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Highlights 11 

• A six-year, ground level aerosol optical property dataset is presented. 12 

• Well-defined seasonal and diurnal patterns were evident for the optical properties. 13 

• Auto-generated source maps were used to explain results within a regional context. 14 

• Air masses passing over the Karoo region represented the most natural background. 15 

• Anthropogenic influences were evident in air masses passing over all other regions. 16 

Abstract 17 

Atmospheric aerosols have a significant effect on earth’s radiative budget, particularly on regional scales. This 18 

paper presents a ~6 year, in situ, ground level aerosol scattering and absorption dataset, measured at a background 19 

site strategically positioned to enable differentiation of the effect of anthropogenic, population density and open 20 

biomass burning activities on a regional scale. Relatively well-defined seasonal and diurnal patterns were 21 

observed for all the aerosol optical properties, i.e. scattering coefficient (σSP), absorption coefficient (σAP), single 22 

scattering albedo (ω0) and Ångström exponent of scattering (αSP). These patterns were explained by considering 23 

southern African specific sources and metrological conditions. Using a receptor modelling method (auto-24 

generated source maps) it was found that air masses that had higher σSP, σAP and ω0, and lower αSP, if compared 25 

with the relatively clean background, passed over source regions with significant industrial or other anthropogenic 26 

activities, higher population density, re-circulation of polluted air masses and higher open biomass burning 27 

frequency. To quantify differences, four source regions were defined, i.e. Karoo, Kalahari, anti-cyclonic 28 

recirculation pattern and the industrial hub of South Africa. Air masses that had passed over the Karoo source 29 

region represented the cleanest regional background conditions, while air masses that had passed either over the 30 

industrial hub and/or the anti-cyclonic recirculation pattern represented the most significant anthropogenically 31 

impacted, as indicated by the aerosol optical properties. The ω0 medians of air masses that had passed over the 32 

Karoo (0.80–0.86) were 9, 12 and 7 % lower than in air masses that had passed over source regions with the 33 

highest ω0 median, in the warmest/wettest, coldest, and driest, peak open biomass burning periods, respectively. 34 

Keywords: Aerosol scattering coefficient (σSP), Absorption coefficient (σAP), Single scattering albedo 35 

(ω0), Ångström exponent of scattering (αSP), Welgegund measurement station 36 
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1 Introduction 1 

Atmospheric aerosols can have a significant effect on the earth’s radiative budget in two ways: particles that 2 

directly scatter and absorb shortwave and long wave radiation, and particles that indirectly influence physical 3 

properties and lifetimes of clouds by serving as cloud condensation nuclei (e.g. Boucher et al., 2013). However, 4 

the atmospheric lifetime of aerosols is in general much shorter than the long-lived greenhouse gases; therefore, 5 

the climatic impacts of aerosols are particularly important on regional scales (e.g. Forster et al., 2007). 6 

Consequently, long-term, regional scale and high temporal resolved measurements are required in order to 7 

determine aerosol climatic impacts and to improve the uncertainties associated with these impacts. 8 

Although Africa is an important source region for numerous gas and aerosol species, it is one of the least 9 

studied continents, possibly since most African countries can be regarded as developing (lacking resources). 10 

Southern Africa is an important sub source region, with open biomass burning being a major concern due its 11 

general air quality, health, visibility and climate impacts. Open biomass burning in this region includes grassland, 12 

savannah and forest fires, as well as agricultural burning, which combined produce significant amounts of aerosols 13 

especially in the dry season (Vakkari et al., 2018, 2014; Mafusire et al., 2016; ). Domestic combustion (i.e. cooking 14 

and household space heating) also contributes significantly to the atmospheric aerosol load, especially near 15 

informal settlements (low-income households that erect housing from any available material) (Chiloane et al., 16 

2017; Hersey et al., 2015). Within southern Africa, South Africa has the largest economy, with numerous sources 17 

that emit aerosols as primary pollutants. Major anthropogenic point sources in South Africa include an array of 18 

very large coal-fired power stations and petrochemical operations that do not de-SOx or de-NOx their off gas 19 

(Pretorius et al., 2015), and large mining and pyro-metallurgical industries (e.g. Loock-Hattingh et al., 2015; 20 

Hirsikko et al., 2012). Secondary formed aerosols is also very prevalent, with regional new particle formation 21 

frequencies measured in the South African interior being the highest ever recorded internationally (Nieminen et 22 

al., 2018). 23 

Notwithstanding the significance of the climatic effect of aerosols and the importance of South Africa (and 24 

southern Africa in general) within a regional and global atmospheric science perspective, few papers have been 25 

published in the peer reviewed public domain on aerosol optical properties for this region. Most of these papers 26 

used vertical and/or remote sensing techniques to obtain aerosol optical data (Kumar et al., 2014; Queface et al., 27 

2011; Campbell et al., 2003; Eck et al., 2003; McGill et al., 2003; Formenti et al., 2002; Diner et al., 2001), were 28 

mostly focussed only on open biomass burning (Campbell et al., 2003; Eck et al., 2003; McGill et al., 2003; Diner 29 

et al., 2001) and were generally based on short measurement periods during the SAFARI 2000 campaign (Swap 30 

et al., 2003). As far as the authors could assess, the Laakso et al. (2012) paper is the only study to date for South 31 

Africa where ground level, multi-year aerosol optical properties, based on in situ aerosol absorption and scattering 32 

measurements, have been published. Although this paper made a significant contribution, it was a general paper 33 

that considered various aerosol and gas measurements and therefore did not focus specifically on explaining 34 

aerosol optical properties in detail. Also, in this paper no diurnal patterns were presented and possible source 35 

explanations were quite general. Additionally, the measurements site (i.e. Elandsfontein) was situated in the 36 

internationally well-known NO2 hotspot visible with satellite observations (Lourens et al., 2012), implying that 37 

the optical data is only representative of this relatively small area (Laakso et al., 2012). In South Africa, the Cape 38 

Point Global Atmosphere Watch (GAW) station (e.g. Slemr et al., 2015; Venter et al., 2015; Slemr et al., 2013) 39 
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also measures ground level in situ aerosol absorption and scattering on a continuous basis, however, as far as the 1 

authors could assess results from there have not yet been published in the peer reviewed public domain. 2 

Considering the above-mentioned, studies focussing specifically on ground level aerosol optical properties for 3 

South Africa have been lacking. However, resources to operate multiple sites to obtain such data were not 4 

available, and is unlikely to become available in the near future. Therefore, continuous aerosol optical 5 

measurement were established at Welgegund, a site that enabled assessment of aerosol optical properties on a 6 

regional, rather than limited local basis, for South Africa. The general aims of this paper were to introduce the 7 

measurements and present initial assessment of the first six years of gathered data. The specific objectives were 8 

to contextualise the observed mean/median aerosol optical properties (scattering and absorption coefficients, σSP 9 

and σAP, single scattering albedo, ω0, and Ångström exponent of scattering, αSP) within a global context, present 10 

and comprehend seasonal and diurnal patterns, as well as contemplate factors influencing aerosol optical 11 

properties and possible sources on a regional scale for South Africa. 12 

2 Site description 13 

Measurements were conducted at the Welgegund measurement station (26°34'11.23" S, 26°56'21.44" E, 1480 14 

m.a.s.l.). Welgegund has been introduced in previous papers (Jaars et al., 2016, 2014; Laban et al., 2018; Vakkari 15 

et al., 2018, 2015 and 2014; Venter et al., 2018, 2017, 2015; Chiloane et al., 2017; Räsänen et al., 2017; Booyens 16 

et al., 2019, 2015), therefore only a synopsis of the site description is given. The location of the Welgegund 17 

measurement station is indicated in Fig. 1 along with the main vegetation type biomes and population density of 18 

southern Africa. It is situated approximately 100 km southwest of Johannesburg on a commercial farm, and is 19 

surrounded by grazed grassland and semi-savannah (Fig. 1), as well as cultivated farmlands. Jaars et al. (2018) 20 

presented a detailed vegetation survey within a 60 km radius around Welgegund. There are no significant nearby 21 

anthropogenic pollution sources and most of the large point sources are situated to the east, in the sector between 22 

north to south-east form Welgegund. The population density is also higher to the east of Welgegund with 23 

significantly lower density to the west. Therefore, the sector west of Welgegund (from north to south-east) can be 24 

considered as representative of the regional background of the interior of South Africa. However, aged air masses 25 

that had passed over the industrialised source regions also occasionally impact Welgegund (Tiitta et al., 2014; 26 

Beukes et al., 2013). These source regions include (i) the Johannesburg-Pretoria (Jhb-Pta) megacity with more 27 

than 10 million inhabitants (Lourens et al., 2012, 2016), (ii) the western Bushveld Complex that host 11 pyro-28 

metallurgical smelters in less than a 60 km radius (Hirsikko et al., 2012), (iii) the eastern Bushveld Complex that 29 

also host a couple of pyro-metallurgical smelters, (iv) the Mpumalanga Highveld where 11 coal-fired power 30 

stations, a very large petrochemical producer and several pyro-metallurgical smelters are located in a small 31 

geographical area (Lourens et al., 2011; Collet et al., 2010), and (v) the Vaal Triangle that host several chemical 32 

and petrochemical operations, a couple of pyro-metallurgical smelters and a coal-fired power station (Fig. 1). It 33 

has been proven in numerous previous publications that regional, rather than local sources, determine the 34 

atmospheric composition at Welgegund. 35 



4 
 

 1 

Fig. 1: Southern African map indicating the location of Welgegund in context of vegetation type biomes (Mucina and 2 
Rutherford, 2006), major point sources in the interior of South Africa and the Jhb-Pta megacity. The population density is 3 
also indicated in the zoomed-in area (CIESIN, 2019). Province abbreviations: WC – Western Cape, NC – Northern Cape, EC 4 
– Eastern Cape, FS – Free State, NW – North West, GP – Gauteng Province, LP – Limpopo Province, MP – Mpumalanga 5 
Province, KZN – KwaZulu-Natal. 6 

3 Materials and methods 7 

3.1 Measurement equipment, site maintenance and data quality assurance 8 

The Welgegund measurement station is most likely the most comprehensively equipped continuously 9 

operating atmospheric monitoring station in the South African interior (Beukes et al., 2015). Light absorption was 10 

measured at a sample flow of 6.0 L min-1 with a Multi-Angle Absorption Photometer (MAAP) (model 5012 11 

Thermo Fisher Scientific Inc.) at a wavelength of 637 nm. The MAAP measures light absorption but reports 12 

equivalent black carbon (eBC) (definitions according to Petzold et al. 2013) concentrations by using the absorption 13 

mass efficiency 6.6 m2 g-1. By multiplying the eBC concentrations by the absorption mass efficiency the light 14 

absorption coefficient (σAP) can be calculated at 637 nm. Absorption uncertainty is estimated to be approximately 15 

12% (Petzold et al., 2005). Light scattering was measured at a sample flow rate of 2.7 L min-1 with a three 16 

wavelength Nephelometer (Ecotech Aurora 3000) at 450, 525 and 635 nm. The scattering uncertainty is estimated 17 

as 10%, after truncation correction (Müller et al., 2011a). Particulate matter concentration with an aerodynamic 18 

diameter ≤ 10 µm (PM10) was measured with a synchronised hybrid ambient real-time particulate (SHARP) 19 

monitor (model 5030, Thermo Fisher Scientific Inc.). All three the afore-mentioned instruments had a common 20 

PM10 sample inlet. After the inlet, the sampled airflow was split into three with custom-built splitters to maintain 21 

isokinetic flow, as far as practically possible. Thereafter, the sampled air of each instrument passed through a 22 

customised NafionTM drier to keep relatively humidity (RH) < 40%, before entering the instrument. The NafionTM 23 

dryers were operated with counter current, partially dry compressed air, from an oil-less compressor system. Data 24 

points with RH ≥ 40% were removed from the dataset during data cleaning/quality assurance procedures. 25 

Ancillary data, such as meteorological parameters (e.g. rain intensity, relative humidity (RH), temperature, as well 26 

as wind speed and direction), as well as trace gas concentrations and non-optical aerosol measurements were 27 

conducted, as relatively recently summarised by Beukes et al. (2015). 28 
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The measurements were undertaken from 1 September 2011 to 30 November 2016. Beukes et al. (2015) 1 

described site maintenance and data quality assurance procedures applied for Welgegund, therefore it is not 2 

repeated here. However, since these authors did not specify the Nephelometer calibration, it is summarised. The 3 

Nephelometer calibration was checked once a week with a HEPA filter (zero) and CO2 (span). If the instrument 4 

response was more than 10 % off, a full calibration was conducted. Between calibrations the readings were 5 

corrected for span and zero drift assuming that the drift is linear between calibration checks. All the data (for all 6 

instruments) reported in this study was recorded at 1 min intervals. This high resolution 1 min data was converted 7 

to 15 min averages, after quality assurance procedures were applied (as specified by Beukes et al., 2015) and only 8 

if at least two thirds of the 1 min data were available. 9 

3.2 Aerosol optical calculations 10 

Procedures previously described by Laakso et al. (2012) were used to calculate the various optical parameters. 11 

Firstly the σSP was corrected for temperature (273°K) and pressure (1013 m bar) (i.e. standard temperature and 12 

pressure, STP), to correlated with the σAP, which was also reported at STP. As previously stated (Section 3.1), the 13 

MAAP instrument measures light absorption but reports eBC by using the absorption mass efficiency 6.6 m2 g-1. 14 

By multiplying the eBC concentrations by the absorption mass efficiency, σAP values were calculated at 637 nm. 15 

The Nephelometer truncation error was corrected according to Müller et al. (2011b). Thereafter, αSP was calculated 16 

for the entire wavelength range (450, 525, 635 nm), by fitting the logarithm of the σSP and the respective 17 

wavelengths to Eq (1): 18 

ln(𝜎𝑆𝑃 , 𝜆) = −𝛼𝑆𝑃 ln(𝜆) − 𝐶 (1) 19 

where C is a constant that is not relevant to this work. The αSP was then used to logarithmically interpolate the 20 

wavelength of σSP to correlate with that of the σAP, measured with the MAAP at  = 637 nm (Müller et al., 2011b). 21 

Therefore, σSP and σAP reported in this paper will be for  = 637 nm. The ω0 can be defined as: 22 

𝜔0 =
𝜎𝑆𝑃

(𝜎𝑆𝑃+𝜎𝐴𝑃)
 (2) 23 

at 637 nm (Gong et al., 2015, Montille et al., 2011). The αSP can be used as a qualitative indicator of particle 24 

size distribution (Schuster et al., 2006; Ångström, 1929). Small values (αSP <~ 1) indicate coarse mode particles 25 

(radii >~ 0.5 µm) that are associated with for instance sea salt and dust particles and large values (αSP >~ 2) 26 

indicate fine mode particles (radii <~ 0.5 µm) that are typically associated with biomass burning and 27 

anthropogenic emissions (Schuster et al., 2006; Eck et al., 1999). The interpretation of αSP is not unambiguous, 28 

however, as previously indicated (Shen et al., 2018; Virkkula et al., 2011; Garland et al., 2008) it is more 29 

applicable to the interpretation of volume or mass mean diameters, than number mean diameters. A limitation of 30 

the Nephelometer used in this study, which was an early Ecotech Aurora 3000 model (year 2007) fitted with an 31 

improved light source, was that backscattering was not measured. Therefore, the asymmetry parameter (e.g. Yu 32 

et al. 2016; Moosmüller and Ogren, 2017) could not be calculated. 33 

3.3 Ancillary data and methods 34 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (version 4.8) of the National 35 

Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) was used to determine air 36 

mass histories (Draxler and Hess, 2004), using the 1° resolution GDAS meteorological data archive ( GDAS, 37 
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2019). All back trajectories were calculated for 96-hours backwards, arriving hourly at Welgegund with an arrival 1 

height of 100 m. The accuracy of calculated trajectories significantly depends on the quality of the meteorological 2 

data used (Stohl, 1998). Uncertainties associated with a single trajectory calculated in the manner presented here 3 

are estimated as 15 to 30% of the trajectory distance travelled (Stohl, 1998; Riddle et al., 2006). For studying 4 

regional patterns and using a large dataset this accuracy is sufficient. Further, deductions in this paper were never 5 

made based on a single trajectory, but always on multiple (hundreds or thousands) trajectories. When hundreds, 6 

or thousands of trajectories are drawn on a map, it is difficult to identify the main air mass movement pattern(s), 7 

due to the overlap of trajectories. Therefore, overlay back trajectory maps, as previous introduced (e.g. Venter et 8 

al. 2015, 2012), were drawn in such cases. In these maps a colour code was used to indicate the percentage of 9 

trajectories passing over 0.2 × 0.2° grid cells superimposed over the region of interest, with dark blue and red 10 

indicating the lowest and highest number of trajectory overpasses, respectively. In addition, a technique 11 

introduced by Vakkari et al. (2011, 2013) was used to connect air mass history and the optical properties 12 

considered in this paper. This was done by defining a 0.5 × 0.5° grid over the southern African map. For each 13 

calculated trajectory, grid cells over which the trajectory passed, were assigned the hourly mean of the observed 14 

optical property measured at Welgegund. Therefore, for multiple trajectories the value in each grid cell represented 15 

the mean of the optical property observed for all the trajectories passing over that grid cell. A minimum of 40 16 

trajectory overpasses per grid cell was required, in order to ensure that the results are statistical reliability. Vakkari 17 

et al. (2011, 2013) demonstrated that this method can be used to identify source areas or regions for atmospheric 18 

species measured at sites that not in close proximity to large point sources. In this paper, such maps were referred 19 

to as auto-generated source maps. This method can be considered as a receptor modelling method. Some receptor 20 

modelling methods, such as conditional bivariate probability function (CBPF) using wind parameters (e.g. Uria-21 

Tellaetxe and Carslaw, 2014; Tian et al., 2019), are good to identify nearby/local sources. However, the method 22 

applied in this paper (auto-generated source maps) is not effective to account for nearby/local sources, but is 23 

excellent at giving a regional perspective, which was one of the main objectives of this paper (see Section 1). 24 

Fire locations were determined with the MODIS collection 5 burned area product (Roy et al., 2008) and results 25 

expressed as gridded 500 m pixels as specified in the MODIS user manuals (Boschetti et al. 2009, 2013). 26 

4 Results 27 

4.1 Meteorological data and open biomass burning frequencies 28 

In Fig. S1 the median, as well as 25th and 75th percentiles, of the monthly temperature (Fig. S1a), relative 29 

humidity (RH) (Fig. S1b) and cumulative rain (Fig. S1c) are presented for the entire sampling period. From these 30 

figures seasonal variations for all the meteorological parameters are evident. Relatively high daily temperatures 31 

(21º C median) accompanied by higher RH (above 50 %) and higher precipitation (~86 mm month-1) occurred in 32 

the warmer months (November–February). However, the cooler months (May–August) received on average 33 

almost no precipitation (below ~15 mm month-1), with lower RH (below 50 %) and lower temperatures (10º C 34 

median).  35 

Fig. 2a presents MODIS burned area pixel counts within 100 and 250 km radii around Welgegund for the full 36 

calendar years covered by the measurement campaign. As is evident from this data (Fig. 2a), the previously 37 

presented lack of rain during the dry season (May–mid-October, Fig. S1c) contribute significantly to open biomass 38 

burning, whereas such fires are to a large degree prevented during the wet season (mid-October–April). According 39 
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to Archibald et al. (2008), availably of vegetation to serve as fuel during open biomass burning and soil moisture, 1 

as influenced by the preceding 2 years of rainfall, is likely the most important drivers for open biomass burning 2 

frequency and spatial variation in southern Africa. It is therefore understandable that 2014 that was an above 3 

average rainfall year (~101% of regional average; Droughtsa, 2019) had the highest MODIS burn area pixel 4 

counts, while 2016 that was a below average rainfall year (~83% of regional average; Droughtsa, 2019) had the 5 

lowest (Fig. 2a). The spatial distribution of open biomass burning in southern Africa is illustrated in Fig. 2b, which 6 

use 2012 as an example. The lines in this figure divide the southern African map into eastern and western sectors 7 

as observed from Welgegund. It is obvious for Fig. 2b that most open biomass burning occurs in the eastern sector, 8 

due to the vegetation type biomes (Fig. 1) there being more productive, i.e. produce more vegetation biomass that 9 

can burn. 10 

 11 
 (a) 12 

 13 

 (b) 14 

Fig. 2 (a) MODIS burnt area pixel counts within 100 and 250 km radii around Welgegund, determined with MODIS collection 15 
5 burned area product (Roy et al., 2008), for the entire sampling period and (b) a map of southern Africa indicating MODIS 16 
burned area pixel counts observed for 2012. The lines in (b) divide South Africa into eastern and western sectors, with more 17 
and less open biomass burning frequencies, respectively, as observed from Welgegund. 18 

4.2 Seasonality of aerosol optical properties 19 

Fig. S2 presents the monthly statistical distribution of the aerosol optical properties for the entire sampling 20 

period. This data is condensed in Fig. 3, which presents the monthly statistical distribution of (a) σSP, (b) σAP, (c) 21 
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ω0 and (d) αSP, with corresponding months grouped together (i.e. all January data grouped together, Februaries, 1 

etc.). 2 

 3 
(a) 4 

 5 
(b) 6 

 7 
(c) 8 

 9 
(d) 10 

Fig. 3: Monthly statistical distribution of aerosol optical properties measured at Welgegund for the entire sampling period: (a) 11 
σSP, (b) σAP, (c) ω0 and (d) αSP with corresponding months grouped together (i.e. all January data grouped together, February, 12 
etc.). The red line represents the median, the top and bottom edges of blue boxes the 25 and 75 % percentile and the black 13 
whiskers indicates a 99.3 % coverage. The number (N) of 15 min data points represented by each box and whisker is indicated 14 
at the top of each graph. 15 
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A clear seasonal cycle can be observed for σSP (Fig. 3a and S2a) and σAP (Fig. 3b and S2b). The highest 1 

medians were observed in the winter and early spring months (June–September), while the lowest medians were 2 

recorded during the summer and autumn months (December–April). There are several possible reasons for the 3 

relatively well defined σSP and σAP seasonal patterns. Domestic space heating occurs mostly during the colder 4 

winter months in the South African interior (Chiloane et al., 2017; Hersey et al., 2015; Venter et al., 2012), while 5 

domestic cooking is practised irrelevant of the ambient temperatures. The fuel used in domestic combustion 6 

depend on the availability and cost of the various fuel types, but low grade coal, wood and paraffin are very typical 7 

in the South African context (Pretorius et al., 2015, Census 2011). Also, open biomass burning frequency generally 8 

increase during winter and peak in either late winter (August) or early spring (September) (Fig. 2a), which is also 9 

the driest period (Fig. S1b and c). Less wet deposition (Fig. S1c), increased anti-cyclonic re-circulation of air 10 

masses over the South African interior (Tyson et al., 1996), lower planetary boundary layer (PBL) depths and 11 

more prominent thermal inversion layers (Gierens et al., 2019; Korhonen et al., 2014; Garstang et al., 1996; Fig. 12 

4e) during the colder months, all result in aerosol accumulation in the lower atmosphere. Increased wind-blown 13 

dust also occurs during the dry season, especially the late dry season (August to mid-October). Additionally, in 14 

the cold winter months (Fig. S1a), higher electricity consumption occurs in South Africa (Pretorius et al., 2015), 15 

which results in increased SO2 and NOx emissions (which are precursors of aerosol sulphate, SO4
2- and nitrate, 16 

NO3
-), from large coal-fired power stations that do not remove such species from their off gas (Pretorius et al., 17 

2015). Considering the afore-mentioned, the observed σSP and σAP seasonal patterns are likely a complex 18 

combination of increased emissions (e.g. household combustion in winter, open biomass burning during later 19 

winter and early spring), trapping of low-level emission during the colder months and reduced wet deposition 20 

during late autumn to early spring. 21 

In Fig. 3c and S2c a clear seasonal pattern can be observed for ω0, with more absorbing aerosols observed 22 

during the winter and early spring months, while more scattering aerosols occurred during the summer and early 23 

autumn months. This ω0 seasonality does not correlate with the σSP and σAP seasonality, where both these 24 

parameters reach maximum values in the winter and/or early spring. The reason why the ω0 seasonality differs 25 

from that of σSP and σAP is due to the relative larger amplitude difference of the σAP peak in the late dry season if 26 

compared to the corresponding σSP peak. This is illustrated by the relatively small ratio difference of 2.1 between 27 

the average of the three highest (89.2 M m-1) and average of the three lowest (42.8 M m-1) medians of the σSP per 28 

season (Fig. S2a), if compared to the correlating average ratio of 3.6 for σAP (derived from average of the three 29 

highest medians, i.e. 16.1 M m-1, and the average of the three lowest medians, i.e. 4.5 M m-1 per season) (Fig. 30 

S2b). The reasons for the larger relative amplitude of σAP compared to the σSP peak can be due to increased BC 31 

emissions from seasonal combustion sources (e.g. open biomass burning and domestic combustion for space 32 

heating), as previously indicated (Chiloane et al., 2017; Tiitta et al., 2014). In addition, SO2 will be converted 33 

more effectively to SO4
2- during the higher RH conditions (Seinfeld and Pandis, 2016) in the wet season (Fig. 34 

S1b), which will contribute to the σSP not reducing as much as σAP during that time of the year. SO4
2- has been 35 

proven to be the dominant inorganic ionic aerosol species (Venter et al., 2018; Aurela et al., 2016; Tiitta et al., 36 

2014) and ionic species in rain water (Conradie et al., 2016) in the South African interior. 37 

A seasonal cycle for the αSP, with the highest median and smallest particle size distribution in summer and 38 

early autumn months, and lowest median and largest particle size distribution in the winter and early spring 39 

months, can be observed in Fig. 3d and S2d. The timing of the minima in αSP correlate with the peak in wind-40 
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blown dust emissions, that is most significant in later winter and early spring (Tyson and Preston-Whyte, 2000). 1 

Open biomass burning also peak during this time of the year (Fig. 2a), but is generally emits smaller particles than 2 

wind-blown dust (Schuster et al., 2006; Eck et al., 1999). In contrast the summer and early autumn months are not 3 

impacted significantly by the afore-mentioned dry season specific emission sources, but are fractionally more 4 

affected by secondary aerosol formation that is very prevalent in the South African interior (Nieminen et al., 2018; 5 

Vakkari et al., 2015, 2011; Hirsikko et al., 2013, 2012). 6 

4.3 Diurnal patterns of aerosol optical properties 7 

In Fig. 4 average diurnal patterns for each seasons, for all the aerosol optical properties (σSP, σAP, ω0, and αSP) 8 

are presented. As is evident from Fig. 4a the σSP for all seasons peaked in the morning (between 6:45 and 08:15) 9 

and early evening (between 17:45 and 19:00). The σAP for all seasons (Fig. 4b) indicated similar patterns during 10 

the morning, but did not specifically peak in the early evening – it rather increased throughout the night. The 11 

afore-mentioned σSP and σAP diurnal patterns clearly indicate the influence of the PBL. Gierens et al. (2019) 12 

presented the evolution of layers observed in the PBL for the different seasons at Welgegund. In Fig. 4e the 13 

average PBL diurnal patterns for summer (DJF) and winter (JJA) are presented – these two seasons represent the 14 

extreme cases. In both seasons the average mixed layer depth grew from just after sunrise to a maximum 15 

(approximately 2.3 and 1.9 km, in summer and winter, respectively) in late afternoon (Gierens et al., 2019). The 16 

increase in the mixed layer depth after sunrise (Fig. 4e) co-inside with decreased σSP and σAP (Fig. 4a and b). After 17 

sunset, the mixed layer depth decrease (Fig. 4e), which co-inside with increased σSP and σAP (Fig. 4a and b), with 18 

the exception of the peak observed around 18:00 in σSP (Fig. 4a). Additionally, after sunset a stable layer (depicted 19 

as DJF-S and JJA-S, in Fig. 4e) forms, which is most likely due to thermal inversion at an approximately mean 20 

depth of 100 m. This stable layer traps and concentrates near-surface emissions in a smaller volume (Gierens et 21 

al., 2019). This effect is stronger during the colder months, if compared to the warmer months (Gierens et al., 22 

2019). In addition to the PBL, sources that vary diurnally (e.g. domestic combustion for space heating) can also 23 

contribute to the observed diurnal patterns. 24 
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(e)  

Fig. 4: Average diurnal patterns for the different seasons, for (a) σSP, (b) σAP, (c) ω0 and (d) αSP measured at Welgegund over 1 
the entire sampling period (1 September 2011 to 30 November 2016). The number (N) of 15 min data points used to calculate 2 
each average diurnal pattern is also indicated with matching colour-coded text. Additionally, in (e) the planetary boundary 3 
layer structure for summer (DJF) and winter (JJA), as reported by Gierens et al. (2019) for almost 2 years (1 October 2012 to 4 
31 August 2014) that overlapped with the aerosol sampling reported here, is presented. 5 

Fig. 5 presents the average seasonal diurnal patterns of ω0, with all seasons indicating similar variations. The 6 

ω0 starts increasing after sunrise in the morning, reaches a maximum at approximately 15:00 and decreases after 7 

sunset. Obviously, the ω0 represent the net effect of σSP and σAP, however, there are two reasons that are likely the 8 

most significant to explain the more scattering properties of the PM during daytime. Firstly, after sunrise O3 starts 9 

forming due to photochemistry, with associated increased hydroxyl radical (OH•) concentrations (Seinfeld and 10 

Pandis, 2016) – both resulting in increased oxidising capacity that lead to higher concentrations of scattering 11 

species such as organic aerosols (OA) and SO4
2-, which dominate the PM composition in the South African interior 12 

(Venter et al., 2018; Aurela et al., 2016; Tiitta et al., 2014). O3 concentrations at Welgegund usually reach maxima 13 

at approximately 1 to 2 hours after maxima solar radiation (Laban et al., 2018), which match the maxima observed 14 

in the ω0 diurnal patterns (Fig. 4c). As far as the author could assess OH• concentrations have not been measured 15 

in South Africa, although Gierens et al. (2014) did model diurnal patterns thereof. Secondly, the break-up of low-16 

level inversion layers and growth of the mixed layer in the PBL (Gierens et al., 2019, Fig. 4e) after sunrise, result 17 
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in downward mixing of SO4
2- that had formed as a result of long range SO2 transport. In South Africa SO2 is 1 

mostly emitted form high stacks (with heights of >200m being common, ESKOM 2019a and 2019b). Downward 2 

mixed SO2 can then also be oxidised to SO4
2- during daytime. SO4

2- has been linked to secondary aerosol formation 3 

in South Africa (Vakkari et al., 2015). In addition to the effect of SO4
2-, the deeper PBL during daytime (Gierens 4 

et al., 2019) also dilutes BC emitted mostly from near surface sources (e.g. open biomass burning and domestic 5 

combustion). 6 

Considering Fig. 4c further, it is evident that the ω0 diurnal pattern for spring indicated a similar trend to the 7 

other seasons, but with a much less significant amplitude differences. This could be due to the first half of spring 8 

(September and early October) being the driest (Fig. S1b). As previously stated, atmospheric moisture is critical 9 

for the oxidation of SO2 to SO4
2-, with significantly less such conversion taking place at RH below 70 % (Seinfeld 10 

and Pandis, 2016). Obviously, differences in seasonal circulation patterns could also influence SO2 and SO4
2- 11 

long-range transport, but this was not considered in detail here. 12 

Fig. 4d presents the average seasonal diurnal patterns of αSP. All the seasonal diurnal patterns were similar, 13 

with the amplitude changes in winter being the largest and in summer being the smallest. These αSP seasonal 14 

diurnal patterns were compared to the corresponding PM10 concentration patterns, as indicated in Fig. 5. Form 15 

this comparison it is evident that the αSP diurnal patterns are the inverse of the PM10 concentration patterns, which 16 

make sense considering that αSP is used to indicate particle size (Schuster et al., 2006; Ångström, 1929). Therefore, 17 

the PM10 patterns needed to be understood. Considering the earlier descriptions of the different layers in the PBL 18 

at Welgegund (Gierens et al., 2019), the peaks in PM10 observed during the mornings and early evenings had to 19 

originate from near-surface sources and/or pollution transported within the PBL that are concentrated due to 20 

formation of the very low level thermal inversion at approximately 100 m depth (Gierens et al., 2019). Such low 21 

level sources could for instance be domestic combustion, which becomes a more significant source of PM in the 22 

South African interior as seasonal ambient average temperatures decrease (Fig. S1a) – due to space heating 23 

becoming more important in addition to cooking (Chiloane et al., 2017). Additionally, open biomass burning 24 

plumes in southern Africa typically stay within the PBL (Labonne et al., 2007), therefore, it will also be a 25 

significant near surface source for Welgegund. Both the afore-mentioned combustion sources emit on average 26 

smaller particles, compared to wind-blown dust. Wind-blown dust concentrations tend to peak after midday in the 27 

South African interior, due to wind speeds then in general being the highest during all seasons (e.g. Venter et al., 28 

2012). 29 
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 1 
Fig. 5: Average diurnal patterns for the different seasons for PM10 measured at Welgegund for the entire sampling period. The 2 
number (N) of 15 min data points used to calculate each average diurnal pattern is also indicated with matching colour-coded 3 
text. 4 

4.4 Additional source insights 5 

The temporal patterns discussed thus far (Sections 4.2 and 4.3), in association with meteorological and open 6 

biomass burning data (Section 4.1), as well as published information has given general insights into possible 7 

sources and reasons for the observed aerosol optical properties. However, greater clarity is required; therefore, 8 

several more aspects are considered in this section. 9 

An interesting phenomenon that can be observed from Fig. 3d and S2d is that very small values for αSP 10 

(approaching zero) are occasionally observed. These observations can be directly correlated with dust storms that 11 

are observed at Welgegund. Such small αSP values are typically reported for Sahara and Middle Eastern dust 12 

impacted sites (Dubovik et al., 2001). Fig. S3a and S3b present photos of such dust storms approaching a sport 13 

field in the city of Potchefstroom (approximately 22.5 km directly from Welgegund) and blowing across a road 14 

near Potchefstroom (approximately 30km directly from Welgegund), respectively. One of the most significant 15 

source regions of PM10 measured at Welgegund is wind-blown dust originating from the eastern Free State, 16 

indicated by the circled area in Fig. 6. This figure presents the auto-generated source map (Section 3.3) for PM10 17 

concentrations observed at Welgegund. It is understandable that the eastern Free State is a very significant source 18 

of dust, since it is the largest maize (staple food in South Africa) producing region in South Africa (DAFF, 2017). 19 

Maize production in the Free State province is confined to the eastern part, since the western Free State is situated 20 

in the Karoo vegetation type biome (Fig. 1), which is a dry, less productive vegetation type biome where maize is 21 

not cultivated commercially. For maize cultivation, the planted fields are typically ploughed in preparation for 22 

sowing. This exposes large areas that then become susceptible to wind-blown dust generation. According to Fig. 23 

6 other significant PM10 source regions for Welgegund are central Mozambique (which correlates with high fire 24 

frequency, Fig. 2b) and the central west coast of Namibia (which is a well-known dust source, Fig. 1) (Bryant, 25 

2003; Barnard, 1998), as well as sea salt aerosols from air masses that travel quickly from the coast. 26 
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 1 

  

Fig. 6: Auto-generated source map of PM10 concentrations observed at Welgegund according to the method by Vakkari et al. 2 
(2013, 2011). The circled area indicates the eastern Free State. Province abbreviations: WC – Western Cape, NC – Northern 3 
Cape, EC – Eastern Cape, FS – Free State, NW – North West, GP – Gauteng Province, LP – Limpopo Province, MP – 4 
Mpumalanga Province, KZN – KwaZulu-Natal. 5 

To further shed light on the sources that influence the aerosol optical properties considered, the method applied 6 

to PM10 (Fig. 6) was applied for σSP, σAP, ω0 and αSP, measured over the entire sampling period considered, as 7 

indicated in Figs. 7a, b, c and d, respectively. Form the results (Fig. 7a and b) high σSP and σAP were observed in 8 

air masses that had passed over eastern Zimbabwe and central Mozambique. This correlates with the high 9 

frequency of open biomass burning (Fig. 2b) observed over these areas. The open biomass burning emissions 10 

from eastern Zimbabwe and central Mozambique are expected to be higher per unit surface area due to the more 11 

productive savannah vegetation type biome occurring there, if compared to the grassland vegetation type biome 12 

that covers a significant portion of the South African interior. Tiitta et al. (2014) proved that OA makes up the 13 

largest fractional contribution of PM1 measured at Welgegund, especially during the dry and open biomass 14 

burning season when biogenic volatile organic compound (BVOC) emissions from vegetation are at a minimum 15 

(Jaars et al, 2016). Maritz et al. (2020) proved that this is similarly true for PM2.5 particulate organic matter (POM) 16 

at a number of sites in the South African interior. For σSP (Fig. 7a), a combination of wind-blown dust originating 17 

from the eastern Free State (as indicated earlier, i.e. Fig. 6 and associated discussions) and emissions from the 18 

industrialised Vaal Triangle, also lead to elevated values. Additionally, it is evident that source regions that are 19 

significantly influenced by anthropogenic activities (e.g. Vaal Triangle, Mpumalanga Highveld, Jhb-Pta 20 

megacity) and/or higher open biomass burning (Fig. 2b) and/or higher population density (Fig. 1) had higher σSP 21 

and σAP, than the relatively clean background in the sector between north northwest and south southwest, to the 22 

west of Welgegund. It was also interesting to note that emissions from open biomass burning (Fig. 2b) in northern 23 

KwaZulu-Natal and the Eastern Cape areas that border Lesotho contributed to elevated σAP levels, more so than 24 

for σSP. These areas are located in escarpment regions, which receive very high rainfall and are prone to relatively 25 
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high open biomass burning frequencies, as indicated in Fig. 2b. It cannot be speculated from currently available 1 

data why open biomass burning in these regions would emit more absorptive (e.g. eBC) than scattering species 2 

(e.g. OA), if compared to other regions. However, this should be investigated in more detail in future. 3 

  

(a) (b) 

  

(c) (d) 

Fig. 7: Auto-generated source maps of the optical properties (a) σSP, (b) σAP, (c) ω0 and (d) αSP observed at Welgegund for the 4 
entire sampling period, according to the method introduced by Vakkari et al. (2013, 2011). Province abbreviations: WC – 5 
Western Cape, NC – Northern Cape, EC – Eastern Cape, FS – Free State, NW – North West, GP – Gauteng Province, LP – 6 
Limpopo Province, MP – Mpumalanga Province, KZN – KwaZulu-Natal. 7 

From Fig. 7c, presenting the ω0 auto-generated source map, it is clear that more scattering aerosols originate 8 

for areas that have higher open biomass burning frequencies (Fig. 2b), higher population densities and higher 9 

concentrations of large point sources (Fig. 1). The dominant scattering properties of aerosols from these regions 10 

results in higher ω0, than the ω0 of air masses that have passed of the sector between west-southwest and south-11 

south of Welgegund. In addition the area over which air masses passed that had the highest ω0 correspond 12 

relatively well with the dominant anti-cyclonic recirculation path of air masses that transport emissions from the 13 

industrial hub of South Africa (e.g. as presented in Booyens et al., 2019), which is again evidence of the influence 14 

of anthropogenic activities on the aerosol optical properties. 15 

Fig. 7d presents the αSP auto-generated source map for Welgegund. Similar to the deduction made for the ω0 16 

it is evident from this figure that smaller particles originate from areas that have higher open biomass burning 17 

frequencies (Fig. 2b), higher population densities (Fig. 1) and higher concentrations of large point sources (Fig. 18 



16 
 

1), while larger particles are observed in air masses that have passed of the sector between west-southwest and 1 

south-southwest of Welgegund. 2 

From Fig. 7 source deductions could be made that were relevant for the entire sampling period. In order to 3 

isolate the influence of the various sources better, source maps (similar to Fig. 7) were drawn of σSP (Fig. S5), σAP 4 

(Fig. S6), ω0 (Fig. S7) and αSP (Fig. S8) for three distinct periods, i.e.: 5 

(a) The warmest (Fig. S1a) and wettest (Fig. S1c) period, i.e. December, January and February, when almost 6 

no open biomass burning occurred (Fig. 2a) and domestic combustion for space heating was insignificant. 7 

(b) The coldest period i.e. June and July (Fig. S1a), when domestic space heating was most prevalent, while 8 

open biomass burning did not yet reach a maximum (Fig. 2a) 9 

(c) The driest period (Fig. S1c) with the highest fire frequencies (Fig. 2a). The latter was defined as 15 August–10 

15 October, since June to approximately 15 August is the coldest period, during which significant 11 

contribution from domestic space heating can be expected. 12 

During the warmest/wettest period, the σSP was highest in air masses that had passed over the Jhb-Pta megacity, 13 

the Mpumalanga Highveld and the Vaal Triangle (Fig. S5a), which reflect the contribution of industrial emissions 14 

(as previously explained in Section 2). Similar high values were observed for the eastern Free State (Fig. 1), which 15 

likely represent the influence of wind-blown dust emanating from agricultural activities (Fig. 6). Slightly lower 16 

values, but still elevated, were observed in air masses that followed the typical anti-cyclonic recirculation pattern. 17 

During the coldest period (Fig. S5b), the highest σSP values were observed in air masses that had passed over a 18 

similar, but slightly larger area, than observed for the highest σSP in the warmest/wettest period (Fig. S5a). This 19 

extended area reflects the population density, which is highest in the Gauteng Province (Fig. 1). Therefore, 20 

although the influence of industrial activities and open biomass combustion could not totally be eliminated by 21 

focussing on the coldest period, the afore-mentioned result clearly indicates the regional influence of domestic 22 

combustion for space heating. In contrast to the above-mentioned, σSP was highest in air masses that had passed 23 

over the eastern Zimbabwe and central Mozambique during the driest period when open biomass burning peaked 24 

(Fig. S5c). Additionally, during the same time the significant contribution of wind-blown dust from the eastern 25 

Free State was evident. 26 

The σAP was the highest in air masses that had passed over the Mpumalanga Highveld, Jhb-Pta megacity and 27 

KwaZulu-Natal during the warmest/wettest period (Fig. S6a), indicating the contribution of industrial activities. 28 

Higher values for σAP in air masses that passed over a similar area as the high values observed during the 29 

warmest/wettest period can be observed during the coldest period (Fig. S6b). This indicates the contribution of 30 

domestic combustion for space heating, as mentioned previously, in addition to the industrial activities identified 31 

in Fig. S6a. 32 

It was also very interesting to note that the larger Cape Town area was indicated in Fig. S6b as a potential 33 

source of higher σAP measured at Welgegund during the coldest period. During this time of the year it is well 34 

known that cold fronts approach South Africa from the southwest (e.g. Fig. S4, Techcentral, 2019). Therefore, 35 

although the auto-generated source map (Fig. S6b) is not conclusive evidence that emissions from the larger Cape 36 

Town area contribute to elevated σAP measured at Welgegund, it supports the notion that it is possible. 37 

Additionally, statistically enough trajectories had passed over the larger Cape Town area to enable the auto-38 

generated source map to classify it during the coldest period (Fig. S6b), while this was not the case for the 39 

warmest/wettest period (Fig. S6a). Jenner and Abiodun (2013) previously postulated that SO2 from the 40 
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Mpumalanga Highveld can be transported episodically to the Cape Town area, therefore the postulation of 1 

pollution transport in the reverse direction during the coldest period by means of cold fronts (associated with 2 

relatively fast moving air masses) seem possible. It is also noteworthy to mention that census data indicate a 3 

significant population growth for the Cape Town Metropolitan area from 2.56 to 3.74 million inhabitants between 4 

1996 and 2011 (newer data was not available) (StatsSA, 2019). Most of this growth can likely be attributed to 5 

increasing population in semi- and informal settlements, wherein domestic combustion for space heating is 6 

prevalent. Considering the afore-mentioned, the possible episodically transport of pollution from the larger Cape 7 

Town area to the South African interior should be investigated in greater detail in future. 8 

Form Fig. S6c, presenting the driest peak open biomass burning period, it is evident that the highest σAP values 9 

occurred in air masses that had passed over eastern Zimbabwe and central Mozambique These areas were 10 

previously identified as having some of the highest open biomass burning frequencies within the spatial area 11 

considered (Fig. 2b) . In contrast, the lowest σAP was observed in air masses that had passed over the sector west 12 

to south-west of Welgegund (i.e. regional background), during the same period. 13 

Fig. S7 presents the ω0 auto-generated source map for the three identified periods. As in all other ω0 discussions 14 

it should be remembered that ω0 is the net effect of σSP and σAP. Therefore, the σSP and σAP auto-generated source 15 

maps for the three identified periods should be considered to explain the observed ω0 source maps. As an example, 16 

σSP and σAP was the highest in air masses that had passed over eastern Zimbabwe and central Mozambique during 17 

the driest period (Fig. S5c and S6c), however, in the correlating ω0 source maps (Fig. S7c) this area had moderate 18 

ω0 values that were lower than the Mpumalanga Highveld. A feature that is common to all the ω0 auto-generated 19 

source maps for the three identified periods is that lower ω0 values were observed in air masses that had passed 20 

over the sector between west-southwest and south-southwest of Welgegund. In contrast, higher ω0 values were 21 

observed in air masses that had passed over areas that have higher open biomass burning frequencies (Fig. 2b), 22 

higher population densities (Fig. 1) and higher concentration of large point sources (Fig. 1). 23 

As was the case for so many of the previous auto-generated source maps, the αSP values observed in air masses 24 

that had passed over the sector between west-southwest and south-southwest of Welgegund were lower (implying 25 

larger particles, generally associated with natural sources such as wind-blown dust) for all the three identified 26 

periods (Fig. S8a, b and c). In contrast, higher αSP values (implying smaller particles) were observed in air masses 27 

that had passed over areas that have higher open biomass burning frequencies (Fig. 2b), higher population 28 

densities (Fig. 1) and higher concentrations of large point sources (Fig. 1). 29 

An interesting feature of the αSP source map for the wettest/warmest period (Fig. S8a) is that elevated αSP 30 

values (i.e. smaller particles) were observed in air masses that had passed over eastern Botswana. Although a 31 

similar feature was not the most obvious feature in the corresponding σSP auto-generated source map (Fig. S5a) it 32 

was evident. The only possible explanation for this feature, i.e. increase small particles that are more scattering 33 

during the warmest/wettest period, is biogenic emissions from this part of the savannah vegetation type biome 34 

that are converted to OA. The reason(s) why this specific part of the savannah vegetation type biome is different 35 

could not be explained, but should be investigated in future studies. 36 

For the coldest period (Fig. S8b) higher αSP values were evident over the entire Gauteng province (highest 37 

population density, Fig. 1), if compared with the other two periods (Fig. S8a and c). This indicates the effect of 38 

domestic combustion for space heating. Similar to what was observed during the coldest period for σAP (Fig. S6b), 39 

evidence for possible transport of aerosol pollution from the Western Cape is also observed in Fig. S8b. 40 
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In addition to the specific observations presented for σSP (Fig. S5), σAP (Fig. S6), ω0 (Fig. S7) and αSP (Fig. 1 

S8) for the three distinct periods, three common features can be identified from the afore-mentioned figures. 2 

Firstly, much lower emissions are evident in the sector between north and south-west of Welgegund (i.e. the 3 

regional background), which can be subdivided into two regions, i.e. the Kalahari (north to west of Welgegund) 4 

and Karoo (west to south-west of Welgegund). For the latter, emission in the Karoo seems lower than that 5 

observed for the Kalahari. Secondly, the influence of the anti-cyclonic recirculation pattern, which recirculates 6 

the emissions from north-eastern South Africa, is apparent. Thirdly, higher emissions (related to 7 

industries/population density/fire frequency) are associated with north-eastern South Africa. Considering the 8 

afore-mentioned features, air masses sampled at Welgegund were further classified as passing over these four 9 

defined regions (i.e. Karoo, Kalahari, anti-cyclonic recirculation pattern and industrial hub), as presented in Fig. 10 

8. 11 

 12 

(a) (b) 13 

(14.68 %, 6757 trajectories) (0.61 %, 279 trajectories) 14 

 15 

(c) (d) 16 

(18.62 %, 8569 trajectories) (4.79 %, 2203 trajectories) 17 

Fig. 8: Overlay back trajectory maps (Section 3.3), for the entire sampling period, allocated as passing (spending at least 10 18 
hours) over the (a) Karoo region, (b) Kalahari region, (c) anti-cyclonic recirculation pattern and (d) industrial hub before being 19 
sampled at Welgegund.  The colour code indicates the percentage of trajectories passing over each grid cell, with dark blue 20 
and red indicating the lowest and highest number of trajectory overpasses, respectively. The percentage values indicated in 21 
brackets below each figure indicates what percentage of the overall trajectories could be classified as passing over a specific 22 
region, with the actual number of hourly arriving trajectories that this represent next to it. 23 
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Fig. 9 presents the statistical distribution of the aerosol optical properties classified according to air masses 1 

that had passed over the four defined regions (Fig. 8) during the three distinct time periods specified, i.e. (i) the 2 

warmest/wettest, (ii) coldest and (iii) driest, and peak open biomass burning periods.  3 

From Fig. 9a it is evident that the σSP medians observed for air masses that had passed over the Karoo (6.3 M m-4 

1) and Kalahari (8.3 M m-1) during the warmest/wettest period were similar, while the corresponding medians 5 

observed for air masses that had passed over the anti-cyclonic recirculation pattern (20.9 M m-1) and industrial 6 

hub (22.5 M m-1) were similar. The σSP median for the Karoo was approximately 72 % lower than that observed 7 

for the industrial hub. During this period (warmest/wettest) low fire frequencies occur (Fig. 2a). Therefore, this 8 

significant difference between the Karoo and industrial hub (72 % in median σSP) indicates the dissimilarities 9 

between to the two regions in anthrophonic activities (e.g. industrial, traffic, domestic cooking) and vegetation 10 

type biome productivity, which is associated with open biomass burning frequencies. Similar observations are 11 

evident from Fig. 9b, for the σAP medians during the warmest/wettest period. During this time period σAP median 12 

for air masses that had passed over the Kalahari (0.7 M m-1), which were slightly lower than that of the Karoo (1.0 13 

M m-1), was approximately 71 % lower than σAP median of air masses passing over the industrial hub (2.3 M m-14 

1). 15 

  

(a) (b) 

  

(c) (d) 

Fig. 9: Statistical distribution of the (a) σSP, (b) σAP, (c) ω0 and (d) αSP based on air masses that had passed over the Karoo 16 
region, Kalahari region, the anti-cyclonic recirculation pattern and the industrial hub classified according to warmest/wettest, 17 
coldest, and driest and peak open biomass burning periods. The red line represents the median, the black dot the mean, the top 18 
and bottom edges of blue boxes the 25 and 75 % percentile and the black whiskers indicates a 99.3 % coverage. The number 19 
(N) of 15 min data points represented by each box and whisker is indicated at the top of each graph. 20 

During the coldest period (Fig. 9a) air masses that had passed over the industrial hub had the highest σSP 21 

median (53.6 M m-1). This was approximately 82 % higher than the σSP median observed for air masses that had 22 
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passed over the Karoo (9.7 M m-1), which had the lowest median. Since open biomass burning frequencies do not 1 

yet peak during the coldest period (Fig. 2a), the difference between the afore-mentioned medians reflect the 2 

dissimilarity in contribution to σSP from domestic combustion for space heating, in addition to sources that 3 

contribute year round (e.g. industry, traffic and domestic cooking) between the two regions. Similar observations 4 

are evident from Fig. 9b, for the σAP medians during the coldest period. During this time period σAP medians for 5 

air masses that had passed over the Karoo (2.3 M m-1) and Kalahari (2.2 M m-1) were similar. These medians were 6 

approximately 77 to 78 % lower than σAP median of air masses passing over the industrial hub (9.7 M m-1). 7 

The σSP median for air masses that had passed over the Karoo (10.1 M m-1) during the driest, peak open 8 

biomass burning period was approximately 80 % lower than the median observed for air masses that had passed 9 

over the anti-cyclonic recirculation pattern (50.8 M m-1). In contrast to the previous periods, σSP median of the 10 

anti-cyclonic recirculation pattern was higher than that of the industrial hub (39.8 M m-1), due to the former region 11 

being covered mostly by the more productive (biomass per surface unit) savannah vegetation type biome, while 12 

the latter region is covered by a combination of grassland and savannah vegetation type biomes (Fig. 1). The 13 

difference between the σSP medians of the Karoo and the anti-cyclonic recirculation pattern during the driest, peak 14 

open biomass burning period therefore reflect the dissimilar contributions of the open biomass burning emissions 15 

between the two regions. Similar observations are evident from Fig. 9b, for the σAP medians during the driest, 16 

peak open biomass burning period. During this time, air masses that had passed over the Karoo (1.8 M m-1) had a 17 

σAP median of approximately 77 % lower than air masses that had passed over the anti-cyclonic recirculation 18 

pattern (7.9 M m-1). 19 

By considering Fig. 9c it is evident that the ω0 medians of air masses that had passed over the Karoo (varying 20 

between 0.80–0.86) during all the isolated periods (i.e. warmest/wettest; coldest; and driest, peak open biomass 21 

burning) were lower than the corresponding medians of the Kalahari (varying between 0.85–0.91), anti-cyclonic 22 

recirculation pattern (varying between 0.87–94) and industrial hub (varying between 0.86–0.91). For the different 23 

time periods, the Karoo ω0 medians were 9, 12 and 7 % lower than the area with the highest ω0 median, in the 24 

warmest/wettest, coldest, and driest, peak open biomass burning periods, respectively. The difference between the 25 

ω0 medians of the Karoo and the other regions reflect the dissimilar contributions of anthropogenic, open biomass 26 

burning and biogenic emissions between the Karoo and the other regions during the different time periods. 27 

In a similar manner αSP medians (Fig. 9d) of the Karoo (varying between 0.91–1.20) were smaller than the 28 

corresponding αSP medians of the Kalahari (varying between 1.12–1.62), anti-cyclonic recirculation pattern 29 

(varying between 1.50–1.68) and the industrial hub (varying between 1.28–1.54) during all the considered time 30 

periods. For the different time periods, the Karoo αSP medians were 29, 29 and 35 % lower than the anti-cyclonic 31 

recirculation pattern, which had the highest αSP medians, in the warmest/wettest, coldest, and driest, peak open 32 

biomass burning periods, respectively. The afore-mentioned prove that larger particles are typically observed in 33 

air masses that had passed over the Karoo, if compared to air masses that had passed over the other defined regions. 34 

As previously stated, larger particles are typically associated with natural processes (e.g. wind-blown dust), while 35 

finer particles are typically associated with anthropogenic activities and/or biomass burning. Also, the longer 36 

aging time of anthropogenic gaseous pollutants present in air masses that had passed over the anti-cyclonic 37 

recirculation pattern results in a larger fraction contribution from secondary aerosols, which are smaller than 38 

primary particles. 39 
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4.5 Contextualisation of aerosol optical properties 1 

In Table 1, the mean aerosol optical properties for the entire sampling period, for the different periods (i.e. (i) 2 

warmest/wettest, (ii) coldest and (iii) driest, peak biomass burning periods), and the defined regions (i.e. Karoo, 3 

Kalahari, anti-cyclonic recirculation pattern and industrial hub), measured at Welgegund are presented. Some of 4 

these values are compared with mean or median optical properties measured at other sites, which are presented in 5 

Table 2, to contextualise the Welgegund aerosol optical properties. 6 

During the warmest/wettest, coldest, as well as driest, peak open biomass burning periods the σSP means for 7 

air masses that had passed over the Karoo were 6.3, 9.7 and 10.1 M m-1, respectively, which are comparable to 8 

σSP means reported for true background sites such as Barrow Alaska, USA (10.4 M m-1) (Delene and Ogren, 9 

2002), Pallas-Sodankylä, Finland (4.9 M m-1) (Lihavainen et al., 2015) and Andøya Island, Norway (5.4 M m-1) 10 

(Montilla et al., 2011). The highest σSP mean for all defined source areas over all the investigated time periods 11 

were observed in air masses that had passed over the industrial hub during the coldest period, which had a median 12 

of 53.6 M m-1. This compares to the σSP mean reported for Elandsfontein (South Africa) (49.5 M m-1), but it is 13 

significantly lower than σSP means reported for polluted sites in China (ranging between 158 to 488 Mm-1) (Cheng 14 

et al., 2008; Yan et al., 2008; Xu et al., 2004; Xu et al., 2002; Bergin et al., 2001). 15 

The σAP means for all the defined source regions and during all the considered time periods were higher than 16 

σAP means reported for true background sites such as Barrow Alaska, USA (0.4 M m-1) (Delene and Ogren, 2002), 17 

Pallas-Sodankylä, Finland (0.6 Mm-1) (Lihavainen et al., 2015) and Andøya Island, Norway (0.4 Mm-1) (Montilla 18 

et al., 2011). The lowest σAP means observed were during the warmest/wettest period for air masses that had 19 

passed over the Karoo (1.0 M m-1) and Kalahari (0.7 M m-1). The highest σAP mean observed was for the industrial 20 

hub during the coldest period (9.7 M m-1), which was similar to the σAP mean reported for Elandsfontein, South 21 

Africa (8.3 M m-1, Laakso et al., 2012), but substantially lower than σAP means reported for polluted sites in China 22 

(ranging between 17.5–83.0 Mm-1) (Cheng et al., 2008; Yan et al., 2008; Xu et al., 2002; Xu et al., 2004; Bergin 23 

et al., 2001). 24 

The ω0 means of air masses that have passed over the Karoo were substantially lower than ω0 means of air 25 

masses that had passed over the other defined regions during all the considered time periods. The ω0 means 26 

observed for the Karoo (0.80–0.86) were lower (more absorbing) than true background sites such as Barrow 27 

Alaska, USA (0.96) (Delene and Ogren, 2002), Pallas-Sodankylä, Finland (0.90) (Lihavainen et al., 2015) and 28 

Andøya Island, Norway (0.91) (Montilla et al., 2011). ω0 means for polluted sites in China have been reported to 29 

vary between 0.81–0.95 (Cheng et al., 2008; Yan et al., 2008; Xu et al., 2002; Xu et al., 2004; Bergin et al., 2001). 30 

However, since the climatological effect of ω0 also depends on the albedo of the underlying surface (e.g. Haywood 31 

and Boucher, 2000; Haywood and Shine, 1995) it is not that straight forward to directly compare the ω0 of different 32 

sites. For example, for a typical 0.2 surface reflectance of grass, aerosols may heat the atmosphere if the ω0 is less 33 

than 0.75 and vice versa for cooling (e.g. Betts and Ball, 1997). Considering the latter grassland values, it implies 34 

that in general aerosols at Welgegund have a net cooling effect, which makes sense, considering it is a site for 35 

which the aerosol composition is dominated by scattering species, e.g. OA and SO4
2- (Venter et al., 2018; Aurela 36 

et al., 2016; Tiitta et al., 2014). 37 

During all the considered time periods, the αSP means for air masses that had passed over the Karoo (0.9–1.2) 38 

were equal and lower (larger particles) than αSP means reported for true background sites such as Barrow Alaska, 39 

USA (1.2) (Delene and Ogren, 2002), Pallas-Sodankylä, Finland (1.7) (Lihavainen et al., 2015) and Andøya 40 
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Island, Norway (1.4) (Montilla et al., 2011), and higher than αSP means reported for sites that are directly impacted 1 

mainly by wind-blown dust, e.g. Cape Verde (0.36) and Solar village, Saudi Arabia (0.41) (Dubovik et al., 2001). 2 

The highest αSP mean was observed for air masses that had passed over the anti-cyclonic recirculation pattern 3 

(1.68) during the warmest/wettest period, which was lower than αSP medians reported for sites that are directly 4 

impacted by anthropogenic activities (smaller particles) such as Bondville, Illinois, USA (2.0) (Delene and Ogren, 5 

2002), Paris, France (1.8) and Mexico City, Mexico (1.8) (Dubovik et al., 2001). 6 

  7 
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Table 1: Mean aerosol optical properties measured at Welgegund for the entire sampling period and for the different periods 1 
(warmest/wettest, coldest and, driest, peak open biomass burning) over the defined source regions (Karoo, Kalahari, anti-2 
cyclonic recirculation pattern, industrial hub). 3 

Welgegund 

Different periods Defined region σSP (M m-1) σAP (M m-1) ω0 αSP 

Entire sampling period All regions 23.77 2.36 0.89 1.52 

Warmest/wettest Karoo 6.27 1.01 0.86 1.20 

 Kalahari 8.25 0.66 0.91 1.64 

 Anti-cyclonic recirculation pattern 20.90 1.22 0.94 1.68 

 Industrial hub 22.47 2.25 0.91 1.54 

Coldest Karoo 9.72 2.25 0.80 1.08 

 Kalahari 20.10 2.18 0.91 1.35 

 Anti-cyclonic recirculation pattern 36.74 4.67 0.89 1.50 

 Industrial hub 53.56 9.69 0.86 1.53 

Driest, peak open biomass burning Karoo 10.12 1.84 0.84 0.91 

 Kalahari 34.49 6.62 0.85 1.12 

 Anti-cyclonic recirculation pattern 50.76 7.9 0.87 1.39 

 Industrial hub 39.81 4.14 0.90 1.28 

 4 

Table 2: The mean aerosol optical properties measured at other sites. Only the Skukuza (South Africa) and Mongu (Zambia) 5 
values were reported as medians. 6 

Other sites 

Sites 
σSP 

(M m-1) 

σAP 

(M m-1) 
ω0 αSP Sites 

σSP 

(M m-1) 

σAP 

(M m-1) 
ω0 αSP 

Bondville, Illinios 

(USA) 

(Delene and Ogren, 2002) 

57.00 4.62 4.62 2.03 

Yulin (China) 

(Xu et al., 2004) 158.00 6.00 0.95  

Sable Island, Nova 

Scotia (Canada) 

(Delene and Ogren, 2002) 

40.70 1.89 1.89 0.83 

Beijing (China) 

(Bergin et al., 2001) 488.00 83 0.81  

Barrow, Alaska 

(Canada) 

(Delene and Ogren, 2002) 
10.40 0.38 0.38 1.20 

Goddard Space Flight 

Center Greenbelt 

(USA) 

(Dubovik et al., 2001) 

  0.97 1.90 

Lamont, Oklahoma 

(USA) 

(Delene and Ogren, 2002) 

46.7 2.47 2.47 1.90 

Paris (France) 

(Dubovik et al., 2001)   0.93 1.80 

Pallas-Sodankylä, 

(Finland) 

(Aaltonen et al., 2006) 

4.60   1.80 

Mexico City (Mexico) 

(Dubovik et al., 2001)   0.88 1.80 

Pallas-Sodankylä, 

(Finland) 

(Lihavainen et al., 2015) 

4.90 0.57 0.57 1.70 

Maldives 

(Dubovik et al., 2001)   0.89 1.55 

Elandsfontein (SA) 

(Laakso et al., 2012) 49.50 8.30 8.30 1.50 

Amazonian forest 

Brazil and Bolivia 

(Dubovik et al., 2001) 

  0.93 1.95 

Mace head (Ireland) 

(Kleefeld et al., 2002) 
20.80    

Cerrado Brazil 

(Dubovik et al., 2001) 
  0.89 1.85 

Cape grim, 

(Tasmania) 

(Carrico et al., 1998) 

15.40    

Zambia 

(Dubovik et al., 2001)   0.84 1.95 

Mace head (Ireland) 

(Marine) 
 0.31 0.31  

Canada 

(Dubovik et al., 2001) 
  0.94 1.96 
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(Junker et al., 2006) 

Mace head (Ireland) 

(Continental) 

(Junker et al., 2006) 

 3.93 3.93  

Bahrain/Persian Gulf 

(Dubovik et al., 2001)   0.95 1.10 

AndØya Island, 

(Norway) 

(Montilla et al., 2011) 

5.42 0.40 0.40 1.37 

Solar-village (Saudi 

Arabia) 

(Dubovik et al., 2001) 

  0.96 0.41 

Skukuza (SA) 

(Queface et al., 2011) 
   1.41 

Cape Verde  

(Dubovik et al., 2001) 
  0.98 0.36 

Mongu (Zambia) 

(Queface et al., 2011) 
   1.73 

Lanai (Hawaii) 

(Dubovik et al., 2001) 
  0.97 1.40 

Xianghe (China) 

(Li et al., 2008) 
    

Alta Floresta Brazil 

(Reid et al., 1999) 
  0.86 0.97 

Xinken (China) 

(Cheng et al., 2008) 
333.00 61.00 

61.0

0 
1.60 

Cuiaba Brazil 

(Reid et al., 1999) 
  0.85 1.08 

Shangdianzi (China) 

(Yan et al., 2008) 
174.60 17.54 0.88  

Ji Parana Brazil 

(Reid et al., 1999) 
  0.87 0.82 

Lin'an (China) 

(Xu et al., 2002) 
353.00 23.00 0.93  

     

5 Summary and conclusions 1 

This paper reports the longest continuous, in situ, ground level scattering and absorption dataset for the South 2 

African interior, published in the peer reviewed public domain. Measurement were conducted at a strategically 3 

position site that allowed differentiation of the impact of anthropogenic activities, population density, difference 4 

in vegetation type biomes and open biomass burning frequency on the aerosol optical properties. 5 

σSP and σAP were generally higher in winter and early spring, and lower in summer and autumn. For ω0, lower 6 

values were observed in winter and early spring, and higher values in summer and early autumn. The ω0 diurnal 7 

pattern indicated more scattering species during daytime. All these temporal patterns were explained by 8 

considering southern African specific sources and metrological conditions. 9 

Auto-generated source maps gave insight on the spatial importance of source regions. Air masses that had 10 

passed over source regions i) significantly influenced by industrial and anthropogenic activities (e.g. Vaal 11 

Triangle, Mpumalanga Highveld, Jhb-Pta megacity), ii) where over emission from the afore-mentioned areas were 12 

circulated, iii) that had higher open biomass burning frequency and iv) with higher population density, had higher 13 

σSP, σAP and ω0, and lower αSP, if compared with the relatively clean background. Auto-generated source maps of 14 

the a) warmest/wettest, b) coldest, and c) driest and peak open biomass burning periods allowed the influence of 15 

the different sources to be better isolated. The influence of anthropogenic activities in the Jhb-Pta megacity, the 16 

Mpumalanga Highveld and Vaal Triangle were isolated in the warmest/wettest period. During the coldest period, 17 

the same source regions (as in warmest/wettest period), but with a slightly larger footprint, as well as higher σSP, 18 

σAP and ω0, and lower αSP, were evident, which proved the regional impact of household space heating. During 19 

the driest and peak open biomass burning period, the influence of more open biomass burning to the east and less 20 

to the west of Welgegund was evident. Additionally, eastern Zimbabwe and central Mozambique were identified 21 

as significant source regions. 22 

To quantify differences indicated by the auto-generated source maps, four source regions were defined, i.e. 23 

Karoo, Kalahari, anti-cyclonic recirculation pattern and the industrial hub. From the results it was evident that air 24 

masses that had passed over the Karoo source region represented the most natural background, while air masses 25 
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that had passed over the anti-cyclonic recirculation pattern and the industrial hub were significantly influenced by 1 

anthropogenic activities. 2 
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