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ABSTRACT
Light-absorbing aerosols, particularly black carbon (BC), have significant impacts on human health and the climate. They
are also the least-studied fraction of atmospheric particles, particularly in residential areas of southern Africa. The optical
characteristics of ground-based light-absorbing aerosols from Kwadela Township in South Africa are investigated in this
study. Daily averaged ambient PM2.5 highest levels were 51.39 µg m–3 and 32.18 µg m–3, whereas hourly averages peaked
at 61.31 µg m–3 and 34.69 µg m–3 during winter and summer, respectively. Levels of daily averaged light-absorbing aerosols
were 2.9 times higher (1.89 ± 0.5 µg m–3) in winter 2014 than in summer 2015 (0.66 ± 0.2 µg m–3). In both seasons, hourly
averaged levels showed bimodal diurnal cycles, which correlated with the PM2.5 diurnal patterns that indicated distinct peaks
in the morning and evening. These diurnal cycle peak periods corresponded with the times of increased solid domestic fuel
usage, road traffic, and also shallower boundary layer. On average, light-absorbing aerosols contributed a larger proportion
of total ambient PM2.5 levels in winter (6.5 ± 1.0%) than in summer (3.4 ± 1.0%). The winter average Absorption Ångstrӧm
exponent AAE(370/880 nm) (1.7± 0.5), indicated the dominance of brown carbon (BrC) from biofuel/biomass burning and/or
low-quality coal combustion emissions. In summer, the average AAE(370/950 nm) (1.3 ± 0.7), suggested the presence of BC and
BrC in the mornings and evenings possibly from fossil fuel combustion sources. At midday and at night in summer, the AAE
was close to 1, suggesting more BC contributions from sources such as diesel emissions during this time. A combination of
BC and BrC particulates dominated on 50% and 5% of the summer days, respectively, whereas fresh BC were only measured
in summer days (23%). Residential solid-fuel and/biomass combustion are important sources of light-absorbing aerosols in
this study region, with concomitant human health and environmental impacts.
Keywords: Light-absorbing aerosols; Absorption Ångstrӧm exponent; Residential solid-fuel combustion; Aethalometer;
Mpumalanga; South Africa.

INTRODUCTION
Residential solid-fuel burning has been increasingly
highlighted as an important source of atmospheric pollution.
Solid fuel combustion provide primary energy to many lowincome communities in developing countries, including
South Africa, particularly on the industrialized Highveld
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where there is a plentiful supply of local coal (Scorgie et al.,
2003; Mdluli, 2007; Pretorius et al., 2015). Domestic solidfuel combustion generates substantial amounts of air pollutants
(Naidoo et al., 2014; Makonese et al., 2014), including large
fractions of light-absorbing aerosols (Bergstrom et al.,
2007) (both black carbon [BC] and brown carbon [BrC]),
which contribute to global anthropogenic carbonaceous
particulate mass loading (Bond et al., 2013). Particulate
matter (PM) can have an extensive impact on air quality,
human health and radiative forcing, while the absorbing
component can influence the radiative forcing contribution
greatly, depending on absorbing capacity (Hansen, 2005). In
India, the atmospheric direct radiative forcing values due to
the composite aerosols (+78.3, +44.9, and +45.0 W m−2) and
BC aerosols (+42.2, +35.4 and +34.3 W m−2) were estimated
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in June, July and August, respectively. These radiative forcing
values corresponded with atmospheric heating rates for
composite (2.21, 1.26 and 1.26 K day−1) and for BC (1.19,
0.99 and 0.96 K day−1) aerosols during June, July and August,
respectively. On average, the atmospheric heating rates for
BC aerosols were 33% lower than the heating rates of the
composite particles during the study period (Tiwari et al.,
2016). Cappa et al. (2008) found that even though aerosol
light absorption is relatively small compared with total solar
light extinction, the related impacts can be substantial,
particularly on regional climate.
In this study, the term “light-absorbing aerosols” refers to
a fraction of atmospheric particles that can effectively
absorb the wavelengths of solar radiation investigated here
(Moosmüller et al., 2009; Petzold et al., 2013). Incoming
solar radiation has a range of wavelengths including ultraviolet,
visible and infrared. 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 (Yang et al., 2009;
Petzold et al., 2013; Manoharan et al., 2014). In this study,
the specific focus was based on light-absorbing aerosols,
which absorb solar radiation within the seven wavelengths
(370, 470, 520, 590, 660, 880 and 950 nm) of visible light.
These wavelengths are the wavelengths applied for light
absorption analysis on the aethalometer instrument, which
was used in the current research.
The main light-absorbing particulates are BC, BrC (the
absorbing fraction of organic carbon) and mineral dust
(Moosmüller et al., 2009; Yang et al., 2009). These particles
can directly absorb solar radiation and release it as thermal
energy, leading to increased atmospheric temperatures (Cappa
et al., 2008; Moosmüller et al., 2009; Wu et al., 2009; Kuik
et al., 2015). Mineral dust and BrC are strong absorbers of
short wavelengths than long wavelengths of the visible solar
radiation (Moosmüller et al., 2009; Backman et al., 2014).
However, mineral dust particles can also absorb long
wavelengths of the visible light, depending on their source
of origin and mineral composition (Petzold et al., 2009). The
refractive index of BC causes a relative constant absorption
of light wavelengths, particularly from near-ultraviolet to
near-infrared region (Moosmüller et al., 2009).
The principal light-absorbing aerosol (namely, BC)
(Moosmüller et al., 2009; Petzold et al., 2013) has a global
average radiative forcing potential (~1.1 W m–2), which is
estimated to be 10% of anthropogenic global warming
(Bond et al., 2013). Additionally, light-absorbing aerosols
can reduce cloud cover (Koch and Del-Genio, 2010), serve
as cloud condensation nuclei (Madhavan, 2008) and enhance
the snow/ice melting rate when deposited on snow/ice (Arnott
et al., 2005). These effects can alter the solar radiation
balance, as increasing BC aerosol concentrations can lead to
decrease in the amount of solar radiation reaching the
ground, and thus strengthening the solar dimming effect
(Badarinath et al., 2010; Kambezidis et al., 2012). Climatic
effects of BC can increase by up to a factor of 1.4 when BC
is mixed internally (an aerosol compositional state where an
aerosol is made up of multiple components (for example, BC
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core with sulfate coating)) by inorganic and/or organic
material (Chung et al., 2012). In addition to the climaterelated influence of light-absorbing aerosols, these particles
can also increase the risk of respiratory and cardiovascularrelated diseases, with BC in particular, showing stronger
health impacts compared with a mix of all PM (Hansen,
2005; Smith et al., 2009). Butt et al. (2015) and Lelieveld et
al. (2015) showed that carbonaceous aerosols could have
negative health effects, which can be five times greater than
those of inorganic particles. This is because BC can effectively
adsorb toxic compounds, which can then be transported into
the respiratory zone of the lungs (Hansen, 2005). Diesel
exhaust, -which on average comprises of 75% BC, is a
human carcinogen (Group 1) (IARC, 2012). Although lightabsorbing particles are a pressing issue with human health
and environmental importance; these aerosols are still the
most poorly characterized fraction of atmospheric particles
in many countries, particularly in southern Africa (Petzold
et al., 2013; Maritz et al., 2015; Yan et al., 2017; Maritz,
2019). Lack of adequate information on light-absorbing
particles contributes to the uncertainties associated with
comprehensive assessment of the impacts of aerosols on
human health and climate (Bergstrom et al., 2007; Wu et al.,
2009; Yan et al., 2017; Laakso et al., 2012; Vakkari et al.,
2014; Maritz et al., 2015; Maritz, 2019). Efforts to understand
aerosol properties are applied increasingly worldwide (for
example, Yang et al., 2009; Chakrabatry et al., 2010; Favez
et al., 2010; Gadhavi and Jayaraman, 2010; Segura et al.
2014; Tiwari et al., 2016, Dumka et al., 2018) but there is
still limited work done on light-absorbing aerosol fractions
in southern Africa (for example, Laakso et al., 2012; Vakkari
et al., 2014; Feig et al., 2015; Maritz et al., 2015; Chiloane
et al., 2017; Maritz, 2019).
The focus of South African National Ambient Air Quality
Standards (NAAQS) is on trace gases, PM2.5 and PM10, with
compliance monitoring concentrating in urban, residential,
and industrial areas. In many areas, concentrations of
aerosol particles regularly exceed NAAQS levels (Khumalo,
2017). Pollution from particulate matter is generally worse
in low-income residential areas with domestic fuel burning
(Hersey et al., 2015). Limited studies are available on lightabsorbing aerosols, particularly in areas impacted by
residential solid-fuel combustion. In a study at multiple sites
in the Vaal Triangle Airshed Priority Area and Highveld
Priority Area in South Africa, Feig et al. (2015) found that
seasonal cycle was similar to that of general domestic solidfuel combustion particularly in low-income settlements that
use solid-fuel for domestic purposes. The significance of
local anthropogenic-related sources to the burden of BC was
indicated by the bimodal diurnal pattern of measured BC
with peaks in the mornings and evenings, correlating with
the times when domestic burning and traffic emissions was
more prominent. In general, increased air pollution can also
be influenced by a strong shallow boundary layer, which is
attributed to stagnant conditions and accumulation of local
air pollution particularly in winter (Vaishya et al., 2017). In
this same study, measured BC aerosols contributed between
6% and 12% mass to total PM2.5 mass and the highest
proportions were observed during winter, signifying the
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importance of domestic fuel combustion to aerosol mass
loading (Feig et al., 2015). The importance of domestic fuel
combustion to aerosol mass loading was also recognized by
Maritz et al. (2015) who found that BC and organic particles
can contribute up to 12% and 24% to total particulate matter,
respectively, at five South African sites in the Deposition of
Biogeochemical Important Trace Species-IGAC DEBITS in
Africa (DEBITS-IDAF) network. A study from a small unelectrified low-income settlement in Gauteng Province
indicated that solid fuels (coal and wood) are mostly burnt
for cooking and heating in winter and non-solid fuels (for
example, paraffin and petroleum gas) were preferred during
summer for cooking purposes (Naidoo et al., 2014). The
majority of households in domestic fuel-burning communities
(in areas close to coal mines) often burn coal for its low cost
and longer-lasting dual purpose (cooking and heating),
serving basic household needs during cold winter time
(Friedl et al., 2008). Makonese et al. (2014) characterised
coal combustion emissions through two different fire
ignition methods. Results from the study indicated high
emissions of fine particles coupled with smoke from the
“bottom-up fire ignition” method (the order of laying paper
at the bottom then wood and coal on top), compared the
“top-down” method (the coal is placed at the bottom, then
wood and paper on top). This research highlighted the
important contribution of domestic coal combustion methods
to ambient aerosol concentrations (Makonese et al., 2014).
Chiloane et al. (2017) also indicated the influence of domestic
fuel burning (for space heating) on BC mass loading, by
demonstrating a correspondence between BC and ambient
temperature. However, there is limited information on
absorption wavelength dependence (particularly in South
Africa), a parameter that is key for estimation absorbing aerosol
radiative impacts on regional climate and understanding the
sources of light-absorbing aerosols (Praveen et al., 2012;
Backman et al., 2014).
This study examines light-absorbing aerosols from
residential solid-fuel combustion in South Africa, adding
novel findings to the understanding of this important particle
source in this region. The proportions of light-absorbing
particulates were estimated from total particulate matter
mass loading in a low-income settlement, Kwadela Township,
which is situated approximately 50 km from industrial
activities. The influence of local meteorology (wind, boundary
layer) was analysed to assess the interaction between these
particles and daily weather features. In contrast with Feig et
al. (2015), the current research is the first to study the
absorption wavelength dependence of ground-level particles
on a wide spectral range (370–950 nm) in South Africa. A
seven-wavelength aethalometer instrument was deployed to
analyse the absorption wavelength dependence of lightabsorbing aerosols. This information was used to estimate
the dominating types of aerosols and the radiative impacts
on a regional scale. Improved knowledge of 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 types and sources, particularly those that are strongly
influenced by human activities (Cazorla et al., 2013).

METHODS AND MATERIALS
Study Site Description
Measurements of light-absorbing aerosols were taken at
Kwadela Township, a low-income settlement (26°27′48′′S
29°39′50′′E) in the Mpumalanga Highveld (Fig. 1). The
Mpumalanga Highveld is the most industrialised region in
South Africa, with many areas monitoring exceedances of
the NAAQS (Freiman and Piketh, 2003; Laakso et al., 2012;
Feig et al., 2019).
Kwadela low-income settlement comprises 984 households.
The most of these families depend on solid fuels, particularly
locally distributed coal, for cooking and space heating in
winter, and to a lesser extent during summer (Pauw et al.,
2014). The low-income settlement is located approximately
500 m from the N-17 national road and may also be influenced
by regional air pollution from nearby towns, coal-fired power
stations, petrochemical industries, mining and metallurgical
industries (Schuster et al., 2016). This township was selected
to specifically evaluate the relative importance of domestic
solid-fuel combustion on air pollution levels.
Light-absorbing Aerosols and Particulate Matter Mass
Concentration Measurements
Winter and summer sampling of light-absorbing particulates
were undertaken from 18 July 2014 until 18 September 2014
and 18 February 2015 to 13 April 2015, respectively. The
measurements were made with an aethalometer AE-22
(winter) and an AE-31 (summer) (USA Magee Scientific).
These aethalometer instruments have been used widely to
quantify light-absorbing aerosols concentrations in urban,
industrial, rural and remote areas across the globe (for
example, Sandradewi et al., 2008; Favez et al., 2010; Segura
et al., 2014). Both instruments measure the light absorption
at multiple wavelengths (AE-22 at 370 and 880 nm and the
AE-31 at 370, 470, 520, 590, 660, 880 and 950 nm) (Hansen,
2005). Light absorption measurements are related to mass
concentration Mbc (µg m–3) of carbonaceous aerosols at each
wavelength using Eq. (1) (Favez et al., 2010; Laakso et al.,
2012).
M bc 

  abs 
E abs 

(1)

where σ(abs) is the aerosol absorption coefficient (Mm–1 or
10–6 m–1); E(abs) is the mass absorption efficiency of black
carbon, which is 14 625 / λ m2 g–1 — a Magee calibration factor
that was used in the current study to convert optical attenuation
to BC mass concentration as recommended by Hansen (2005).
This mass absorption efficiency value (14 625 / λ m2 g–1) can
represent BC absorption at long wavelengths, and also BrC
and dust light absorption at short wavelengths. Therefore,
the computed spectral BC values indicate the equivalent BC
mass (e-BC), which is the mass of total light-absorbing
aerosols, as these values are also influenced by other lightabsorbing particulates such as dust and BrC (Dumka et al.,
2019; Liakakou et al., 2020).
While a constant E(abs) was used in this study, it is important
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Fig. 1. (a) The location of Kwadela Township in Mpumalanga region. (b) The site of the sampling station within Kwadela
settlement.
to note that E(abs) values have been found to vary seasonally,
can be site-specific, and depend on aerosol composition
(Avino et al., 2011; Xing et al., 2014), which can in turn be
influenced by meteorological conditions (Satish et al., 2017).
Xing et al. (2014) found that E(abs) varied seasonally, with
higher values (2.1 factors higher) obtained in summer
compared to other seasons (autumn, spring and winter) in
the Sichuan Basin area, and the Pearl River Delta, China.
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) also found varying E(abs) values which
ranged from 0.47 m2 g–1 to 5.15 m2 g–1, signifying the effect
of temporal and spatial variability on E(abs) measurements.
E(abs) value of 7.7 m2 g–1 measured at 880 nm, generally
represents pure BC computed by Aethalometer instruments
(Dumka et al., 2018; Dumka et al., 2019). If possible, sitederived E(abs) values are mostly preferred for long-term lightabsorbing aerosol measurements as they can improve the
accuracy of quantifying BC particulates (Wang et al., 2013).
Instruments used to measure light-absorbing aerosols do
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have default E(abs) values that are a function of the wavelength
of light and its attenuation by the light-absorbing particles
loading on the filter spot. For the aethalometer, default
wavelength-specific E(abs) values are generally applied (Hansen,
2005) using Eq. (2).
n

E abs  

  abs  i

i 1
n

mi

i 1

(2)

where E(abs) (m2 g–1) is characterized as the sum of all
individual absorption cross-sections of the particles (m2)
over the sum of the mass of the particles (mi) in grams for
(n) number of particles in a sample. In this study, the
additional information needed to calculate a site-specific
E(abs) was not available, and thus the Magee recommended
factor of 14 625 / λ m2 g–1 was used (Hansen, 2005).
Mass concentration measurements from 880 nm wavelength
were used to compare winter and summer light-absorbing
aerosol levels. The 880 nm wavelength is a light band where
BC absorption is by far the most dominant, thereby limiting
the influence of other absorbers (for example, BrC and
mineral dust) (Hansen, 2005; Tiwari et al., 2014). BC is the
main constituent of anthropogenic fuel combustion aerosols
and a useful qualitative description of the total light-absorbing
carbonaceous fraction of atmospheric aerosols (Petzold et
al., 2013).
Extensive Properties
Light-absorbing Aerosols Mass Concentrations
Data collection took place in a standard operation
recommended by the manufacturer with similar parameter
settings on both instruments. The aethalometer instruments
were housed in a mobile air-conditioned monitoring station
that was located at the local primary school, close to the
centre of the township (Fig. 1). The instruments were
connected to a 60 mm glass inlet port, which was projected
up to 3 m above the roof of the station. Both instruments
were positioned in the same spot inside the measurement
station in winter and summer. The inlet drew undried air
continuously through the instrument inlet port and to the
aethalometer at a rate of 4 L min-1. No aerosol size-cut was
used for the aethalometer measurements. The manufacturer
has noted that the aethalometer usually measures particles
with an aerodynamic diameter ≤ 10 µm (PM10) (Hansen,
2005) but there are possible contributions of particles with
an aerodynamic diameter > 10 µm. BC mass concentration
measurements were recorded at 5-min intervals for the entire
sampling period. (Refer to Supplementary material for
details on the sampling technicality using AE-31).
Particulate Matter Mass Concentrations
In addition to light-absorbing aerosol measurements,
mass concentrations of particulate matter with aerodynamic
size ≤ 2.5 µm (PM2.5) and 10 µm (PM10) were measured
simultaneously at the site using a MetOne E-Bam 1020
(E-Bam) and a MetOne Bam 1020 (Bam), respectively.

These instruments use beta attenuation to determine the
mass concentration of the sampled air stream. The inlets for
the two fractions were supplied by the manufacturer and
their efficiencies have been well documented (Schweizer et
al., 2016; Mukherjee et al., 2017). The concentrations of
particle loadings have been used to estimate the proportional
mass of the light-absorbing aerosols. Meteorological variables
(such as wind speed and direction) were also measured at the
same Kwadela Township site during the two field campaigns.
(Refer to Supplementary material for more details on
measurements of PM mass concentrations and meteorological
variables (wind speed and direction) (R.M. Young Company,
2020).
Intensive Properties
Absorption Å ngström Exponent
The aerosol absorption coefficients (σ) obtained from the
aethalometer were used to determine the absorption wavelength
dependence at seven different wavelengths. This parameter
was applied to estimate the dominating aerosol types only
during the summer sampling period. In general, the absorption
wavelength dependence is quantified by the absorption
Ångstrӧm exponent (AAE) computed as:

 
log  1 
 2 
AAE  
 
log  1 
 2 

(3)

where σ1, σ2 are the absorption coefficients (Mm–1) at two
consecutive wavelengths, λ1 (nm) and λ2 (nm).
The AAE is the negative slope of the double logarithmic
plot of absorption coefficients versus wavelength (Moosmüller
et al., 2009). The linearity of the slope (that is, the value of
AAE) is determined by the aerosol optical properties such
that BC is indicated by AAE = 1 (Bergstrom et al., 2007).
But the presence of other light-absorbing particles (for
example, BrC-related polycyclic aromatic hydrocarbons
(PAH)) leads to stronger absorption at short wavelengths
(≤ 470 nm), and thus stronger short wavelength dependence is
indicated by AAE > 1 (Ramachandran and Rajesh, 2007). For
example, wood burning-related aerosols are sensitive to short
wavelengths and can be indicated by high AAE values which
can range from 1.31 to 1.88 (Massabò et al., 2015; Dumka
et al., 2018). The AAE measured at multiple wavelengths
enables the apportionment of different light-absorbing aerosols
contributing to the total mass concentration of the lightabsorbing fraction (Backman et al., 2014). In this respect,
the absorption wavelength dependences were calculated at
370/880 nm, 370/590 nm, 590/950 nm and 370/950 nm,
which are commonly used to analyse chemical composition
of the measured light-absorbing aerosols (Favez et al., 2010;
Dumka et al., 2018). The 370/880 nm and 370/950 nm pair
represents the average absorption wavelength behaviour of the
measured particles and has been used widely for understanding
source apportionment from residential fuel combustion (for
example, Sandradewi et al., 2008; Yang et al., 2009; Favez et
al., 2010; Tiwari et al., 2014; Dumka et al., 2018). However,
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there is no strong consensus on the strength of the relationship
between specific AAE values and specific aerosol
compositions (Kaskaoutis et al., 2007). This is partly because
AAE is sensitive to the correction algorithm used to correct
the instrument artifacts (Petzold et al., 2013).
Data Treatment
For data consistency and validity, negative and absolute
zero values from the aethalometer were regarded as invalid
and thus discarded. Also, artificially large and small values
arising from the relatively monotonic trend were omitted as
they represent instrument malfunctioning and contribute to
data noise. Such data destructions resulted from the slight
random fluctuations on the voltage signal (Hansen, 2005).
Correcting data noise was important because it can affect the
calculations of absorption coefficient wavelength dependence
(Segura et al., 2014). Approximately 1% and 31% of total
winter and summer data, respectively, were discarded.
Consequently, 14 064 and 10 568 five-minute averaged data
points were used to characterize the light-absorbing aerosol
fraction during winter and summer, respectively.
Several studies have shown that the aethalometer is subject
to errors associated with filter-embedded scattering aerosols
and shadowing effects resulting from the accumulation of
aerosols on the filter spot. These artifacts are estimated to be
± 20% overall (Moorthy et al., 2007; Favez et al., 2010;
Segura et al., 2014) and lead to uncertainties in light-absorbing
aerosol mass concentration measurements (Weingartner et
al., 2003; Arnott et al., 2005). The Weingartner et al. (2003)
algorithm was used to correct aethalometer data at multiple
wavelengths for filter-embedded scattering aerosols and
shadowing effects (Roden et al., 2006; Segura et al., 2014)
using Eq. (4).

 abs 

 atn

C  Ratn 

(4)

where σabs and σatn are the corrected absorption coefficient
and the attenuation (uncorrected) coefficient, respectively.
The constant (C) of 2.14 was adopted from Weingartner et
al. (2003), which has been shown to reduce scattering errors
associated with filter fibres and is wavelength independent,
which is suitable for urban monitoring (Arnott et al., 2005;
Sandradewi et al., 2008; Favez et al., 2010). Ratn corrects the
artifacts related to the decrease of light attenuation due to
accumulation of particles on a filter spot and can be expressed
as the shadowing effect. R(atn) was determined according to
Eq. (5):

1
  ln  atn   ln 10  
R f , atn     1 
 1
 f
  ln 50  ln 10 


(5)

where atn corresponds to the light attenuation and f is the
shadowing factor which corrects loading artifacts (both are
unitless).
The shadowing factor (f) is calculated by minimizing the
difference between the ratios of attenuation coefficients
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before and after filter tape advances (following Sandradewi
et al., 2008; Favez et al., 2010; Segura et al., 2014).
Both aethalometers (AE-22 and AE-31) were factorycalibrated at the manufacturer (Å erosol-Slovenia), while the
particulate instruments were serviced prior to sampling. The
flow was calibrated at the height of the instrument on site. The
E-BAM 1020 and BAM 1020 undergo automatic calibrations
by checking drifts, which may be influenced by external
parameters such as relative humidity, temperature and
barometric pressure as explained in the instrument manual.
RESULTS AND DISCUSSION
General Overview of the Air Particulate Matter Air
Pollution Levels in Kwadela Low-income Settlement
Daily averaged ambient PM2.5 maximum levels in winter
and summer were 51.39 µg m–3 and 32.18 µg m–3, respectively,
whereas hourly averaged mass concentrations peaked at
61.31 µg m–3 and 34.69 µg m–3 during winter and summer,
respectively. Winter concentrations of PM in Kwadela
exceeded the South African 24-hour NAAQS for PM2.5
(40 µg m–3). Results from the measured light-absorbing
aerosols indicated that the BC proportion correlated more
with fine particles (PM2.5) than with PM10, and were similar
to the results reported by Feig et al. (2015). This was observed
from the daily averaged PM2.5 and light-absorbing aerosol
correlations, which were r = 0.79 (winter) and r = 0.56
(summer), respectively. The measured light-absorbing aerosols
were poorly related to PM10 (r = 0.25 in winter and r = 0.23
in summer, respectively), possibly because these coarse
particles are mainly represented by dust (Yang et al., 2009),
which has insignificant absorption at 880 nm wavelength
(Ramachandran and Rajesh, 2007). Hourly averaged PM2.5
concentrations showed better correlations of r = 0.81 (winter)
and 0.76 (summer), respectively. This implies that lightabsorbing aerosols were associated with PM2.5 primary
sources such as fossil fuel and biofuels and /agricultural
waste burning as well as diesel exhausts (Bond et al., 2002;
Roden et al., 2006; Moosmüller et al., 2009; van der Berg et
al., 2015), particularly in winter.
Temporal Variations of Light-absorbing Aerosol Mass
Concentrations
Daily Aerosol Mass Concentration Variations
Winter light-absorbing aerosol mass concentrations
(measured at 370–950 nm wavelengths) were on average 2.9
times higher than summer levels (that is, 1.89 ± 0.5 µg m–3
in winter and 0.66 ± 0.2 µg m–3 in summer) and varied on a
daily and seasonal time scale (Fig. 2). In winter, the maximum
daily average of light-absorbing aerosol mass concentration
was 3.51 µg m–3, while the minimum was 0.63 µg m–3. For
summer, the maximum was 1.41 µg m–3, and the minimum
was 0.37 µg m–3. These levels are high relative to those
measured in some reported rural solid-fuel burning areas
such as in Kenya (Gatari and Boman, 2003). The daily average
mass concentrations of light-absorbing aerosols indicated
that ~95% of winter levels ranged between 1.5 µg m–3 and
2 µg m–3, with five-minute averages showing maximum
values up to 58.91 µg m–3. 90% of daily summer levels ranged
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Fig. 2. Daily averaged (a) winter and (b) summer light-absorbing aerosol mass concentrations. Solid circles represent mean
values.
from 0.6 µg m–3 to 0.7 µg m–3, with 5-minute averages
ranging up to 36.91 µg m–3. At Welgegund (a background
site, which is 100 km southwest of Johannesburg, Gauteng
Province), BC levels ranged between 1 to 5 µg m–3 in spring
and 0.3 to 0.5 µg m–3 during summer (Kuik et al., 2015).
The daily and seasonal variabilities of light-absorbing
aerosol mass suggest that there were multiple sources that
contributed to air pollution levels. These sources were
affected by short-and long-term factors. Such sources may
include combustion of solid fossil fuels (such as wood and
coal) for heating and cooking; traffic emissions, and burning
of biomass or waste (van der Berg et al., 2015).
Previous South African studies (Friedl et al., 2008;
Lourens et al., 2011; Laakso et al., 2012) noted that solid-

fuel burning-communities burn more solid fuels in winter,
particularly for space heating. This practice is associated
with relatively high pollution levels during winter as was
observed in the Highveld area. Solid fuels (coal and wood)
are predominantly burnt in winter and non-solid fuels (such
as paraffin) are generally preferred in summer (Naidoo et
al., 2014). Apart from the abundance of coal, the usage of
solid fuels in Kwadela Township is partly due to the
unreliable electricity supply, having six > 10-hour power
outages witnessed during the winter 2014 campaign and two
outages during the summer sampling campaign. Generally,
in this region of South Africa, more people use solid fuels
for heating and for cooking because they are relatively less
expensive than electricity. Moreover, coal combustion emits
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bulk heat energy for a longer period (Friedl et al., 2008). The
combustion of solid fuels generates significant amounts of
particles including BC and BrC, which can contribute
substantially to local air pollution levels (Backman et al.,
2014; Tiwari et al., 2014). This seasonal dependence on fuel
use and fuel type can partly explain the seasonality of lightabsorbing aerosol levels observed in Fig. 2. Moreover,
relatively stagnant conditions associated with shallow
boundary layer can lead to accumulation of air pollution
from local sources (for example, domestic fuel combustion,
biomass and waste burning, as well as vehicle emissions)
particularly during the winter season. Therefore, seasonal
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light-absorbing aerosol levels partly highlight the importance
of local fuel combustion sources on air pollution mass
loading in Kwadela Township.
Diurnal Aerosol Mass Concentration Distributions
Hourly averaged light-absorbing aerosols mass
concentrations indicated a bimodal diurnal cycle that peaked
during the morning (4.2 µg m–3 and 1.2 µg m–3) and the
afternoon (5.8 µg m–3 and 2.1 µg m–3) in winter and summer,
respectively (Fig. 3). The two peaks occur at 6:00 in winter
morning and 17:00 in the evening. During summer, the
peaks are shorter and occur at 6:00 in the morning and 18:00

Fig. 3. The diurnal distribution of mass concentrations of light-absorbing aerosols measured during (a) winter and
(b) summer. The horizontal lines represent the medians; the limits of the red black boxes are the 25th and 75th percentiles.
The vertical line extends to the 5th and 95th percentiles. The stars and open dots represent extremes and outliers and the solid
orange dots are mean values. The extremes and outliers are defined as the individual points plotted beyond the 5 th and the
95th percentiles. The scales on the y-axis for winter and summer panels were kept the same to compare the seasonal behaviour
of mass concentrations of light-absorbing aerosols.
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in the evening. The highest morning levels were observed at
06:00 in both seasons. The evening winter peak (17:00) is
an hour earlier than the summer peak (18:00).
The diurnal aerosol mass concentration variations suggest
the influence of local anthropogenic-related aerosol sources
on light-absorbing aerosol levels. The emissions from these
sources are larger in winter compared to summer and higher
in the evenings relative to the mornings in both seasons. This
pattern suggests the importance of anthropogenic related
sources such as domestic solid fuel combustion and traffic
emissions. Residential solid fuel combustion serves as an
important source of energy supply for cooking and space
heating in the study area and is mostly pronounced in winter
and also in the mornings and afternoons, where carbonaceous
fuels are burnt for cooking and space heating (Lourens et al.,
2011; Laakso et al., 2012).
In general, carbonaceous fuels burnt in household cooking
stoves (which are mainly used in Kwadela Township) can
generate substantial amounts of particulates because of
insufficient mixing of fuel with oxygen, leading to incomplete
combustion process (WHO, 2012). Inadequate air supply
(choked inlet) restricts 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) and thus promoting the
production of light-absorbing aerosols with low absorption
efficiency (for example, BrC). The reduced combustion
efficiency, during prolonged smoldering fires in the residential
cooking stoves, encourages high emission rates of BrC
(Schuster et al., 2016; Stockwell et al., 2016). Increased air
flow promotes combustion and thermal increase leading to a
higher degree of organic material graphitization, favoring
BC production (Bond et al., 2002). The domestic cooking
stoves used in Kwadela Township are often in poor condition
and thus are likely to have widely varying air flow and
temperature, which can lead to incomplete fuel combustion,
and thus the production of light-absorbing particulates such
as BC and BrC (EPA, 2012).
Possible contributions of light-absorbing aerosol from
biomass burning and agricultural waste burning can also be
expected due the abundance of dry biomass during the winter
season. The influence of boundary layer and differences in
atmospheric mixing processes during winter and summer
can also be a cause of higher winter air pollution levels
compared to summer levels (Dumka et al., 2015).
The Impacts of Meteorology on Ambient Particulate Matter
Mass Concentrations
A typical boundary layer height measured in the Highveld
between 2012 and 2013, indicated that this layer increased
from 200 m in the mornings (around 06:00) and reached an
average of 4000 m at midday (09:00–13:00) mostly due to
surface heating (Gierens, 2015). Measurements of a boundary
layer 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. The relatively shallower nocturnal boundary
layer acts as a sealing layer, restricting the vertical
distribution of ground-level pollutants. However, reduced

human activities contributed to low pollution levels from
late evenings to early morning hours. The contribution from
local anthropogenic sources such as solid fuel combustion
and traffic emissions was responsible for the morning peak
under a relatively shallow boundary layer. The increase of
wind speed and temperature as the day progresses from late
mornings results in the breaking of this layer, promoting
vertical mixing which leads to the dispersion of pollutants
and thus the decrease in surface air pollution levels (Tyson
and Preston-Whyte, 2000; Verma and Desai, 2008; Gierens,
2015) such as those observed at midday (Fig. 2).
The increase of the local anthropogenic activities such as
solid fuel combustion and traffic emissions, coupled with
gradual reduction of the boundary layer height, resulted in
the rapid increase of pollutant levels in the late afternoons.
The lowest concentrations 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., 2014), partly due to relatively
high wind-speed measured at midday during winter and
summer. Temporal variations of air pollutant mass
concentrations suggest that air pollution levels were
influenced by multiple sources (for example, domestic solid
fuel and agricultural combustion, traffic emissions as well as
the suspension of particulates from unpaved road (van der
Berg et al., 2015)). Diurnal mass concentration patterns
indicate the influence of the sources that are stronger in the
evening relative to the mornings in both seasons but more
pronounced in winter than in summer; such a source is the
combustion of solid fuels. In the study area, 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. Domestic fuel combustion contributes
significant amounts of air particulates particularly in winter
where carbonaceous fuels are burnt for cooking and space
heating. Variability in the pollution levels may also be
influenced by random acute events such as veld fires
(namely, wild brush fires). One such fire event took place in
the farms bordering Kwadela low-income settlement and
contributed to high aerosol concentrations on 28 August 2014
(3.5 µg m–3) (Fig. 2), which impacted to daily fluctuations
of local light-absorbing aerosol levels.
These factors emphasize the importance of local
anthropogenic activities and meteorological conditions in
understanding light-absorbing aerosol levels in Kwadela
Township and at other similar townships on the South
African Highveld. Analysis of light-absorption wavelength
dependence gave a further indication of the types of lightabsorbing particulates that dominated at different times of
the day.
The Proportions of Light-absorbing Aerosols to Total
Particulate Matter
Light-absorbing aerosols contributed higher mass
proportions of total PM2.5 in winter than in summer. Hourly
averaged aerosol absorption mass concentrations proportional
to PM2.5 and PM10 mass concentrations had a distinct
bimodal diurnal cycle in winter and summer (Fig. 4).
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Fig. 4. Average diurnal mass concentrations of light-absorbing aerosols to total particulate matter measured in Kwadela
Township during the winter 2014 and summer 2015 sampling periods.
Maximum one-hour PM2.5 levels in winter and summer
were 61.31 µg m–3 and 34.69 µg m–3, respectively. In addition,
PM10 had peak mass concentrations of 302.77 µg m–3 and
167.77 µg m–3 during winter and summer, respectively.
Averages of light-absorbing aerosols were 6.5 ± 1.0% and
3.4 ± 1.0% of PM2.5 mass concentrations in winter and
summer, respectively, and < 1 ± 0.3% of PM10 (based on
winter and summer five-minute averages) in both seasons.
Hourly averaged proportions of light-absorbing aerosols
to PM2.5 show maxima of 8.9% and 10.6% in the morning
and afternoon peak-hours, respectively, in winter (Fig. 4).
Similar measurements were obtained in previous studies in
Vaal Triangle Airshed Priority Area and the Highveld
Priority Area (Diepkloof, Sebokeng, Sharpeville, Witbank,

Secunda, Three Rivers, Zamdela and Kliprivier) in South
Africa (Feig et al., 2015). The diurnal cycle of the mass
proportion corresponds with the diurnal cycle of the lightabsorbing aerosol mass concentrations (Fig. 3), with the
highest peak observed in the afternoon. This correspondence
implies that domestic solid-fuel combustion is one of the
most important sources of PM2.5 light-absorbing aerosols
during these peak times. A similar pattern was observed
during summertime, where hourly averaged proportions of
light-absorbing aerosols to PM2.5 peaked at 5% and 5.7% in
the morning and afternoon peak hours, respectively (Fig. 4).
The reduction in the relative importance of the solid fuel
combustion may reflect the lower consumption of
households of solid fuels during summer months.
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The diurnal patterns of the light-absorbing aerosol
fractions to PM2.5 and PM10 levels were relatively higher in
winter than in summer. Air pollution levels were higher in
the morning and afternoons and minimal at midday in both
seasons. Such aerosol temporal variability trends correspond
with traffic as well as domestic fire patterns studied by Pauw
et al., (2014) in Kwadela Township. Such high proportions
of fine light-absorbing aerosols can be attributed to
contributions from anthropogenic related primary sources
such as domestic coal/wood combustion and diesel emissions
in Kwadela Township (van der Berg et al., 2015). A study
by Language et al. (2016) showed that solid fuels burnt in
Kwadela can generate high mass concentrations of fine
particulates (PM4-particulate matter with aerodynamic
diameter ≤ 4 µm). Domestic fuel combustion can contribute
significant amounts of air particulates particularly in winter,
where carbonaceous fuels are burnt for cooking and space
heating (Lourens et al., 2011; Laakso et al., 2012).
Comparison of Light-absorbing Aerosol Mass
Concentration Fractions with Results from Other Regions
The proportion of light-absorbing aerosols to PM2.5 from
various regions in South Africa (Amersfoort, Diepkloof,
Sebokeng, Sharpeville, Witbank, Secunda, Three Rivers,
Zamdela, Kliprivier) and internationally (Manyuki, Meru,
Mukteshwar and Beijing) are summarised in Table 1. Many
sites (Kliprivier, Amersfoort, Diepkloof, Sebokeng,
Sharpeville, Secunda, Three Rivers, Zamdela and Witbank)
have similar average mass concentrations of light-absorbing
aerosols which range between 1.9 µg m–3 and 2.1 µg m–3, while
Kwadela levels were 1.9 ± 0.6 µg m–3 and 0.7 ± 0.2 µg m–3
in winter and in summer, respectively (note that the
measurements were taken with different instruments in all
the sites). This indicates an average range of light-absorbing
aerosols levels in multiple low-income settlements in South
Africa, although some of these townships (e.g., Diepkloof
and Three Rivers) are likely less dependent on solid fuel
combustion for household energy.
The light-absorbing aerosol concentrations at many sites
in South Africa are higher than levels measured in rural sites
in Kenya shown in Table 1 (Gatari and Boman, 2003).
Research indicates that light-absorbing particulate levels at
the Kenyan site were strongly influenced by domestic solid
fuel combustion (wood and coal). Such measurements
suggest the importance of residential solid-fuel burning to
mass loading light-absorbing particles mass loading.
The Wavelength Dependence of the Light-absorption
Coefficient
Theoretically, BC is indicated by AAE = 1 (Wu et al.,
2009; Filep et al., 2013) with a potential range of 0.8 and 1.1
(Bergstrom et al., 2007; Gyawali et al., 2009). BrC is
generally represented by AAE close to 2 at shortwavelengths
(Gyawali et al., 2009; Lim et al., 2014; Dumka et al., 2018).
AAE of 1–1.3 indicate the presence of fossil fuel related
aerosols from traffic emissions, domestic/industrial fuel
combustion. AAE of 1.8–3.5 suggest the contributions of
light-absorbing particulates from wood and agricultural
waste burning (Stockwell et al., 2016; Dumka et al., 2018;

Liakakou et al., 2020). AAE of 1.5 can be attributed to coal
combustion aerosols, whereas particulates from chimney
plumes and dust are indicated by an AAE of 1.4 and 1.8,
respectively (Yang et al., 2009). Bond et al. (2002) measured
AAE between 1.1 and 2.9 from low quality coal-combustion,
which indicated the presence of BC and BrC in sampled air.
Specifically, AAE = 1.6 suggest the co-existence of BrC and
BC (Lee et al., 2012), associated with biofuel combustion
(Sun et al., 2007). Generally, traffic related emissions
mainly contain BC particulates, whereas biofuel burning can
release significant proportions of both BC and BrC (Wan et
al., 2017).
Winter hourly averaged AAE(370/880) measured here ranged
between 1.48 to 1.81, with an average of 1.7 ± 0.5, indicative
of a predominance of BrC possibly from biofuel burning
sources such as wood and/biomass burning (Liakakou et al.,
2020) and/or low-quality coal combustion (Bond et al., 2002)
from residential cooking stoves (Stockwell et al., 2016). The
minimum AAE values were observed at 07:00 (AAE = 1.6)
and 17:00 (AAE = 1.48), coinciding with the times when
fossil fuel is in demand for cooking/and heating (Fig. 5).
In summer, hourly averaged AAE(370/950) showed a strong
bimodal cycle with distinct peaks in the morning and
afternoon peak hours. AAE values were close to 1.5 at 6:00
and 17:00; and dropped to ≤ 1.1 at midday (11:00–15:00)
and late evening until early morning hours (20:00–4:00)
(Fig. 5)
Hourly averaged AAE ranged between 0.8 and 1.1 at midday
and overnight during summer, indicative the dominance of
BC aerosols (Gyawali et al., 2009; Moosmüller et al., 2009)
from diesel exhaust (Arnott et al., 2005; Moosmüller et al.,
2009) because local solid-fuel burning is less prevalent at
midday and overnight. Maximum AAE values were close to
1.6 in summer, indicating the co-existence of BrC and BC
(Lee et al., 2012), from biofuel combustion (Sun et al.,
2007).
On average, BC and BrC indicated by AAE average (1.3 ±
0.7), dominated during summer sampling period. The estimated
AAE average (1.3 ± 0.7) represents urban pollution (Backman
et al., 2014); including biofuel-burning aerosols (Srivastava
et al., 2012; Stockwell et al., 2016; Dumka et al., 2018;
Liakakou et al., 2020). Favez et al. (2009) also found a similar
AAE value (1.25) which was associated with domestic
solid-fuel combustion particles.
AAE values were higher during winter (range: 1.48–1.81)
compared to summer (range: 0.9–1.5) (Fig. 6), indicating a
pronounced seasonality in the emission rates and the diversity
of light-absorbing aerosol sources, as well as differences in
mixing processes in the atmosphere (Srivastava et al., 2014;
Stockwell et al., 2016). For example, BrC absorption can be
reduced by 80% during the day due to photobleaching and
the increasing of the boundary layer height (Satish et al.,
2017).
The analysis of AAE is wavelength pair-specific (Favez
et al., 2009; Dumka et al, 2018). For instance, AAE values
measured at short wavelengths are relatively higher (AAE
>1.5) than those measured at longer wavelengths (Fig. 7),
indicating the significant contributions of BrC possibly from
wood/biomass burning and agricultural waste. The organic
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6.9
~8.5
3.1
7.8
6 (winter)
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~12

AE-16
AE-16
AE-21
AE-21
AE-31

November 2004–February
2005
June–August 2004
27 June–31 July 2009
9 May–13 June 2009
January–December 2013

–

CE440-CHNa analyzer
CE440-CHN analyzer
AE-47

Xi'an, China (Urban)

Beijing, China (rural)
Shanghai, China (suburb)
New Delhi, India (urban)

Manyuki, Kenya (rural)
Meru, Kenya (rural)
Ahmedabad, India (urban)

Maritz et al.
(2015)
Feig et al. (2015)

Tiwari et al. (2014)

Zhou et al. (2009)

Gatari and Boman
(2003)
Ramachandran and
Rajesh (2007)
Cao et al. (2009)

3.4 ± 1.0 (summer)

AE-22 (winter period)

July-September 2014
(winter)
February-April 2015
(summer)
May–June 1999
May–June 1999
September 2003–June 2005

Kwadela Township, South
Africa (semi-urban)
AE-31 (summer period)

Instrument

Period

Site location

Average light-absorbing
aerosol ratio to PM2.5
Reference
(± standard deviation)
presented in %
Current study
6.5 ± 1.0 (winter)

DRIb
March 2009–April 2011
Amersfoort, South Africa
(semi-urban)
< 10
MAAP-5012c
September 2013–August
Low-income (semi-urban)
residential area in South Africa 2014
Diepkloof Sebokeng,
~1.8–1.9
Sharpeville
Witbank Secunda, Three
< 1.8
Rivers
Zamdela, Kliprivier
~ 2.1
The AE results presented were achieved from the 880 nm wavelength of the specified models of the Aethalometer instruments.
DRI = Desert Research Institute thermal optical analyzer; CE440-CHN elemental 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.

8.6 (summer)
2.37 (summer)
5.47 (summer)
~ 10 (winter)
< 5 (summer)
~ 1.9 (entire sampling period)

0.72 ± 0.1 (winter)
1.4 ± 2.3 (winter)
0.8 (July)
5 (January)
19.9 (winter)

0.7 ± 0.2 (summer)

Average light-absorbing
aerosol mass concentrations
(± standard deviation)
measured in µg m–3
1.9 ± 0.6 (winter)

Table 1. Absorbing aerosol mass proportions measured in various domestic fuel burning communities globally.
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(a) Winter

(b) Summer

Fig. 5. Diurnal trends of the absorption Ångstrӧm exponent measured at 370/880 nm (winter) and 370/950 nm (summer)
wavelength pair. The boxes represent mean values.
species that are released from biofuel combustion are more
sensitive to short wavelengths compared to particulates that
are emitted during fossil fuel burning (Zhang et al., 2017; Li
et al., 2018). This is because AAE measured at short
wavelengths is much more sensitive to BrC aerosols and
internally mixed aerosols (Dumka et al., 2018; Liakakou et
al., 2019). BrC has a highly wavelength-dependent imaginary
refractive index, which is higher at shorter wavelengths

relative to long wavelengths (Moosmüller et al., 2009;
Chakrabarty et al., 2010).
AAE is also highly sensitive to fuel type, combustion
efficiency and aging processes (Kirchstetter et al., 2004;
Bond and Bergstrom, 2006), such that changes in the type of
wood and the combustion conditions can affect the optical,
physical and chemical aerosol properties (Day et al., 2006).
Although fossil fuel and biomass burning are regarded as the
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Fig. 6. Daily averaged AAE (370/880 nm) and AAE (370/950 nm) measured in the winter (2014) and summer (2015) period,
respectively. The solid circles represent mean values.
primary anthropogenic sources of light-absorbing aerosols,
the aerosol absorbing properties of light-absorbing particles
emitted from these sources may differ significantly. For
instance, fossil-fuel generated BC has 100% more effective
warming potential than that from biomass burning (Ramana
et al., 2010). The difference in the warming potential of
these aerosols is based on the ratio of BC to sulfate, with
fossil-fuel combustion having a lower sulfate content compared
with biomass burning (Ramana et al., 2010). Ramana et al.

(2010) found that the BC absorption efficiency was inversely
proportional to the level of sulfate particles within the measured
sample, having a relatively higher absorption efficiency
corresponding with a lower sulfate level. This partly implies
that domestic-fuel combustion can have remarkable
implications on the regional solar radiation balance.
The AAE analysis can also be complicated by the aerosolmixing effect. A non-absorbing coating on a light-absorbing
aerosol core can serve as a lens that focuses the incident light
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Fig. 7. Absorption Ångstrӧm exponent measured at different wavelength pairs during summer (2015). The solid circles
represent mean values.
towards the light-absorbing aerosol core, thus increasing its
absorption efficiency (Yang et al., 2009; Lee et al., 2012;
Lim et al., 2014). Such an effect is common during hazy
conditions and sulfate-rich pollution events (Chung et al.,
2012; Schuster et al., 2016). This is due to the abundance of
scattering material, such as secondary inorganic and organic
aerosols, increasing the probability of internal mixing (Wu
et al., 2009). BC internally mixed with non-absorbing material
is indicated by AAE = 1.5 (Bond and Bergstrom, 2006) or
1.6 (Lack and Langridge, 2013). Therefore, the strong
bimodal pattern observed during summer (Fig. 5) may suggest
the dominance of internally mixed BC during peak hours,
possibly from combustion of carbonaceous fuels (Lelieveld
et al., 2015). The combustion of solid fuels can emit both
BC and organic and/ inorganic gases that can form secondary
aerosols (Mugabo, 2011). The peak AAE value of 1.5 (as
observed in Fig. 5), particularly indicates the presence of
coal-derived internally mixed BC particulates (Yang et al.,
2009). For the current study, aerosol mixing is possible as
measurements were not taken directly from the source (stove
chimney), but rather from mixed ambient air, which is subject
to continuous atmospheric processing and thus changes in
chemical composition, which can strongly affect AAE values
(Saleh et al., 2014; Costabile et al., 2017). AAE values are
indicative of variations of aerosol chemical composition and
their source types (Dumka et al., 2018)
On average, a mixture of internally mixed BC particles
and BrC particles (indicated by an AAE ≥ 1.5) (Yang et al.,
2009; Bond and Bergstrom, 2006; Lack and Langridge,
2013) dominated on 50% and 5% of the winter (2014) and
summer (2015) sampling days, respectively. Relatively
fresh BC particles (suggested by an AAE ≤ 1.1) (Gyawali et
al., 2009; Bond et al., 2013; Filep et al., 2013) were only
measured during summer days (23%) (Fig. 6).

Internally mixed BC aerosols have increased absorption
efficiency (Chung et al., 2012; Lee et al., 2012; Wu et al.,
2015) that can be a factor of 1.9 higher than non-coated BC
(Chung et al., 2012). Manoharan et al. (2014) found that
coated BC particles have 30% higher absorption potential
and 44% regional radiative forcing compared with pure BC
particles. These effects can also be applicable in Kwadela
settlement since coated BC particles are estimated to
dominate during the day (see Fig. 5, cases when AAE ≥ 1.5)
when solar irradiance is higher and these peaks are observed
in most of the days (Fig. 6). Relatively high BC loading
(particularly during peak hours), coupled with intense lightabsorption due to aerosol mixing can lead to an increase in
temperatures (Moosmüller et al., 2009; Wu et al., 2009).
Thus, residential solid-fuel and biomass combustion is an
important source of light-absorbing aerosols in this study
region, which can be associated with human health and
environmental impacts. The usage of relatively cleaner fuels
such as natural gas or electricity can improve air quality, and
thus reduce human health and environmental impacts.
CONCLUSIONS
Light-absorbing aerosol mass concentrations measured at
Kwadela low-income settlement were higher in the 2014
winter relative to the 2015 summer (0.66 ± 0.2 µg m–3).
Hourly averaged levels show distinct peaks in the early
mornings (4.2 and 1.2 µg m–3) and early evenings (5.8 and
2.1 µg m–3) during winter and summer, respectively. There
were minimum ambient mass concentrations at midday when
wind speed and boundary layer heights are higher, thus
facilitating pollution dissipation. This is also typically the
time of the day when emissions from domestic combustion
are lowest. Higher concentrations were obtained during the
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times when the use of solid fuel is more prevalent, namely
in the morning (6:00) and in the evenings (17:00) in winter.
During summer, the peaks occurred between at 6:00 and
18:00 in the morning and evening, correspondingly. Low
light-absorbing aerosol levels at mid-day may also be
attributed to the chemical transformation of light-absorbing
aerosols less absorbing secondary particulates.
Higher proportions of absorbing aerosols to total PM2.5
were observed in winter (6.5%) and during two peak burning
hours (10.6% and 5.7%) in winter and summer, respectively.
There were low proportions (< 1 ± 0.3%) of absorbing aerosols
to PM10 in both sampling seasons. Hourly averaged aerosol
absorption mass concentrations proportional to PM2.5 and
PM10 particulate matter mass concentrations had a distinct
bimodal diurnal cycle in winter and summer.
Kwadela low-income settlement absorbing aerosol levels
were similar to those measured in other South African lowincome settlement studies; with mass concentrations ranging
from 1.9 to 2.1 and proportions of light-absorbing aerosols
to PM2.5 close to 10% in the South African Vaal Triangle
Airshed Priority Area and the Highveld Priority Area. The
results from these reviewed previous studies indicate
average levels of light-absorbing aerosol in residential areas,
which are influenced by local fuel combustion. The presence
of BC and BrC was suggested by the AAE(370/880 nm) during
winter 2014 and summer (AAE370/950 nm) 2015 campaign.
The average AAE values, which ranged between 0.9 and 1.5,
indicated the dominance of internally mixed BC during the
morning and afternoon peaks which, in the low-income
settlements of the Highveld, are associated with domestic
solid-fuel combustion. Relatively fresh BC particles were only
measured during summer days (23%). These proportions
suggest the important contributions of light-absorbing aerosols
from biomass/wood burning in winter and fossil fuel
combustion in summer.
Winter AAE values were higher relative to summer AAE
values, indicating a pronounced seasonality in the emission
rates and the diversity of combustion sources between
biofuels/biomass burning and/or coal combustion emissions
(in winter) and fossil fuel combustion (in summer), as well
as differences in mixing processes in the atmosphere.
The results from this study indicate that residential solidfuel and/biofuel combustion has an important influence on
characterization of light-absorbing aerosols and thus can have
human health and environmental importance. This information
will be useful for improvement of the assessment of human
health and environmental impacts, as well as air-quality
management. It is well recognized that high levels of aerosols
can affect human health and the environment negatively.
Understanding the extent of such effects can be incomplete
without full knowledge of all the existing aerosol types,
particularly since light-absorbing particles are the least
studied on a regional scale. 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, which can assist with air-quality management.
Further studies should focus on the health implications in the
South African context of BC aerosols.
In terms of consistency of the findings of the current
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research with literature, this study provides new insight on
the light-absorption characteristics of BC and BrC, associated
with burning of the low-quality coal and biofuels in South
Africa. This study also highlights the importance of domestic
solid fuel combustion as a source of BrC in addition to
biomass burning emission in residential areas. The diurnal
dynamic changes of aerosol light-absorption characteristics
are also remarkable particularly during the summer season,
which is associated with long-lasting high-pressure systems
over the research area. The analysed ground-based data
highlight pronounced seasonality in the emission rates and
the diversity of combustion sources between biomass/biofuel
burning (in winter) and fossil fuel combustion (summer),
which contribute significant proportions of carbonaceous
particles in a low-income settlement of southern Africa.
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