m) and x is the 

size parameter 

Commonly, particulates which fall within the Raleigh regime are smaller-sized 

accumulation aerosols. Based on their size, these particulates generally have longer 

atmospheric lifetime and are mostly generated from fossil fuel combustion sources, 

hence light absorption at this regime is significant in fossil-fuel dominated conditions 

(Seinfeld & Pandis, 2006:698; Moosmüller et al., 2009:850). Apart from light 

absorption by small size aerosols, another fraction of light is absorbed by relatively 

larger particulates. 

Particles with large size relative to the wavelength (x >1) absorb light at the 

geometric scattering regime. These aerosols normally have aerodynamic size which 

is greater than 4µm (Signorell & Reid, 2010:273). In this regime, the particle 

absorption efficiency can be quantified as:  

                                                      
 

 
 

 

 
[            ]                             (2.9) 

      where m is the refractive index, x is the size of the particle; n and k denote the 

real and imaginary parts of the refractive index, respectively (Seinfeld & Pandis, 

2006:698).   

Most importantly in this regime, the total light attenuation approaches 2 as the 

particle size increases (Moosmüller et al., 2009:851; Signorell & Reid, 2010:273). 

This is because for larger particles, the incident light absorption is limited on the 

outer layers of the particles; hence absorption efficiency decreases significantly with 

the increase of particle size. On the contrary, more significant absorption can be 

measured on relatively smaller-sized particulates because the incident light can hit 

the center of the particle and thus increase its absorption efficiency (Bond & 

Bergstrom, 2006:10).  

In the Mie scattering regime, aerosols have size which is similar to that of the 

incident wavelength (Seinfeld & Pandis, 2006:698). According to Signorell and Reid 

(2010), the computation of absorption at this regime can be achieved from: 
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              (2.10) 

    where n is the real part of the refractive index; ai and bi are Mie coefficients 

(unitless) which can be calculated from Bessel–Riccatti function (Cox et al., 2002, 

cited by Signorell & Reid, 2010:273).  

At the Mie regime, aerosols with imaginary refractive index that is close to 1 (i.e. 

relatively strong absorbing particulates) can substantially decrease their absorption 

ability as particle size increase from 0.1 µm. However, the absorption efficiency for 

less absorbing particulates with k=0.5 increase for small sizes (<0.05 µm) and starts 

decreasing, however, slower compared to strong-absorbing particulates. The 

absorption efficiency then decrease steadily and propagates to E(abs) close to 1 as 

the size increases (Figure 2.2) (Martins et al., 1998).  

 

Figure 2.2 Graphical representation of the effect of particle size on light absorption 

efficiency for particulates with different refractive indices (Martins et al., 1998) 

In addition to particle size, the shape of a particle can also affect light-absorption 

such that more compacted aged-BC aerosols have higher absorption efficiency than 

fresh granules (Martins et al., 1998:32046). This is because fresh BC molecules are 
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generally chains of aggregates and less likely to be mixed with non-absorbing 

material. The interaction of such aggregates with water vapour and other 

atmospheric particulates such as non-absorbing material can collapse the 

particulates, forming closely-packed structures. The latter particulates (closely 

packed structures) have different optical properties and possibly higher absorption 

efficiency than the initial fresh granules (Martins et al., 1998:32046). The increase of 

absorption on aged particles can be partly due to aerosol internal mixing with non-

absorbing material, and this is fully discussed in the subsequent sections below. 

Light absorption by fresh black carbon aerosols is largely dependent on how the BC 

chains are aligned with the direction of the incident light. Effective absorption (which 

can increase by 60%) occurs when a chain of fresh spherules are perpendicularly 

aligned with the direction of the incident light.  Minimal absorption is observed when 

these particles are positioned parallel to the direction of transmission of the 

wavelength of light (Gelencsér, 2004:37). All these aerosol optical parameters affect 

particulate light-absorption ability but they (aerosol optical parameters) are also 

subject to change in space and time partly due to aerosol mixing. 

 

2.6.2.4 Aerosol mixing state 

 

Aerosols can be mixed with other absorbing or non-absorbing atmospheric species 

such as sulfates, nitrates, organics, dust and sea salt particulates (Moffet & Prather, 

2009). Generally, aerosol mixing is characterized as internal mixing and external 

mixing. Internal aerosol mixing state can be understood as the aerosol compositional 

state where one aerosol is mixed with multiple components (e.g. BC core with 

sulphate coating), and external mixing is when one particle has its pure chemical 

composition (i.e. pure sulphate or pure BC) (Martins et al., 1998:32041; Bond & 

Bergstrom, 2006:7; Muller et al., 2011:246) as shown on Figure 2.3. 
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Figure 2. 3 Schematic representation of the internal mixing state (left) and external 

mixing state (right) of BC and non-absorbing particulates aerosols (Martins et al., 

1998)  

The mixing of chemical components can significantly affect aerosol absorption 

efficiency (Signorell & Reid, 2010:270) by altering aerosol chemical composition, 

size distribution, hygroscopicity (ability to take up water) as well as its complex 

refractive index (Lesins et al., 2002:1) and BC is highly sensitive to aerosol mixing 

(Jacobson, 2001:694).  

 

Although BC is regarded to be chemically resistant (which means that, its chemical 

composition does not simply change under normal conditions) (Hansen, 2005:17; 

Ning et al., 2013:32); the internal mixing of this aerosol-type with non-absorbing 

easily species can increase its light-absorption efficiency (Yang et al., 2009:2045; 

Kokhanovsky, 2016:258) by an average factor of 1.9 (Schnaiter et al., 2006:2981; 

Chung et al., 2012:1) such that if all BC particulates were internally-mixed, the global 

black carbon radiative effect would increase by a factor of 1.4 (Chung et al., 2012:1). 

Wu et al. (2015:1185) observed the increase of mass absorption efficiency from 7.7 

m2g-1 of the pure BC to 10.2 m2g-1 (at 550 nm) when BC particulates were coated by 

non-absorbing material.  

Martin et al. (1999:32042) argued that the effect of mixing is governed by the shell-

radius particularly of a non-absorbing material. With this respect, Fuller et al. 
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(1999:15941); Res et al. (2006:D16207) argued that the absorption efficiency of 

aerosols which are completely covered with scattering particulates can be increased 

by up to 30% but Bond et al. (2006:1) reported absorption enhancement of up to 

50%, with aged particles having 1.5 factor higher absorption than fresh particulates. 

The theory behind such absorption is that the non-absorbing material which coat BC, 

serves as a lensing effect, which directs solar radiation to the absorbing core, thus 

increasing the absorption of solar radiation (Martins et al., 1998:32042; Lack & 

Langridge, 2013:10536; Kokhanovsky, 2016:258). Other than BC, mineral dust is 

also commonly coated by a layer of organic material which changes its refractive 

index, and thus its absorption properties (Abo Riziq et al., 2008:1824). 

 

All these factors determine how aerosols interact with the wavelengths of the 

incident light, such that the absorption varies with each aerosol type depending on its 

properties relative to the wavelength of light. The variability of light absorption 

through a wide wavelength spectrum is understood as the absorption wavelength 

dependence, which is discussed in the next sub-section. 

 

2.6.3 Absorption wavelength dependence 

 

Incoming solar radiation has a range of wavelengths including ultraviolet, visible and 

infrared range (Figure 2.4).  
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Figure 2.4 An electromagnetic spectrum of sunlight. (Source: 

http://www.livephysics.com/physical-constants/optics-pc/wavelength-colors/) 

The ultraviolet and infrared wavelengths lie within short-wavelengths and long-

wavelengths, respectively and are thus commonly referred to as such. Generally, 

aerosols absorb different wavelengths uniquely depending on their optical properties 

(Kirchstetter et al., 2004; Bergstrom et al., 2007:5939; Yang et al., 2009:2035-2036; 

Manoharan et al., 2014:1160). Hence, the concept of aerosol absorption wavelength-

dependency can be understood as the variability of light-absorption through different 

wavelengths of the electromagnetic spectrum (Wang et al., 2013:277). Absorption 
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wavelength dependence can be quantified by the absorption Ångström exponent 

(AAE) which was introduced by Ångström (1929) and explicitly expressed as:  

 

                          AAE= - 
    

     

     
  

    
  

  
 

                                                                  (2.11)                            

 

    where AAE is the absorption Ångström exponent; σ(λi) is the absorption coefficient 
at two wavelengths (λ1 and λ2). 
  

The concept of BC light absorption is illustrated in Figure 2.5, where AAE denotes 

the negative slope of log-log plot of absorption coefficient (Mm-1) versus wavelength 

(µm). 

 

 

Figure 2.5 The illustration of the concept of light absorption by BC (thin solid line) 

and combination of BC and BrC (thick solid line) over a wide range of wavelengths. 

The Absorption Ångström Exponent which is indicated as AAC, has the same 

meaning as AAE used in this document. The AAE is defined as the negative slope of 

log-log slope of black carbon absorption coefficient over wavelength (λ i) (Moosmüller 

et al., 2009). 
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The Ångström exponent can also be used to analyze the scattering and extinction 

(sum of scattering and absorption) coefficient wavelength dependence. For 

scattering, and extinction wavelength dependence analyses, similar equation (2.11) 

can be used with scattering coefficient and extinction coefficient allocated 

accordingly (Backman et al., 2014:4286). Generally, scattering Ångström exponent 

(SAE) is applicable in evaluation of scattering by particles of different size distribution 

(Valenzuela et al., 2015:2) and extinction Ångström exponent (EAE) gives 

information about the dominating aerosol size distribution (Costabile et al., 

2013:2455; Li et al., 2013:216).  

 

Aerosol absorption wavelength-dependency is a useful tool for the estimation of 

aerosol types and their sources (Backman et al., 2014:4286) as well as absorbing 

aerosols radiative forcing (Praveen et al., 2012:1179). The AAE measures the 

strength of aerosol light-absorption spectral dependency (Kirchstetter et al., 2004:4; 

Rodent et al., 2006:6753; Bond et al., 2013) such that values of AAE=1 and AAE>1 

suggest weak and strong wavelength dependency, respectively (Garg et al., 

2016:815). However, there is no strong consensus on the strength of the relationship 

between specific AAE values and specific aerosol compositions (Kaskaoutis et al., 

2007: 6358). This is partly due to that AAE can be strongly affected by the correction 

algorithm used to correct the instrument artifacts (Petzold et al., 2013:8365). 

 

The diversity of the light absorbing aerosols can be indicated by a wide range of AAE 

values (Bond et al., 2002:2). Aerosols with AAE=1 are generally dominated by BC 

(Wu et al., 2009, Filep et al., 2013:56); however Kirchstetter et al. (2004); Bergstrom 

et al. (2007) argued that AAE between 0.8 and 1.1 can also represent BC particularly 

from diesel combustion. The strong light-absorption wavelength dependency 

(AAE>1) suggests the presence of other absorbing aerosol types (Moosmüller et al., 

2011:1218) those which mostly result from low-temperature incomplete fuel 

combustion processes such as biomass burning (Kirchstetter et al., 2004). BrC is 

commonly denoted by AAE~2 at short-wavelength region (Gyawali et al., 

2009:8010). Additionally, AAE~2.9 suggest the presence of mineral dust particulates 

(Bergstrom et al., 2007:5940). The AAE values which range between 1 and 2 

indicate the presence of both BC and BrC from mixed sources (Praveen et al., 
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2012:1180; Jose & Gharai, 2014:103). These AAE values can be used to detect the 

presence of dominant absorbing aerosol type because they have different absorption 

abilities at different wavelengths. 

 

BrC aerosols are highly sensitive to shortwavelength (Kirchstetter et al., 2004; 

Praveen et al., 2012:1179) whereas hematite mineral dust can effectively absorb   

660 nm wavelength of visible light (Hansen, 2005:38). Additionally, clay minerals 

absorb all the wavelengths from ultraviolet to near-infrared region (Moosmüller et al., 

2009:855). Such variabilities in dust mineralogy results to wide Ångström exponents 

of this aerosol type (Yang et al., 2009:2043). However, commonly the absorption of 

light by dust particles decreases rapidly with increase in wavelength (Yang et al., 

2009:2036). Additionally, the presence of aromatic hydrocarbons can enhance the 

absorption of ultraviolet wavelengths (Hansen, 2005:38; Esposito et al., 2012:1006) 

therefore ultraviolet rays are attenuated more than the rest of solar wavelengths 

when there is an abundance of aromatic hydrocarbons (Andreae & Gelencsér, 

2006:3142). The presence of inorganic materials can also be pronounced through an 

enhanced absorption of 880 to 950 nm wavelengths of solar radiation (Hansen, 

2005:38). Although AAE is normally referred to as a useful indicator of aerosol types, 

this parameter is also governed by other aerosol intrinsic factors such as refractive 

index hence AAE is strongly affected by variability of aerosol chemical composition.  

 

AAE can be influenced by the aerosol imaginary refractive index, (Schuster et al., 

2015:20916) and has commonly been used in conjunction with refractive index to 

indicate aerosol type. Kokhanovsky (2016:265), Bergstrom et al. (2007:5940); Yang 

et al. (2009:2045); Moosmüller et al., (2011:1218) argued that relatively constant BC 

imaginary refractive index, determines its weak light absorption wavelength 

dependence especially at visible and near infrared region wavelength. Bergstrom et 

al. (2002); Rodent et al. (2006:6753) noted that AAE=1 indicates the presence of 

aerosols with constant refractive index and small size relative to the wavelength. 

However, the refractive index cannot be used as an exclusive factor determining 

AAE because chemical composition (an important factor of refractive index) is prone 

to change due to aerosol mixing (Backman et al., 2014:4286).  
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BrC has a highly wavelength-dependent imaginary refractive index; which is higher 

at shorter wavelengths relative to longwavelengths (Dinar et al., 2008: 274; 

Moosmüller et al., 2009:848; Chakrabarty et al., 2010:6364). Similarly, Hansen 

(2005:38); Kokhanovsky (2016:251) measured higher dust imaginary refractive index 

at shortwavelengths relative to longwavelengths. Correspondingly, the imaginary 

refractive value of 0.15 for red hematite dust at ultraviolet region which decreased to 

0.003 towards the longwavelength region was discovered by Wagner et al. 

(2012:2503). Due to the wavelength-dependent imaginary refractive indices, mineral 

dust and brown carbon effectively absorb shortwavelength than longwavelengths 

(Schuster et al., 2015:20916) and their absorption wavelength dependent is 

generally represented by large AAE values (Andreae & Gelencsér, 2006:3142). 

Apart from refractive index; aerosol mixing state and particle size can also 

significantly influence AAE values (Schuster et al., 2015:20917).  

 

The internal aerosol mixing state can increase the AAE by a factor of 1.4 (Schuster 

et al., 2015:20918). However, although a complete embedment of BC aerosols 

within a non-absorbing material can increase its absorbing aerosol absorption 

efficiency  by 30% to 50% (Lim et al., 2014:7789), there is still limited information to 

accurately correlate the effect of internal mixing with the increase of AAE values 

(Yang et al., 2009:2045). Previously Schnaiter et al. (2006); Bergstrom et al. (2007); 

Gyawali et al. (2009) argued that BC internal coating increase the imaginary 

refractive index and consequently decrease AAE values particularly when the shell 

thickness is between 0.5 and 1.5 µm (Wu et al., 2015:1179). Such reduction of AAE 

values is due to the enhancement of absorption at long wavelengths relative to 

shortwavelength (Chung et al., 2012:1632). The decrease of AAE due to coating can 

be common during hazy conditions and sulfate-rich pollution events (Lee et al., 

2014:3; Chung et al., 2012:1632). This is due to the abundance of scattering material 

such as secondary inorganic and organic compounds, increasing the probability of 

aerosol internal mixing (Wu et al., 2015:1185). Praveen et al. (2012:1178) also found 

that BC internally coated by non-absorbing material can lead to increased 

absorption. However, they found that when exposed to high relative humidity 

(>80%), the coating material retains water, thus increasing black carbon particle size. 

This effect leads to more light being scattered than absorbed (Praveen et al., 

2012:1178). 
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Apart from the effects of chemical composition alterations, the AAE can also be 

affected by particles size distribution (Wu et al., 2015: 1184; Schuster et al., 

2015:20921). The AAE can decrease significantly when size exceeds 10 µm in 

diameter (Gyawali et al., 2009:8011; Wu et al., 2015:1184). However, Schuster et al. 

(2015:20200) reported even smaller size range by arguing that AAE <1 specifically 

indicates the absorption of light by coarse aerosols with diameter greater than 4 µm 

regardless of the imaginary index value. All these reports indicate the importance of 

aerosol mixing state, refractive and size distribution on AAE which can be used to 

estimate absorbing aerosol types. 

2.6.3.1 The application of AAE in identifying aerosol types 

The analysis of wavelength dependency has been widely used to estimate aerosol 

types which dominate absorbing aerosol fractions. This has been done by selecting 

a specific wavelengths pair because AAE is sensitive to the wavelengths of light 

(Favez et al., 2009:3643). The absorption wavelength pairs 370/590, 590/950 and 

370/950 nm were used in this study. These pairs have been commonly used to 

analyse chemical composition of the measured absorbing-aerosols (e.g. Sandradewi 

et al., 2008; Herich et al., 2014; Favez et al., 2010). The selection of wavelength 

bands to analyse absorption coefficient wavelength is partly dependent on the 

available wavelengths on the instrument used and also on which wavelengths are 

more stable for absorption measurements. Some research (e.g. Chakrabarty et al., 

2010) has used scanning electron microscopy with 405 nm and 532 nm wavelengths 

whereas Kirchstetter et al. (2004) used a multiwavelength light transmission 

instrument which can adjust up to 10 wavelength bands (75, 400, 470,525, 590, 616, 

660, 780, 880, and 940 nm). The seven-wavelength aethalometer with wavelengths 

ranging from 370,470,520,590,660,880 and 950 nm has also been widely used to 

estimate aerosol types as shown on Table 2.2. 
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In some cases, the 370 nm aethalometer band is excluded on light absorption 

wavelength dependence analysis. According to Esposito et al. (2012:1006), 370 nm 

band does not give accurate results for organic carbon aerosols because high 

AAE Wavelength 
pair (nm) 

Source type Reference 

Winter            Summer 

1.25                   0.9 

1.35                   1.0 

      1.15                0.95-1.05 

 

470/880 

470/880 

470/880 

 

Fuel burning(rural) 

Fuel burning (rural) 

Diesel exhaust 

 

Herich et al., 2011 

6.4 

2.4 

405/532 

532/780 

Biomass fuel 

Biomass fuel 

Chakrabatry et al., 
2010 

2.2 

1 

370/1000 

370/1000 

Wood burning 

Diesel exhaust 

Kirchstetter et al., 
2004 

1.86 

1.1 

470/950 

470/950 

Wood burning 

Traffic 

Sandradewi et al., 
2008 

1.46 

1.35 

1.82 

370/950 

370/950 

470/660 

Coal pollution 

Chimney plumes 

Dust 

Yang et al., 2009 

~1 

~2 

370/950 

370/950 

Fossil fuel 

Wood burning 

Gadhavi & 
Jayaraman, 2010 

1.09 370/950 Fossil fuel Tiwari et al., 2015 

1.1 

1.86 

470/950 

470/950 

Diesel exhaust 

Wood burning 

Sandradewi et al., 
2008 

           2.2               1.2 370/950 Wood burning and 
traffic 

Sandradewi et al., 
2008 

           1.25              1.25 370/950 Wood burning Favez et al., 2009 

Table 2.2 The absorbing aerosol types estimated from analysis of absorption 

wavelength dependence at different wavelength pairs using multiple instruments 
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absorption of this band can just be due to the presence of poly-aromatic compounds 

and not brown carbon. Thus, this band cannot be used for quantification of organic 

carbon but can be applied only for detecting these aerosol types. A number of 

studies (e.g. Sandradewi et al., 2008; Herich et al., 2011; Herich et al., 2014; Favez 

et al., 2010) have used 470/950 nm band to apportion the amount of absorbing 

aerosols from fossil fuel combustion and that from wood combustion following 

apportionment algorithm which was introduced by Sandradewi et al. (2008). But in 

that study (Sandradewi et al., 2008), it was specified that the reason for 370nm band 

exclusion was only because this wavelength band was faulty (Sandradewi et al., 

2008:3318). Other studies (e.g. Favez et al., 2009; Yang et al., 2009; Gadhavi & 

Jayaraman, 2010; Jose & Gharai, 2014; Tiwari et al., 2015) have also detected the 

presence of dominating absorbing aerosols by using 370/950 nm wavelength as 

applied in this study. With respect to band selection, Garg et al. (2016:818) found 

that there is no systematic bias between 370/880 nm; 370/950 nm and 470/950 nm 

wavelength pairs thus these pairs can be used to analyse the absorption wavelength 

dependency, and to get information on the source apportionment for various light-

absorbing aerosols such as domestic-related aerosols. 

All these parameters highlight the importance of aerosol properties in understanding 

atmospheric particulates, which are further affected by the variability of 

meteorological conditions, discussed in the next subsection.  

 

2.7 Meteorological influence on atmospheric particulates 

The levels of atmospheric particulates in the atmosphere are related to emissions 

source strength and the influence of meteorological conditions (Verma & Desai, 

2008:358). Ambient air temperature, wind speed and direction, relative humidity as 

well as the dynamics of the boundary layer are the prominent meteorological 

parameters that can have substantial influence on the accumulation and distribution 

of pollutants in the atmosphere (Seinfeld & Pandis, 2006:384; Jayamurugan et al., 

2013:1). The following section gives a brief analysis on how the meteorological 

factors such as wind and boundary layer affect levels of air pollutants in the 

atmosphere.   
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Wind and boundary layer were selected for the purpose of the study because they 

are closely associated with both short-term and long-term distribution of local 

pollutants. Precipitation is also a useful parameter in understanding absorption 

aerosols behavior as it also impacts levels of particulates in the atmosphere and how 

they are distributed in space and time, however there was limited rainfall during the 

measurement campaign, hence the influence of precipitation is not exclusively 

discussed in the current document.  

An atmospheric boundary layer is defined as the lower part of the atmosphere that is 

constantly responding towards the direct influence of dynamic changes of the earth 

surface forcing (heat transfer, pollutant emissions, evaporation and transpiration). A 

boundary layer plays a key role on surface air pollution accumulation and dispersal 

(Luhunga, 2013:1). The effects of the boundary layer on pollutant levels can be 

understood by temperature inversion phenomenon.  

 

The increase of ground air temperatures can facilitates  vertical mixing of 

particulates. This is common during the day. Generally, these conditions occur when 

sun rays heat the ground and are converted to sensible heat which warms the 

surrounding air causing convection currents. Warm air become less dense thus rises 

while being displaced by cooler air (Preston-Whyte & Tyson, 1988:295). This 

process encourages vertical mixing of air pollutants and thus pollution dispersal. 

Conversely, when the sun sets, the ground loses heat rapidly and cools the air 

molecules near the surface. However, since air is a poor conductor of heat, the air 

aloft remains warmer than the air near the ground causing surface inversion and 

restricting vertical dispersion of air pollutants. These situations are more pronounced 

during winter season when nights are longer, calm and clear and the sudden 

collapsing of the inversion layer is not very common (Preston-Whyte & Tyson, 

1988:295).  

The typical boundary layer heights of Kwadela are shown on Figure 2.6. 

Measurements were based on South African Weather Service (SAWS) surface and 

ERA-interim upper-air dataset as input in the AEROMET meteorological pre-

processor done between 2009 and 2013. These were considered applicable 

illustration for the current study because there was a remarkable consistency over 
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the years (2009-2013). The mechanical primary boundary layer (PBL) (Figure 2.6) 

refers to a boundary layer mixing which is particularly caused by wind friction. 

Convection primary boundary layer is closely associated with surface heat transfer 

due to solar radiation which causes fluctuations of a boundary layer. Convective PBL 

is more pronounced during the day when sunrays are more prevalent, on average, 

this is particularly true between 6:00 am and 17:30 pm in Kwadela as indicated in 

Figure 2.6.   

 

 

Figure 2.6 The typical boundary layer height due to surface heating (red) and wind 

(blue) prevailing in Kwadela. Modelled data were taken between 2009 and 2013 

(Burger & Piketh, 2015). 

Long lasting high pressure systems over the area can enable longer inversion layers.  

The persistent high pressure system in Mpumalanga creates subtropical subsidence 

and prohibits cloud formation over the region (Tyson & Preston-Whyte, 2000) and 

promote surface inversions; which occur during 80% and 40% of winter and summer 

nights, respectively (Msukaligwa Municipality Final Report, 2010,54). High levels of 

pollutants can positively enforce the stability of the boundary layer, thus decreasing 

the boundary layer height and consequently increasing near-surface pollutants levels 

(Petäjä et al., 2016:1). Increased temperatures can also enhance vertical mixing and 
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enable deeper boundary layer, facilitating the dissipation of air pollutants and thus 

leading to lower levels of pollution. Such conditions are mostly pronounced in 

summer.  

Wind can also control the vertical and horizontal distribution of air pollutants (Walton, 

2005:8). The generation of wind near the ground encourages the dispersal of low-

level air pollutants (Verma & Desai 2008, 358). Faster wind speeds increase the rate 

of aerosol dispersal due to the formation of turbulences caused by surface 

roughness and shearing of air layers; transporting air pollutants along the wind 

direction (Preston-Whyte & Tyson, 1988) thus affecting the level of near-surface air 

pollution particularly on a local scale. 

******************************************************************************************************* 

The literature study provided the conceptual framework of light-absorbing aerosols. 

The main context noted was that aerosols interact with solar radiation differently 

depending on their properties such as size and chemical composition. Domestic 

burning related absorbing fractions were discussed in details including the intrinsic 

factors controlling solid fuel combustion emissions. It was also noted that aerosols 

can change through space and time due to variations of aerosol optical properties 

and thus their light-absorption efficiencies. The theoretical quantification of light-

absorption was also defined. The climatic and human health-related impacts were 

outlined and respiratory-related diseases were the most commonly discussed human 

health impacts associated with light-absorbing aerosols. Meteorological conditions 

influencing air pollution levels were also discussed.  

The review indicated that absorbing particulates can have adverse effect on human 

and environment and their absorption efficiencies vary through space and time 

therefore there is a serious need of continuous improvement of characterization and 

monitoring of these aerosols. Hence the next chapter illustrates the methods 

conducted in measuring absorbing air pollutants and characterization procedures 

followed from data collected on a local scale, in a small income settlement.  

******************************************************************************************************** 
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CHAPTER 3 METHODS AND MATERIALS 

This chapter illustrates the experimental design of the current project. The detailed 

information on the procedures conducted in answering the research questions. The 

instruments used and the related technicality is explicitly defined.   

3.1 Experimental design 

The current research progressed through different phases (Figure 3.1) which were 

thoroughly managed for the successful completion of the study.  

 

Figure 3.1 The experimental stages undertaken from the beginning to the completion 

of the study. 
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Phase one of the study involved the identification of the research gap and 

development of research aims and objectives. The selection of the study site, 

sampling instruments and periods of measurements was also conducted on the first 

stage.  

Phase two comprised of the preparations and testing of the instruments efficiencies 

prior to sampling. The instrument transportation, the onsite installations and 

measurements settings were also included on this stage of the research.  

Phase three included data collections and storages. The weekly visits which were to 

monitor the functionality of the instruments for the entire sampling period were 

started from this stage onwards.  

Data analyses and interpretations were done on phase four of the research, followed 

by local and international presentations as well as the continuous work used for 

compilation of the current dissertation, which provides detailed information of the 

work done and the results coupled with conclusions drawn from the study.  

The additional information was obtained from informal interviews and observations of 

energy use and methods of fuel burning by households; land cover as well as traffic 

changes during the weekly visits which were started from phase three to phase 

seven. Other activities included data analyses and dissertation compilation which 

forms major part of the campaign.  

3.2 Study site description 

The ambient air mass concentration measurements of light absorbing particles were 

taken at Kwadela Township (26⁰27‟48”S 29⁰39‟50”E) in Mpumalanga (Figure 3.1). 

This region is regarded to have the highest levels of air pollution in South Africa 

(Freiman & Piketh, 2003:994). Such pollutant intensities result from a wide range of 

anthropogenic activities, namely mining operations and extensive coal landfills; 

transportation as well as coal-energy generation (Lourens et al., 2011:1) and the 

large number of industrial activities intensifies air pollution in this region (Scorgie et 

al., 2003).  
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Figure 3.2 (a) The location of Kwadela Township in Mpumalanga region. (b) The site 

of the sampling station within Kwadela settlement (Burger & Piketh, 2015).  

 

The study site was situated in Mpumalanga in the north-eastern side of South Africa 

as indicated by a solid box (Figure 3.2). The solid circles in Figure 3.2(a) highlight 

the major cities of South Africa. Figure 3.2(b) represents the location of the 

measuring station, which is indicated by a star in Kwadela location. The shaded 

regions are the built-up settlements and the lines symbolize roads and railway line at 

Kwadela proximity, which can be seen on the aerial photograph (Figure 3.3).  
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Figure 3.3 Aerial photograph of Kwadela settlement (Burger & Piketh, 2015) 

 

Kwadela Township is located between the towns of Bethal and Ermelo; 

approximately 500 m away from N-17 road within Gert Sibande district, at the 

western edge of Msukaligwa Municipality area (Figure 3.2). The settlement has 

approximately 984 households with an unreliable energy supply (Burger & Piketh, 

2015:5). There are no well-established economic sectors, and existing businesses 

include small coal retailers supplying the local community with coal. The study area 

is isolated for approximately 40 km in all directions to the closest industrial centres. 

There is high consumption of coal in the study area. The majority of households 

confirmed to burn at least 5kg of coal a day especially in winter as they rely on coal 

as a source of energy and heat (personal communication, 2014-2015). The 

households still use the bottom-up coal fire ignition approach, which produce high 

quantities of air pollutants (Nuwarinda, 2007:8) as they claim it is the only effective 

and a „traditional‟ method of making fire. Due to the widespread use of coal, Kwadela 

Township was a potential site to study domestic-related fractions of absorbing 

aerosols.   
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The land use around Kwadela is dominated by natural grasslands (63.21% of the 

19600 km2) and cultivated, commercial dryland (25.72% of the 19600 km2 

surrounding area) (Burger & Piketh, 2015:5). The study area is subject to strong 

temperature seasonality, associated with dry and cold winter, and warm summer 

seasons. The average temperature ranges of ambient temperatures measured 

during the sampling period were between 4˚C and 21˚C in winter; also 12˚C and 

25˚C in summer. However, temperatures dropped to as low as -3.8˚C in winter 

nights. Such extremely cold weather is influenced by the westerly disturbances 

associated with cold front. The persistent high pressure system creating high altitude 

and subtropical subsidence over the region is associated with limited cloud cover 

and thus limited precipitation (Tyson & Preston-Whyte, 2000).  

This project was part of North West University (NWU) collaboration with the Council 

for Science and Industrial Research (CSIR) five year- field campaign in the Highveld 

Priority Area, analysing the composition of the atmospheric particulates to better 

understand the sources of the aerosols in low-income settlements in the Highveld. 

The campaign deployed ambient air quality through the characterization of trace 

gases (sulphur dioxide (SO2), nitrogen oxide (NOx), ozone (O3), carbon monoxide 

(CO), carbon dioxide (CO2) and benzene, toluene, ethylbenzene, and xylenes 

(BTEX)), particulate matter (PM2.5 and PM10), aerosol absorbing fraction, 

meteorological parameters (relative humidity, rainfall, wind speed and direction, 

temperature) and indoor air quality (PM4, CO and SO2 mass concentrations) as well 

as the thermal efficiency (indoor air temperature). The current project characterized 

light-absorbing particulates to improve the understanding of aerosols from low-

income settlements with the use of the aethalometer (AE)-22 and aethalometer (AE)-

31(AF985d8; USA Magee Scientific).  

 

3.3 Absorbing aerosols mass concentration measurements 

 

The first ambient air sampling was performed from the 18 July-18 September 2014, 

representing winter season. The summer season sampling period began from the 18  

February-13 April 2015.  
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The measurements for the current project were carried out through a quantitative 

approach by the use of the AE-22 in the winter 2014 and AE-31 in the summer 2015 

campaign. These instruments give real-time measurements which do not require 

laboratory analysis and are suitable for both short and long-term light-absorbing 

aerosol measurements (Muller et al., 2011:251). The AE-31 was preferred for the 

study because it provides a wide spectrum of wavelengths that can be used to detect 

a variety of light-absorbing aerosols deposited on a filter tape (Muller et al., 

2011:250) and thus give an indication of the dominating absorbing particulate in the 

study area. However, there was a delay in purchasing the AE-31, and thus the AE-

22 was used in the winter 2014 campaign. The aethalometer instruments have been 

widely applied in air quality research field in urban, industrial, rural and remote areas 

(e.g. Ramachandran & Rajesh, 2007; Sandradewi et al., 2008; Favez et al., 2010; 

Hyvärinen et al., 2011; Safai et al., 2014; Segura et al., 2014; Herich et al., 2014)  

 

Both AE-22 and AE-31 instruments use a similar measuring approach, but at 

different wavelengths. The AE-22 measures aerosol light absorption at 370 and 880 

nm whereas AE-31 performs aerosol light absorption at 370, 470, 520, 590, 660, 880 

and 950 nm wavelengths. The use of the different wavelengths in AE-31 provides an 

extensive spectral range for different aerosol particles to absorb light. Therefore, it 

can be used to identify different types of light-absorbing components suspended in 

the air sample (Hansen, 2005:38; Herich et al., 2014:65).  

Due to the differences in measurement wavelengths, only the measurements from 

880nm wavelength were used where summer and winter levels are compared. This 

band is critical because it is considered to be a true measure of the principal 

absorbing aerosols such as black carbon. At 880 nm, BC absorbs light effectively 

and the other absorbing particulates (e.g. dust and BrC) have insignificant absorption 

at this band (Hansen, 2005:33). BC is a useful qualitative description of the total 

light-absorbing fraction of atmospheric aerosols (Petzold et al., 2013:8373) and one 

of the main constituents of anthropogenic fuel combustion aerosols (Ramachandran 

& Rajesh, 2007). There are no significant systematic differences between similar 

wavelengths of the AE-31 and AE-22 (Muller et al., 2011:254); therefore 

measurements from the two instruments could be compared. 
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3.3.1 Aethalometer operation  

The name aethalometer refers to a Greek word “aethaloun”, meaning to “blacken 

with soot” (Hansen, 2005:25; Madhavan, 2008:28). Aethalometers are available in 

different versions partly depending on the number of wavelengths they have. The 

AE-22 and AE-31 have similar outside appearance (Figure 3.3 (b)). Each 

aethalometer is equipped with an internal computer which programs the attenuation 

of light from air samples collected on a filter spot area which can be chosen to be 0.5 

cm2 or 1.67 cm2. The smaller spot area (i.e. 0.5 cm2) is highly sensitive to 

attenuation measurements but reaches saturation quicker than the standard spot 

size (i.e.1.67 cm2) thus the filter advances more often and is consumed faster when 

0.5 cm2 is used (Hansen, 2005:53). Each aethalometer has a set of light-emitting 

diodes with specific wavelengths related to a specific instrument. Meaning, the AE-

22 has a light source of 370 nm and 880 nm wavelength compared to the AE-31 

which has a light beam of a 7 discrete spectral range (370, 470, 520, 590, 660, 880 

and 950 nm). Data is continuously recorded on a removable floppy disk inserted 

inside the instrument. Aethalometers are designed to measure real-time attenuation 

of a beam of light transmitted in a sample at specific successive intervals (Hansen, 

2005:9) 

 

3.3.1.1. Instrument set-up 

The aethalometer instruments were housed in a mobile air-conditioned monitoring 

station located at the local primary school, close to the interior of township (Figure 

3.3) for increased exposure to domestic absorbing-aerosols sources. The 

instruments were connected to the main glass gas inlet port which sampled from 3 m 

above the roof in both seasons. The inlet did not have a size cut-off. The 

manufacturer noted that the aethalometer generally impact particulates which are 

greater 10 µm (PM10). 

 



61 

 

Figure 3.4 (a) The mobile measurement station located at the local primary school. 

(b) The aethalometer instrument which was placed inside the station and connected 

to the inlet which collected ambient air samples. (c) The filter tape which collects air 

samples and analytically measure absorbing aerosols which are deposited on the 

filter spot which turns darker as the air samples are loaded. 

 

During the measurements of the current study, the aethalometer automatically drew 

air samples through an inlet port. The inlet continuously drew air pollutants of an 

average aerodynamic size less than 10 μm through the inlet-port at a rate of 4 litres 

per minute which was constantly stabilized by an internal flow meter. These settings 

were recommended for normal ambient air monitoring in urban areas (Hansen, 

2005:13). Each collected air sample was deposited on a standard spot (1.67 cm²) of 

a quartz filter tape. The light-source of multiple wavelengths arrays was 

automatically transmitted through a reference spot (without a sample) and also the 

sample-loaded spot on quartz filter tape. The instrument optically measured the 
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attenuation (ATN) of the beam of light transmitted through a blank reference and 

sample-loaded spot which were designated as I0 and I, respectively. Measurements 

were done based on the equation: 

 

                                      
  

 
                                                                  (3.1) 

   where ATN is the attenuation of light at an empty reference spot (I0) and at sample 

through sample-loaded spot (I)  

The measurements were based on the assumption that light attenuation is linearly 

related to mass concentrations of BC in a sample. The change of light attenuation by 

filter loading during the time interval (∆t (λ,t)), was defined by an aerosol absorption 

coefficient (σ): 

 

                                  
                        

     
                                                      (3.2) 

 

    where, A is the area (m2) of the filter spot and F is the volumetric flow rate (litres 

per minute).  

The measured σ was converted into corresponding black carbon mass concentration 

(Mbc) (Muller, et al., 2011:254) defined by the following equation: 

                                              
      

      
                                                            (3.3)   

    where σ(abs) is the aerosol absorption coefficient (Mm-1); E(abs) (same as in 

equation 2.3) is the mass-absorption efficiency of BC which is 14625/λ m2g-1 (a 

Magee (Aethalometer company) calibration factor used to convert optical attenuation 

to BC  mass concentration (Hansen, 2005:40))  

The sample-loaded spot automatically advanced when the attenuation reached 125 

at any wavelength band. This attenuation level was set to avoid saturation of the 

filter spot which could impact on the instrument‟s sensitivity to absorbing aerosol 

fractions due to the shadowing effect (Hansen, 2005:61). BC mass concentration 

measurements were recorded every 5 minutes for the entire sampling campaign.  
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The instruments were primarily used to measure mass concentrations of light-

absorbing aerosols. Mass concentration is referred to as the amount of aerosols 

present in the unit volume of air (Marinoni et al., 2010: 8380) thus useful for studying 

air pollution (Madhavan, 2009:22) Furthermore; this aerosol parameter (aerosol 

mass concentrations) can be used to estimate light-absorption coefficient (Wright, 

2012: 23) which is a key parameter to evaluate the radiative impacts of light-

absorbing on climate (Petzold et al., 2013: 8367). The wavelength dependency of 

this aerosol property (light-absorption coefficient) gives important information on 

chemical composition which can be used to understand the sources of particulates 

and their effects on human and the environment (Wang et al., 2013: 276) as 

discussed on Chapter 2 above.  

3.4 Aethalometer data treatment  

 

For data consistency and validity, raw data were pre-processed based on the criteria 

of data noise and validity. Data noise resulted from small random fluctuations on the 

voltage signal. These fluctuations affected the attenuation measurements and such 

errors were characterized by artificially small or large values arising within a 

relatively monotonic trend (Hansen, 2005:82). Such random data points were 

omitted from raw dataset. Correcting noise in the data was important because it can 

affect the calculations of absorption coefficient wavelength dependence (Segura et 

al., 2014:2377).  

Moreover, the mass concentration negative and absolute zero values were regarded 

as invalid for urban ambient air and thus were discarded. Overall, approximately 1% 

and 31% of total winter and summer data were discarded, respectively. 

Consequently, 14 064 and 10 568 5-minute averaged data points were applied to 

characterize the absorbing aerosol fraction during winter and summer, respectively. 

High percentage of summer erroneous data was partly due to the unintended faults 

which occurred during summer campaign installations. This include, positioning the 

instrument directly next to air conditioner which according to the manufacturer 

affected data analysis and contribute to erroneous data.  
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Several studies (Weingartner et al., 2003:1447; Arnott et al., 2005:19) have shown 

that the aethalometer is subject to errors associated with filter-embedded scattering 

aerosols and shadowing effect. The shadowing effect results from the accumulation 

of aerosols on the filter spot, affecting the sensitivity of the instrument as samples 

are increasingly loaded; thus leading to uncertainties on absorbing aerosol mass 

concentration measurements. These uncertainties are estimated to be ±20% 

(Moorthy et al., 2007:2296; Favez et al., 2009:3641).  

The Weingartner et al., (2003) algorithm was used to correct aethalometer data at 

multiple wavelengths as demonstrated by Sandradewi et al., (2008); Favez et al., 

(2010) and Segura et al., (2014), using: 

                                        
    

       
                                                            (3.4) 

    where σabs, and σatn, is the corrected absorption coefficient and the attenuation 

(uncorrected) coefficient, respectively.  

Parameter C defines the effects caused by multiple scattering of filter matrix in the 

unloaded filter which enhances the optical path and increases the absorption of 

deposited particles. The Ratn parameter measures artifacts resulting from particle 

loading. The Ratn parameter is assumed to be unity before aerosol loading, but 

decreases gradually with an increase of absorption due to accumulating particles in 

the filter, leading to the reduction of optical path and reduced absorption. As a 

consequence, generally lower absorption coefficients are measured for higher filter 

loadings than for lightly loaded filters (Weingartner et al., 2003:1447). A constant   

(C) = 2.14 was adapted from Weingartner et al. (2003) to reduce scattering errors 

associated with filter fibres. This value is wavelength independent and suitable for 

data correction for urban monitoring (Arnott et al., 2005:19).  
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Parameter Ratn was determined according to the following equation: 

 

                                 =(
 

 
    

              

           
 +1]                                             (3.5) 

 

   where atn corresponds to the light attenuation, and f is the shadowing factor which 

corrects the artefacts associated with aerosol loading.  

 

The factor (f) was achieved by minimizing the difference between the ratios (r) of 

absorption coefficient before and after filter tape advances (equation 3.6), following 

Sandradewi et al. (2008); Favez et al. (2010) and Segura et al. (2014) algorithm.  

 

A ratio (r) was calculated from the average of 4 consecutive absorption coefficients 

(σabs) obtained before the filter spot changed and another average of 4 σabs 

measured after the filter spot change. This ratio is demonstrated as:  

                                
 ̅          

 ̅         
                                                                                                 (3.6) 

       where  ̅           and  ̅          refer to the average absorbing coefficients (which 

have been treated for scattering artefacts by C=2.14 using equation (3.4) and 

assuming Ratn as unity) taken before and after filter change, respectively. That is: 

     

                                 ̅           
∑       

 
   

 
                                                        (3.7)   

However, the appropriate σabs (i.e. those which are useful for minimising shadowing 

effect) used in equation (3.7) were selected by using equation (3.8).  

 
 

                                  =
    

 
 

 
    

              

           
    

                                                              (3.8) 

 
The f-values were iterated on 3.8 and chosen such that if (3.8) was substituted in 

(3.6) , the ratio (r) would be close to 1, then selected f-values were applicable for the 

reduction of shadowing effect on equation (3.5) (Segura et al., 2014, personal 

communications). The f-values estimated for this study are given on Table 3.1 
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Table 3.1 The shadowing factor (f) values estimated at different wavelengths for 

winter and summer dataset. 

    Season 370 nm 470 nm 520 nm 590 nm 660 nm 880 nm 950 nm 

Winter f-values 1.17   -    -   -   - 1.03  - 

Summer f-values 1.19 1.15 1.12 1.09 1.07 1.04 1.01 

Note: Winter sampling used a dual aethalometer (AE-22) which only uses 370 nm and 880 nm 

wavelength  

 

The corrected aethalometer data were compared with the Multi-angle Absorption 

Photometer (MAAP-5012) data.  

The MAAP is filter-based equipment which measures mass concentration of BC and 

aerosol light absorption properties. Unlike Aethalometer AE31, MAAP measures light 

attenuation under a single electromagnetic band which is 670 nm (Muller et al., 

2011). In the MAAP, an absorption coefficient of aerosol collected on a filter is 

determined through multiple scattering and absorption enhancement due to 

reflections from the filter (Petzold et al., 2005). A sample of air drawn into the MAAP 

is deposited onto the fibrous filter tape. While the sample is still on the filter tape, a 

670 nm visible light is projected through the transparent aerosol inlet onto the 

deposited aerosol particles and the light transmitted through the deposited aerosol 

particles and reflected back is measured by a series of photo detectors (Figure 3.5). 
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Figure 3.5 A schematic diagram of airflow through MAAP instrument             

(https://www.thermofisher.com/order/catalog/product/MODEL5012) 

 

BC concentration measurements are then calculated from the integrated calculations 

of the light absorbed and scattered through from a sample loaded on a fibre filter 

(Petzold & Schönlinner, 2004; Petzold et al, 2005). BC mass concentrations are 

analytically calculated based on:  

 

 

                             
             

    
                                                                               (3.9) 

 

   where Mbc is the mass (g) of black carbon;  0 is a single scattering albedo; X1 is 

transmittance; A = area of the collecting filter spot (2.0 cm²) and Eabs is mass 

absorption efficient (= 6.6 m²g-1 for MAAP)  

 

The MAAP instrument served as a reference because it is a widely accepted 

reference instrument and has improved accuracy in absorption measurements 

(Petzold & Schönlinner, 2004:421; Segura et al., 2014:2374) as it measures 

scattered radiation at all angles (Petzold & Schönlinner, 2004:421). The level of 

accuracy is improved particularly when 165⁰ is the reflectance signal used to 
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calculate absorption coefficient (Hyvärinen et al., 2013:81). The MAAP was deployed 

in the similar sampling spot as the Aethalometer instruments in both winter and 

summer sampling periods. 

The corrected aethalometer data indicated good correlation (R2=0.68) with the 

MAAP–5012 data, which were concurrently measured. Consequently, it was 

assumed that aethalometer data had improved quality with ±12% uncertainty 

(Petzold & Schönlinner, 2004:421), therefore could be used for air quality 

interpretations.  

Although, the MAAP has been stated to have improved analytical accuracy in the 

field; this instrument uses a single wavelength and thus was not appropriate for 

analysis of absorption coefficient wavelength behaviour over a wide spectral range 

for the purpose of the study, hence the aethalometer was used instead.  

3.5 Particulate matter mass measurements  

In addition to absorbing aerosol measurements, mass concentrations of particulate 

matter with aerodynamic size less or equal to 2.5 µm (PM2.5) and 10 µm (PM10) were 

also measured. Such data was applied to estimate the proportions of light absorbing 

aerosols to total particulate matter. The data for particulate matter and 

meteorological parameters were adapted from measurements conducted by the 

NWU Kwadela Campaign technical team. All the instruments applied for data used in 

this study were operating concurrently at the same measuring station in both winter 

and summer sampling periods.   

 

Briefly, the PM2.5 was measured by the E-BAM monitor, which takes real-time 

measurements of fine particulates (≤ 2.5 µm). In this monitor, mass concentrations of 

PM2.5 are computed from the attenuation of beta particles (low-energy electrons). 

These particles are constantly emitted by a carbon-14 source. The amount of 

particles emitted is detected and counted by an internal counter. The particulate 

sample deposited onto a filter tape attenuate a certain amount of beta particles. The 

difference between the number of beta particles before and after attenuation is used 

to estimate mass concentrations of fine particulate matter deposited on a filter tape 

at a time. The BAM works in a similar principle but measures PM10 (MetOne 

instruments: http://www.metone.com/). 
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3.6 Meteorological parameters measurements 

 

Wind speed and direction was measured by a RM Young 051030. This is a four 

blade propeller instrument. As the propeller rotates, the wind strength is signalled as 

a voltage sent to the data logger. Wind direction measured by the anemometer, 

which was computed in a vane within the RM Young instrument (RM Young, 2016).  

 

Table 3.2 A summary of instrumentation applied during winter (2014) and summer 

(2015) sampling periods  

Parameter Instrument                     Range                    Time-base  

Particulate matter  

mass concentrations 

 

Absorbing aerosols 

Black carbon 

PM10 

PM2.5 

AE-22; AE-31                                             -                                    5 minutes 

MAAP-5012                                               -                                     1 minute 

Horiba BAM 1020                             0 to 1000 𝜇g m
-3

                     1 minute 

MetOne E-Bam 1020                         0 to 650 𝜇g m
-3

                       1minute 

 

 

Meteorology   

 

Wind speed and 

direction 

 

Young 05103 0                                   0 to 100 m/s                          1 minute 

 

 

 

3.7 Data Quality Control  

 

The aethalometer were factory-calibrated at Åerosol (Slovenia) and the other 

instruments were serviced at EnviroCon Instrumentation Company (North Cliff, 

Gauteng) before sampling to ensure data quality. The aethalometers were also 

tested for consistency and reliability for a period of 5 consecutive days at NWU Air 

Quality laboratory in Potchefstroom prior to the field monitoring. The measurements 

were done indoors on the first floor of a double-storey building. The aethalometer 
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was placed on a table close to the window which opened to the university road and a 

small parking lot. The measured absorbing particulates were possibly from cigarette 

smoke from passer-by‟s and vehicle emissions from the road which is few meters 

from the laboratory. The testing was to check if the instrument worked properly (e.g. 

filter tape advances properly; parameter settings (time, time-base and flow rate) 

were consistent). Data did not show obvious errors such as unexpected data 

discontinuity other than data gaps that were attributed to filter tape advances. 

However, no reference instrument was used for comparison at that time. 

Instrument functioning was monitored on weekly basis over the entire sampling 

period as part of the quality control procedures. The instruments were checked for 

error and if there was enough filter tape and space on the diskette for data storage in 

the aethalometer. 

 

3.8 Data analysis 

All data were downloaded on a Microsoft Excel-2010 spread sheet. The data were 

presented as graphs and tables compiled on the Statistica-12 analysis program.   

Data observations were analysed mainly through time series analyses. The daily 

averages were used to analyse day to day changes of light-absorbing aerosols mass 

concentrations. These trends were useful for the detecting possible fluctuations due 

to specific events (e.g. open veld fire) or meteorological conditions (e.g. rainfall) and 

the influence of temperature seasonality on aerosol mass loading. Daily aerosol 

mass concentration trends were characterised on line graphs, which were useful in 

identification of temporal anomalies that needed further analysis.   

The diurnal trends were also used to understand hourly variabilities of absorbing 

aerosol properties and the influence of anthropogenic activities as well as boundary 

layer changes on aerosol levels. These trends are useful for understanding short-

term patterns of absorbing particulate optical properties. For this matter, box and 

whisker plots were applied to analyse the distribution of light absorbing aerosol mass 

concentrations to exhibit the distribution of pollutant levels by analysing their mean, 

median, minimum and maximum levels within each hour over the period of 24 hours. 

The boundary layer height was characterised on line graphs, wind variability was 
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represented as wind roses (Burger & Piketh, 2014:19-22; Burger & Piketh, 2015:18-

21) and diurnal changes of absorbing aerosol mass fractions to particulate matter 

were analysed on histograms. Diurnal trends were also used to analyse the 

absorption Ångstrӧm exponent behaviour in order to estimate anthropogenic-related 

sources of light-absorbing aerosols. Moreover, the inter-correlation of the hourly-

averaged absorbing aerosols measurements with different pollutants and 

meteorological parameters such as wind was used to further analyse the sources 

and their strength on absorbing aerosol mass loading. 

The correlation and regression techniques of scatter plots were used to evaluate the 

statistical significance of the parameters. Furthermore, tables were selected for 

tabulation of instrumentation used; and also for efficient interpretation and 

comparisons of pollutant proportions measured at different locations. 

 ******************************************************************************************************* 

This chapter has fully outlined the methodologies applied to answer the research 

questions of the current project. The quantitative approach was applied for continual 

measurements of ambient absorbing aerosols mass concentrations in the study 

area.  The total particulate matter and meteorological data used were also described. 

The limitations of the instruments and data corrections were discussed in this 

section.  Moreover, procedures taken for data analyses were explained. 

 

The next chapter fully outlines and discusses the findings of the current research and 

give recommendations for future research. 

******************************************************************************************************** 
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CHAPTER 4 RESULTS AND DISCUSSION  

This chapter gives detailed information on the results achieved from the research. 

Intensive discussion is also given based on knowledge from previous studies with 

reference to the results obtained. 

4.1. General overview of air particulate matter air pollution level in Kwadela 

Kwadela experiences relatively high levels of particulate matter, particularly in winter. 

Such poor air quality was indicated by a number of particulate matter mass 

concentrations daily averages, which exceeded the recent air quality standard for 

PM10 and PM2.5 (i.e. 75 µg/m3 and 40 µg/m3 for PM10 and PM2.5, respectively) 

particularly in winter (Burger & Piketh, 2014:28; Burger & Piketh, 2015:28). On 

average the intensive wind prevailing from the south and the north bring higher air 

pollution southwards and northwards during winter and summer, respectively (Figure 

4.1). 
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Figure 4.1 Pollution rose for PM10 (in parts per billion (ppb)) for winter (top) and 

summer (bottom). The length of each line corresponds with frequency of the data in 

that direction and concentration value. The line colour represents the magnitude of 

particulate concentration (Burger & Piketh, 2014; Burger & Piketh, 2015).  
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Variations in air pollution levels were mainly due to the influence of local emissions 

coupled with prevailing wind speed and direction. A previous study found that the 

main sources contributing to fine and coarse particulate matter during winter air 

pollution include fossil fuel and agricultural waste burning as well as vehicle 

emissions (van der Berg et al., 2015). These sources generally generate substantial 

proportions of light absorbing aerosols, among other particulates (Bond et al., 

2002:6; Rodent et al., 2006:6753; Walton, 2005:7; IPCC, 2007; Moosmüller et al., 

2009:854; EPA, 2012:1-2). Results for the measured absorbing aerosols are fully 

illustrated and discussed in the subsequent subsections.  

4.2. Temporal variations of light-absorbing aerosol mass concentrations 

 

Ambient mass concentrations of light-absorbing particulates were measured 

during winter and summer. From the seasonal absorbing aerosols mass 

concentrations, it was apparent that these particulates were present in both 

seasons, with higher levels observed in winter (Figure 4.2).  
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Figure 4.2 Daily-averaged winter (a) and summer (b) light-absorbing aerosol mass 

concentrations. The boxes represent mean values.  

 

Winter concentrations were 2.9 times higher than summer levels with maximum and 

minimum values of 3.51 µg/m³ and 0.63 µg/m³. In summer, daily maximum and 

minimum averages were 1.41 µg/m³ and 0.37 µg/m³ , respectively. For the 5-minute 
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averaged data, absorbing aerosol mass concentrations peaked by 58.91 µg/m³ and 

36.91 µg/m³ in winter and summer, respectively.  

 

During the winter campaign, approximately 95% of mass concentrations ranged 

between 1.5 µg/m³ and 2.5 µg/m³. In this campaign, the highest levels were obtained 

in mid-winter and early spring and the lowest were in late winter. A relatively 

equivalent distribution of daily averaged mass concentrations was observed during 

summer with 90% of measurements fluctuating between 0.6 µg/m³ and 0.7 µg/m³ 

(Figure 4.2).  

 

For the hourly averages, light-absorbing aerosols mass concentrations indicated 

distinct diurnal bimodal cycles, with peaks during morning and afternoon peak hours 

in both seasons (Figure 4.3).  
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Figure 4.3 The diurnal distribution of light-absorbing aerosols mass concentrations 

measured during winter (a) and summer (b). The horizontal lines represent the 

medians; the limits of the red black boxes are 25th and 75th percentile. The vertical 

line extends to the 5th and 95th percentile. The stars and open dots represent 

extremes and outliers and the solid orange dots are mean values. The outliers and 

extremes are defined as the individual points plotted beyond the 5th and the 95th 

percentile. The summer and winter scale were kept the same in other to compare the 

seasonal behaviour of light-absorbing aerosols mass concentrations. 
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The elevated concentrations occur between 04:00 and 11:00 in the winter mornings 

and 15:00 and 22:00 in the evenings. During summer, the episodes are shorter and 

occur between 04:00 - 09:00 and 15:00 - 21:00 in the morning and evening, 

respectively. The highest morning levels occurred at 6:00 in both seasons. On 

average the evening winter peak (17:00) is an hour early than summer peak (18:00).  

Temporal variations of absorbing aerosol mass concentrations suggest that air 

pollution levels were influenced by multiple sources (e.g. domestic fuel/waste 

combustion, traffic emissions as well as the suspension of particulates from unpaved 

road (van der Berg et al., 2015). One such source includes an acute biomass 

burning event, which occurred during winter in the farms bordering Kwadela 

settlement. This episode contributed to high aerosol mass concentrations particularly 

on the 28th of August (Figure 4.2). Diurnal mass concentration patterns indicate the 

influence of the sources which are stronger in the afternoons relative to the mornings 

in both seasons but more pronounced in winter than in summer; such a source is 

possibly the combustion of solid fuels. 

Previous South African studies (e.g. Laakso et al., 2012; Lourens et al.,2011; Friedl 

et al., 2008) noted that solid fuel burning-communities burn more fossil fuels in 

winter, particularly for space warming and this intensity is associated with relatively 

high pollution levels during this season as was observed in this study. Solid fuels 

(coal and wood) are generally predominantly burnt in winter and non-solid fuels (e.g. 

paraffin) are mostly preferred in summer (Naidoo et al., 2014:12). This was also 

applicable to Kwadela households (personal observations during winter-2014 and 

summer-2015). Also, the majority of fuel burning households use solid fuels for 

heating rather than for cooking as these fuels are relatively cheaper than electricity, 

and coal combustion emits heat energy for a longer period (Friedl et al., 2008). The 

use of these solid fuels can generate significant amounts of air pollutants.  

Solid fuel combustion, particularly the combustion of low-grade coal, can generate 

substantial quantities of particulates emissions, including BC and BrC among other 

air pollutants (Mugabo, 2011:8; WHO, 2012:516; Bond et al., 2002; Bergstrom et al. 

2007:5940; Yang, et al., 2009:2037; Tiwari et al., 2014: 63). This can also apply in 

Kwadela as low-grade coal sub-bituminous (45% of water content) is the most 

abundant coal type used in South Africa (Mohamed, 2008:6). Temporal variations on 
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the level of demand for energy supply which has been seen in other low-income 

settlements (e.g. Friedl et al., 2008; Lourens et al., 2011; Laakso et al., 2012; Naidoo 

et al., 2014) can partly explain the differences of absorbing particulate levels 

observed in Figure 4.2. Although additional contributions of absorbing aerosols can 

be associated with traffic emissions based on the proximity of Kwadela to the main 

road (~500 m); the volume of traffic does not have a strong seasonal cycle. Thus, 

seasonal absorbing aerosol levels highlight the importance of local solid fuel 

combustion on pollution mass loading in Kwadela township. 

The diurnal aerosol mass concentration changes are also influenced by the 

variability of the boundary layer (Dumka et al., 2015:1557). A typical boundary layer 

height modelled in Kwadela between 2009 and 2013, indicated that this layer 

increased from 250 m at 6:00 am to 450 m at midday (9:00-13:00) mostly due to 

surface heating (Figure 2.6 in Chapter 2) (Burger & Piketh, 2015). The relatively 

shallower nocturnal boundary layer acts as a sealing layer, restricting the vertical 

distribution of ground level pollutants, however horizontal transport can still occur 

(Talukdar et al., 2014: 2). Reduced human activities contributed to low pollution 

levels from late evenings (21:00) to early morning hours (4:00) (Figure 4.3). Local 

anthropogenic sources can be assumed to be responsible for the morning peak 

under relatively shallow boundary layer. The increase of wind speeds and 

temperatures as the day progresses from late mornings results to the breaking of 

this layer; promoting air convections and vertical mixing which leads to the 

dissipation of pollutants to longer distances and thus comparatively lower surface air 

pollution levels (Verma & Desai, 2008) observed at midday (Figure 4.3).  

The increase of local anthropogenic activities, coupled with gradual reduction of the 

boundary layer height resulted to rapid increase of pollutants in the late afternoons 

(17:00). The lowest levels were measured at midday in both seasons, corresponding 

with the time when the atmospheric mixing is dominant and the local fuel combustion 

sources are less prevalent (Feig et al., 2015:12). As displayed in Figure 4.4, 

measured local wind speeds peaked at midday during both the winter and summer.  
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Figure 4.4 (a) Hourly-averaged wind patterns measured during winter season. Each 

circle scale is 6% and the wedges represent the direction with the colours indicating 

the intensity of the wind. The innermost circles (grey) denote calm conditions 

whereby wind speed is less than 1 ms-1 (Burger & Piketh, 2014). 
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Figure 4.4 (b) Hourly-averaged wind patterns measured during summer season. 

Each circle scale is 6% and the wedges represent the direction with the colours 

indicating the intensity of the wind. The inner circle denotes calm conditions whereby 

wind speed is less than 1 ms-1 (Burger & Piketh, 2015) 

 

These factors emphasize the importance of local anthropogenic activities and 

meteorological conditions on absorbing aerosol levels in Kwadela. Analysis of light 

absorption wavelength dependence further gave an indication of the types absorbing 

particulates dominating at different times of the day.   
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4.3. The wavelength dependency of the absorption coefficient  

The information on the dominant absorbing particulates was obtained from the 

analysis of the wavelength dependence of light absorption coefficient for the summer 

campaign. Absorption wavelength dependence varies through the day, with hourly 

averaged AAE370/950 indicating a strong bimodal cycle with distinct peaks in the 

morning and afternoon peak hours (Figure 4.5). AAE370/950 values were as high as 

1.5 for two periods of the day (4:00-10:00 and 16:00-20:00) and dropped to ≤1.1 at 

midday (11:00-15:00) and late evening until early morning hours (20:00-4:00). On 

average, the AAE370/950 ranged between 0.9 and 1.5 (Figure 4.5). 

 

 

 

Figure 4.5 Diurnal trends of the absorption Ångström exponent measured at 

370/950nm wavelength pair. The boxes represent mean values and the vertical lines 

extend to 5th and 95th percentile. The AAE370/950 values are based on summer 2015 

dataset. 

 

Maximum AAE370/950 values were close to 1.6, which potentially indicates the co-

existence of BrC and BC in a sampled air (Lee et al., 2012: 250), associated with 

biofuel combustion (Sun et al., 2007).  Theoretically, BC is indicated by AAE=1 (Wu 

et al., 2009:1154; Filep et al., 2013:50) with a potential range of 0.8 and 1.1 
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(Bergstrom et al., 2007:5938; Gyawali et al., 2009:8009) and BrC is generally 

represented by AAE close to 2 at short wavelengths (i.e. 370nm - 450nm) (Gyawali 

et al., 2009:8009; Lim et al., 2014:7783).  

 

BC and BrC emissions are likely to be generated from solid fuel combustion 

particularly coal (Bi et al., 2008: 112; Rodent et al., 2006: 6753). These particulates 

were assumed to be indicated by AAE~1 and AAE~2 for BC and BrC, respectively 

(Rodent et al., 2006:6753). BrC-related PAHs are emitted during the smoldering 

phase of coal combustion, especially low-quality high water and impurity content coal 

(Bond et al., 2002:6; Yang et al., 2009: 2037), which is common in South African 

coal-burning low-income households (Sun et al., 2007). The generation of BC from 

coal is most favored when there is sufficient airflow for example when stove inlet is 

open. Closing the inlet facilitates the production of BrC by hindering the combustion 

rate due to insufficient airflow (Bond et al., 2002:6). This is most likely to apply in 

Kwadela as the majority of households use poor condition coal stoves (personal 

observations and interviews, 2014-2015). Bond et al, (2002) measured AAE between 

1.1 and 2.9 from low quality coal-combustion which indicated BC and BrC in 

sampled air, respectively. AAE=1.3 and 1.4 were measured from domestic biofuel 

combustion, indicating the presence of absorbing particulates, which dominated 

during the morning and afternoon peak hours (Dumka et al., 2015:1562). 

 

In this study, the AAE(370/950) range (0.8-1.1) obtained at midday and overnight is 

indicative of the dominance of BC aerosols (Gyawali et al., 2009: 8010; Kirchstetter 

et al., 2004:4). These particulates might be related to diesel exhaust (Kirchstetter et 

al. 2004:4; Bergstrom et al. 2007; Moosmüller et al., 2011:1218) as local solid fuel 

burning is less prevalent at midday and overnight. However these can also be 

regional background and transported particulates. The dominance of traffic-related 

aerosols is supported by the direction of the dominating winds prevailing from the 

west relative to sampling station (Figure 4.4b), possibly transporting diesel-related 

aerosols from N-17.  

The AAE analysis is often complicated by aerosol mixing. In general, a non-

absorbing coating over an absorbing particle can serve as a lens focusing the 
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incident light towards the absorbing core, and thus increasing its ability to absorb 

solar radiation (Martins et al., 1998:32042; Lack & Langridge, 2013:10536; 

Kokhanovsky, 2016:258).  Such mixing has been seen under hazy conditions and in 

sulfate-rich pollution events (Lee et al., 2012:249; Chung et al., 2012:1632). This is 

due to the abundance of scattering material such as secondary inorganic and 

organic compounds, increasing the probability of internal mixing (Wu et al., 2015: 

1185). The AAE levels that have been measured when BC is internally mixed with 

non-absorbing material have been AAE= 1.5 (Bond & Bergstrom, 2006: 10) or 1.6 

(Lack & Langridge, 2013: 10536). Therefore, the strong bimodal pattern in Figure 4.5 

may suggest the persistent cyclic appearance of internally mixed BC. AAE=1.5 (as 

observed in Figure 4.5) particularly indicate the presence of coal-derived internally 

mixed BC particulates (Yang et al., 2009: 2044). For the current study, aerosol 

mixing is possible as measurements were not taken directly from the source (e.g. 

stove chimney) but rather from mixed ambient air.  

 

On average, a combination of BC and BrC particulates (indicated by AAE>1.1) 

(Moosmüller et al., 2011:1218; Praveen et al., 2012:1180; Jose & Gharai, 2014:103) 

is estimated to dominate most (73%) of summer sampling days and these 

particulates are possibly internally mixed (Lee et al., 2012: 248; Tiwari et al., 2014: 

65). Relatively fresh BC particulates (suggested by AAE≤1.1) (Bergstrom et al., 

207:5938; Gyawali et al., 2009:8009; Wu et al., 2009:1154; Filep et al., 2013:50) 

dominated 23% of summer days (Figure 4.6).  
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Figure 4.6 Daily-averaged AAE(370/950) measured in summer period. The boxes 

represent mean values. 

Internally-mixed BC aerosols have higher ability of absorbing light (Lee et al., 2012: 

248; Chung et al., 2012: 1632; Wu et al., 2015:1179). Such absorption efficiency can 

be a factor of 1.9 higher than that of non-coated BC (Schnaiter et al., 2006:2981; 

Chung et al., 2012:1). Manoharan et al. (2014) found that coated BC particles have 

30% higher absorption potential and 44% greater regional radiative forcing 

compared to fresh BC particulates. These effects can also be applicable in Kwadela 

since coated BC particulates are estimated to dominate during the day (Figure 4.5, 

cases where AAE ≈1.5). 

 

The campaign average AAE(370/950) value (1.3 ± 0.7) (i.e. average ± 1 standard 

deviation) represents the contributions from urban pollution (Backman et al., 2014: 

4286), which may also include biofuel burning aerosols (Srivastava et al., 2012:224). 

Favez et al. (2009) also found a similar AAE(370/950) value (1.25) which was 

associated with domestic solid fuel combustion. This suggests the importance of 

domestic fuel combustion on absorbing aerosol mass loading which may account for 

a significant proportion to total particulate matter.  
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4.4 The proportions of absorbing-aerosols to total particulate matter 

Higher absorbing aerosol mass proportions to PM2.5 were observed in winter relative 

to summer. Maximum hourly PM2.5 levels in winter and summer were 61.31 µg/m³ 

and 32.18 µg/m³, respectively. Also, PM10 concentrations peaked at 302.77 µg/m³ 

and 167.77 µg/m³ during winter and summer, respectively. Absorbing aerosols make 

up to 6.5 ± 1.0% and 3.4 ± 1.0% of PM2.5 in winter and summer, respectively, and 

less than 1% was obtained for PM10 (based on 5-minute averages) in both seasons.  

Hourly-averaged aerosol absorption mass proportions to PM2.5 and PM10 particulate 

matter have distinct diurnal bimodal cycle in winter and summer (Figure 4.7).  
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Figure 4.7 Average diurnal mass concentrations of light-absorbing aerosols to total 

particulate matter measured in Kwadela township during a) winter campaign and b) 

summer campaign. 

Hourly-averaged proportions of light-absorbing aerosols to PM2.5 in the winter 

campaign show maxima of 8.9% and 10.6% in the morning and afternoon peak-

hours, respectively. A similar pattern was observed during the summer campaign, 
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where hourly-averaged proportions of absorbing aerosols to PM2.5 peaked at 5% and 

5.7% in the morning and afternoon peak hours, respectively (Figure 4.7). 

Comparable (to both seasons) hourly-averaged absorbing aerosol proportions were 

obtained in Vaal and Highveld sites (Feig et al., 2015). 

 

Diurnal averaged absorbing aerosol levels often correlated with PM2.5 in winter and 

summer (correlation coefficient (r) = 0.8 and 0.6, respectively), indicating that the 

sources of PM2.5 can contribute significant amounts of absorbing aerosols. The daily-

averaged PM2.5 and absorbing aerosol correlations were r = 0.79 and r = 0.56 in 

winter and summer, respectively. Hourly averaged concentrations showed better 

correlations of r = 0.81 and 0.76 in winter and summer, respectively. The measured 

absorbing aerosols were poorly correlated to PM10, possibly because these coarse 

particulates are mainly represented by dust (Yang et al., 2009: 2035) which has 

insignificant absorption at 880nm wavelength and mostly absorbs light at 660 nm 

(Hansen et al., 2005: 33) (880nm was used in this part of the analyses particularly to 

compare winter and summer measurements since different instruments (AE-22 and 

AE-31) were used in winter and summer, respectively).  

 

The mass ratios diurnal cycle corresponds with absorbing aerosol mass 

concentrations with the highest peak observed in the afternoon when there is 

possibly high domestic solid fuel combustion. This correspondence suggests that 

domestic solid fuel combustion is one of the important sources of small-sized 

absorbing aerosols.  

 

 

4.4.1. Comparing light-absorbing aerosol mass concentration fractions with 

results from other locations 

 

The measured concentrations of absorbing aerosols and their ratio to PM2.5 from 

various regions are recorded on Table 4.1.  
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Table 4.1 Absorbing aerosol mass proportions measured in various areas across the 

globe 

 

 

Note:   The AE- results presented were achieved from 880nm wavelength of the specified models of the Aethalometer instruments 

              

             DRI=Desert Research Institute thermal optical analyser 

             MAAP-5012=Multi-Angle Absorption Photometer 

          -  symbolises that an associated value is not explicitly specified 

             The seasons are labelled as specified on related articles 

Average absorbing 

aerosol mass 

concentrations 

(±standard 

deviation)measured 

in µg/m³ 

Site location Period Instrument Average absorbing 

aerosol ratio to PM2.5 

(±standard deviation) 

Presented in % 

Reference 

 

1.9(±0.6) (winter) 

0.7(±0.2)(summer) 

 

 

 

0.72(±0.1)(winter) 

1.4(±2.3)(winter) 

 

 

 

0.8(July) 

5  (January) 

 

 

19.9 (winter) 

    

 

 8.6  (summer) 

 

    

  

2.37(summer) 

5.47(summer) 

 

 

    2006: 

 

1.55 (pre-monsoon) 

0.55 (monsoon) 

 

     2007: 

1.83(pre-monsoon) 

0.68 ( (monsoon) 

 

~10 (winter) 

<5 (summer) 

 

 

    

~1.9(entire sampling 

period) 

 

 

 

~1.8 -1.9 

 

 

 

<1.8 

 

 

~2.1 

 

Kwadela Township 

(semi-urban) 

 

 

 

Manyuki, Kenya(rural) 

Meru, Kenya (rural) 

 

 

 

Ahmedabad, India 

(urban) 

 

 

Xi'an (Urban) 

 

 

 

 

 

 

Beijing ,China (rural) 

Shanghai (suburb) 

 

 

 

 

Mukteshwar 

India(rural) 

 

 

 

 

 

New Delhi (urban) 

 

 

 

 

Amersfoort(semi-

urban) 

 

 

Diepkloof 

Sebokeng, 

Sharpeville, 

 

Witbank 

Secunda, 

Three Rivers, 

 

 Zamdela 

Klieprivier 

 

July-September 

2014(winter) 

February-April 

2015(summer) 

 

May-June 1999 

May-June 1999 

 

 

 

September 2003-

June 2005 

 

 

November 2004 

-February 2005 

 

June –August 

2004 

 

 

27June-31July 

2009 

9 May-13 June 

2009 

 

 

2006-2007 

 

 

 

 

 

 

January-

December 2013 

 

 

 

March 2009-

April 2011 

 

 

September 2013-

August 2014 

 

AE-22(winter period)  

 

AE-31(summer 

period) 

 

CE440-CHN analyzer 

CE440-CHN analyzer 

 

 

 

 AE-47 

 

 

 

AE-16  

       

       

 

 

    

 

AE-21 

AE-21 

 

 

 

 

AE-31 

 

 

 

 

 

 

AE-31 

 

 

 

 

DRI 

 

 

 

MAAP-5012 

 

 

 

6.5(±1.0)  (winter) 

     

3.4(±1.0)(summer) 

 

 

        - 

        

 

 

          

  - 

 

 

 

6.9       

 

      

     ~8.5 

   

 

    

      3.1 

      7.8 

      

 

 

   

3.3 (pre-monsoon) 

  

 

4.3 (monsoon) 

 

 

 

6 (winter) 

4(summer) 

 

 

 

    ~2 

  

 

 

 <10 

 

Current 

study 

 

 

 

Gatari & 

Boman, 2003 

 

 

 

Ramachandra

n & Rajesh, 

2007 

 

Cao et al., 

2009 

 

 

 

 

 

Zhou et al., 

2009 

 

 

 

 

Hyvärinen et 

al., 2011 

 

 

 

 

 

Tiwari et al., 

2014 

 

 

 

Maritz et al., 

2015 

 

 

Feig et al., 

2015 

 

 

 

 
Low-

income 

(semi-

urban) 

residential 

area 



90 

The absorbing aerosol levels in many sites in South Africa are higher than levels 

measured in rural sites in Kenya and India (e.g. Yang et al., 2009; Hyvärinen et al., 

2011; Zhou et al., 2009). Air pollution in these sites (Kenya and India) is also largely 

influenced by domestic solid fuel combustion. Such measurements thus suggest the 

importance of residential solid fuel burning to absorbing particulates mass loading.  

 

Many sites in South Africa (Kliprivier, Amersfoort, Diepkloof, Sebokeng, Sharpeville, 

Secunda, Three Rivers, Zamdela and Witbank) have similar average mass 

concentrations ranging between 1.9 µg/m³ and 2.1 µg/m³ (note that the 

measurements at these sites were not taken with the same instrument). This can 

indicate an average range of absorbing aerosols levels in urban low-income 

settlements in South Africa, although some of these townships (e.g. Diepkloof, Three 

Rivers, Sharpeville) are more urbanised and likely less dependent on solid fuel 

combustion for household energy.  

 

These measurements suggest that domestic burning can contribute significant 

proportions of light-absorbing aerosols which can have negative implications on 

human health and regional climate. For example, relatively high BC loading 

(particularly during peak hours) (Figure 4.3), coupled with intense absorption due to 

aerosol mixing can lead to increased surface temperatures (Moosmüller et al., 2009: 

844; Wu et al. 2009:1153). This was estimated for Johannesburg/Pretoria when 

modelled surface heating rates increased by 0.7 K per day at 600 hPa in 

Johannesburg and Pretoria due to increase black carbon mass loading during 

September 2010 (Kuik et al., 2015:8826).  

 

The measured particulates are possibly internally mixed and thus could have 30% 

higher absorption which can contribute 44% to the regional radiative forcing 

compared to uncoated BC particulates (Manoharan et al., 2014). The measured 

absorbing particulates can also affect human health because BC can have severe 

health effects (Favez et al., 2012:5296) which can impact five times more than any 

inorganic particulate matter (Lilieveld et al., 2015:367). Hence sources of absorbing 

aerosols in Kwadela can have human health and climate significance. 

************************************************************************************************ 
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Chapter 4 has fully illustrated and discussed the results from the study. The 

conclusions were drawn and scientific implications were estimated based on 

previous studies. The next section is chapter 5, which is the last chapter of this 

dissertation. This chapter gives conclusions and critical evaluation of whole 

investigation.  

************************************************************************************************  
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CHAPTER 5 CONCLUSIONS AND RECOMENDATIONS 

This chapter draws overall the conclusions of the project and the assessment of the 

success of the investigation with regards to the success of objectives reflected by the 

results illustrated in Chapter 4. Each objective is critically reviewed considering both 

achievements and the limitations that were experienced during the course of the 

investigation. Recommendations are also illustrated for future investigations in the 

field of the study. 

5.1 Conclusions 

 

Absorbing aerosol mass concentrations measured at Kwadela township reflected 

higher winter absorbing aerosol levels relative to summer concentrations. The 

hourly-averaged levels show distinct peaks in the mornings and afternoons. These 

aerosols were also influenced by wind patterns and boundary layer heights; with 

minimum levels observed at midday when wind speeds and boundary layer heights 

are higher, thus facilitating pollution dispersion. Higher concentrations were obtained 

during peak hours of air pollution, corresponding with the times when anthropogenic 

aerosol-generating activities were higher and boundary layer heights decreased.   

  

The average AAE(370/950) values suggested the dominance of internally-mixed BC 

during peak hours, which were likely to be associated with domestic solid fuel 

combustion. Also, fresh BC was estimated to dominate at midday and background 

particulate matter overnight. These particulates were assumed to be traffic-originated 

and transported by north-westerlies which dominated during the day. At night, fresh 

BC could be attributed to diesel exhaust contributions.   

 

Higher proportions of absorbing aerosols to total PM2.5 were observed in winter and 

during peak hours in both seasons, corresponding with the times when local 

domestic burning and traffic emissions is most likely to dominate. This suggested the 

importance of anthropogenic activities (particularly fuel combustion and traffic 

emissions) to fine absorbing particulates mass loading, especially in winter. The 

measured absorbing aerosol proportions and mass concentrations were similar to 

those measured in other South African low-income settlements, indicating levels of 
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absorbing aerosols in residential areas which are partly influenced by local fuel 

combustion.  

 

The majority of summer days experienced internally-mixed BC hence based on 

previous studies such BC had higher absorption efficiency. These particulates can 

have significant impacts on solar radiation balance consequently affecting the 

regional climate system. Therefore residential solid fuel combustion has important 

influence on absorbing aerosols characterization, and thus has human health and 

environmental importance. 

 

5.2. Project Assessment and Recommendations 

5.2.1. Evaluation of the objectives 

The overall aim of the current project was to improve the knowledge of light-

absorbing aerosols from residential solid fuel burning in South African literature. The 

achievement of this aim depended on the success of project objectives, that is: 

1. to measure light-absorbing aerosols mass concentrations from residential fuel 

combustion during summer and winter,  

2. to estimate the proportion of light-absorbing aerosols in the total particulate mass 

loading in a low-income settlement,  

3. to analyse the light absorption coefficient wavelength-dependency for estimation 

of the dominant absorbing aerosol sources.  

These objectives are critically evaluated in order to view the degree of the success of 

the study. 

5.2.2. Measuring light-absorbing aerosols mass concentrations  

Mass concentration measurements were successfully measured from Kwadela 

township over the intended winter and summer sampling periods. Measurements 

were done by the two aethalometer instruments (AE-22 and AE-31), which 

continuously measured light absorption coefficients at 5-minute intervals. The 

absorption coefficient (which were converted and reported as mass concentrations) 
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was the fundamental property of the current project as it was used to calculate mass 

concentrations and to analyse the absorption wavelength dependency (through the 

application of the absorption Ångström exponent equation).  

Although data were collected well, there were shortcomings which influenced the 

success of this project. For instance there were times when the data were not 

collected due to electricity shortages, which were experienced for 10% and 4% of 

winter and summer sampling times, respectively. Moreover, about 1% and 31% of 

erroneous data were discarded from winter and summer dataset, respectively. These 

errors were detected during data pre-processing and assumed to be associated with 

instrument artifacts. Instrumental optical artifacts included the well-known scattering 

and shadowing effects that can hinder the instrument functioning. Moreover, random 

fluctuations of digitized signal resulted to data noise. Such errors were characterised 

by artificially high or small values appearing from the relative monotonic trend as 

discussed in Chapter 3. Furthermore lack of experience with the instrument partly 

affected summer dataset (however not more than a week dataset). This happened 

when the instrument was initially positioned close to the air conditioner, which affects 

optical analyses of the instrument and contributes to data noise (Hansen, 2005:59).  

Considering all the shortcomings from electricity shortages to instrument internal 

artifacts, the overall dataset was more than 80% of the intended data thus was 

reasonable to fully analyse and give a scientific understanding of the absorbing 

aerosols in the study area.  

Major efforts were done to reduce these errors in a process of improving the 

accuracy of the dataset to the best level possible as discussed in Chapter 3. The 

corrected data were compared to the reference MAAP instrument which is 

considered to have improved accuracy with error estimated to be about 12% 

(Petzold & Schönlinner, 2004:421) compared to the aethalometer which is assumed 

to have ± 20% artifacts (Moorthy et al., 2007:2296; Favez et al., 2009:3641). The 

comparisons between the MAAP and corrected aethalometer data indicated positive 

correlation (r = 0.68) hence the data was considered to be reasonably accurate to 

achieve the objectives of the study. 
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5.2.3. Estimating the proportions of light absorbing aerosols in the total 

particulate mass loading in a low-income settlement 

Estimating the fraction of absorbing aerosols to total particulate matter was 

successfully achieved based on the meaningful results observed in Chapter 4. 

Measurements of PM2.5 and PM10 were taken by the E-BAM and the BAM-1020, 

respectively, during winter and summer. 

The main shortcoming for this objective was that the size-selector was not inserted 

on the aethalometer; but the manufacturer states that particles with aerodynamic 

size larger than 10 µm are generally impacted and thus the measured particulates 

are almost always within PM10 size distribution. Notwithstanding this shortcoming; 

results indicated that absorbing aerosols proportions were comparable to those 

obtained in other related studies; especially in South African low-income settlements 

which were influenced by domestic fuel burning (Table 4.1 in Chapter 4). Therefore, 

the achievement of this objective was satisfactory.  

 

5.2.4. Analysing the light absorption coefficient wavelength-dependency for 

estimation of the dominant absorbing aerosol sources.  

This objective was mainly based on the calculations using the absorption Ångström 

exponent, which was based on equation 2.11. The main shortcoming for this 

objective was the unavailability of the 7-wavelength instrument during the winter 

period. This limitation hindered the seasonal analysis of the absorption wavelength 

dependence over winter and thus the knowledge of the seasonal variability 

absorbing species during winter and summer. Nevertheless, the summer dataset 

gave a perspective of the type of absorbing particulates which dominated during this 

season.  

Hence all the objectives of this study were satisfactory and thus the results were 

suitable to draw meaningful scientific conclusions on characterization of absorbing 

aerosols in Kwadela township. 
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5.3 Recommendations for future research 

The use of an uninterruptible power supply system is highly recommended for 

uninterrupted data collection in areas with an unreliable electricity supply. This 

should be a primary requirement procedure to prevent unnecessary data loss as not 

all instruments (e.g. aethalometers) are provided with internal long-lasting back-up 

batteries. Although the aethalometer satisfactory served its purpose in measuring the 

aerosol absorption; coupling this information with scattering data (which can be 

measured by other instruments such as nephalometer), can be useful for 

comprehensive knowledge of the aerosols from residential aerosols. Such 

information can be used to estimate the single scattering albedo, which is a useful 

parameter for improved estimation of the regional radiative effects of the measured 

aerosols.  

Long-term measurements of absorbing aerosols measured at numerous sites is still 

needed for a broader perspective of absorbing particulates such as understanding 

the variability of aerosols and the associated factors influencing aerosol behaviour 

over a long time period. Such information can assist in the implementation and also 

evaluation of the existing mitigation procedures on human health and the 

environment in many areas. 
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