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Abstract. Southern Africa is a significant source region of
atmospheric pollution, yet long-term data on pollutant concentrations and properties from this region are rather limited.
A recently established atmospheric measurement station in
South Africa, Welgegund, is strategically situated to capture
regional background concentrations, as well as emissions
from the major source regions in the interior of South Africa.
We measured non-refractive submicron aerosols (NR-PM1 )
and black carbon over a one year period in Welgegund, and
investigated the seasonal and diurnal patterns of aerosol concentration levels, chemical composition, acidity and oxidation level. Based on air mass back trajectories, four distinct
source regions were determined for NR-PM1 . Supporting
data utilised in our analysis included particle number size
distributions, aerosol absorption, trace gas concentrations,
meteorological variables and the flux of carbon dioxide.
The dominant submicron aerosol constituent during the
dry season was organic aerosol, reflecting high contribution from savannah fires and other combustion sources. Organic aerosol concentrations were lower during the wet season, presumably due to wet deposition as well as reduced
emissions from combustion sources. Sulfate concentrations
were usually high and exceeded organic aerosol concentrations when air-masses were transported over regions contain-

ing major point sources. Sulfate and nitrate concentrations
peaked when air masses passed over the industrial Highveld (iHV) area. In contrast, concentrations were much lower
when air masses passed over the cleaner background (BG)
areas. Air masses associated with the anti-cyclonic recirculation (ACBIC) source region contained largely aged OA.
Positive Matrix Factorization (PMF) analysis of aerosol
mass spectra was used to characterise the organic aerosol
(OA) properties. The factors identified were oxidized organic aerosols (OOA) and biomass burning organic aerosols
(BBOA) in the dry season and low-volatile (LV-OOA) and
semi-volatile (SV-OOA) organic aerosols in the wet season.
The results highlight the importance of primary BBOA in the
dry season, which represented 33 % of the total OA. Aerosol
acidity and its potential impact on the evolution of OOA are
also discussed.

1

Introduction

Africa is one of the least studied and most sensitive continents with regard to climate change and air pollution (Boko
et al., 2007; Forster et al., 2007). Therefore, long-term atmospheric observations are required to study various effects
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and drivers. South Africa has one of the largest economies in
Africa and is currently the only industrialised regional energy
producer on the continent. South Africa has had sustained
economic growth for a number of years, resulting in increasing fossil fuel consumption and demand for electricity. Most
of the electricity in southern Africa is produced by coal-fired
power stations. A substantial fraction of petrol is also distilled from coal as well as obtained from natural gas. Additionally South Africa has a large mining and associated metallurgical industry (e.g., Beukes et al., 2010). Domestic combustion for space heating and cooking is also widely practiced, especially in informal settlements that occur around
most towns/cities (e.g., Venter et al., 2012; Vakkari et al.,
2013). All of the afore-mentioned has led to increased environmental concerns with atmospheric pollution being a major problem.
Even though new industrial operations in South Africa
are being equipped with cleaner technology and the scrubbing facilities of old operations are being improved, emissions of sulphur dioxide (SO2 ), nitrogen oxides (NOx ), black
carbon (BC) and carbon dioxide (CO2 ) are estimated to increase. These emissions, combined with potential increase in
biomass burning due to global warming the associated dryer
climate in certain parts of southern Africa, can significantly
influence the regional and global climate (Boko et al., 2007).
Climate change may also enhance migration to the already
densely populated urban areas and potentially increase environmental problems. As the population in cities in developing countries (such as those in southern Africa) increases,
effects of air pollution on human health and the ecosystems
will become more important.
Currently, air pollution monitoring studies in South Africa
are focused mainly on legislatively required measurements
of particulate matter (PM10 – particles with diameter less
than 10 µm) and gaseous pollutants such as SO2 , NOx and
ozone (O3 ), as well as benzene and lead (Martins et al., 2007;
Josipovic et al., 2010; Lourens et al., 2011). Recently, Venter
et al. (2012) conducted an air quality assessment at a site situated in an industrialised region with significant mining and
metallurgical activities. A limited number of these types of
studies have been published in the peer reviewed literature.
Very few comprehensively equipped long term operating atmospheric measurement stations exist in South Africa. Most
stations are equipped with limited instrumentation, or data
from comprehensive equipment sets are operated only for
short campaigns. One exception is the Cape Point Global Atmospheric Watch (GAW) station (Brunke et al., 2010) in the
marine-boundary layer where long-term trace gas measurements, as well as continuous measurements of aerosol optical properties and condensation nuclei concentrations have
been conducted for a number of years. However, this station
is not representative of the inland/sub-continental southern
Africa, especially for modelling validation, since the dominant wind direction is from the open sea. Therefore, the Cape
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Point GAW station is making it more useful as a Southern
Hemisphere marine background site.
For South Africa, there are also a limited number of studies considering cloud condensation nuclei (CCN) (Ross et
al., 2003; Laakso et al., 2013), as well as optical and chemical properties of aerosols. These measurements were mainly
performed during the SAFARI 1992 (Fishman et al., 1996;
Lindesay et al., 1996) and SAFARI 2000 measurement campaigns (Eautough et al., 2013; Kirchstetter et al., 2003; Swap
et al., 2003), as well as the EUCAARI campaign from 2009
to 2011 (Laakso et al., 2012, 2013). The main findings from
these campaigns highlighted the importance of regional circulation, seasonal variation, multiple inversion layers (especially strong winter-time inversions) and the mixture of anthropogenic sources including domestic burning, wild fires
and industry. High O3 concentrations were found to be the
most likely to cause adverse environmental effects (Zunckel
et al., 2004).
During the above-mentioned intensive campaigns, the majority of aerosol chemistry studies were based on filter sampling, with associated low time resolution and rather large
particle size cuts (TSP, PM10 and PM2.5 ). A limited number
of ultrafine aerosol studies have been published (Laakso et
al., 2008; Hirsikko et al., 2013; Vakkari et al., 2011, 2013)
based on the data obtained from a relative clean savannah
site and an industrial site in South Africa (Hirsikko et al.,
2012). At these sites, atmospheric new particle formation and
growth events were observed during almost all sunny days
and these events were influenced both by local and regional
pollution sources. The same studies indicated high levels of
Aitken and accumulation mode particles originating from domestic household combustion associated with space heating
and cooking during the mornings and evenings.
Secondary organic aerosols (SOA), formed by condensation of low-volatility products of the oxidation of hydrocarbons, usually contribute significantly to the total atmospheric organic aerosols (OA) (Jimenez et al., 2009). Secondary inorganic ions (sulphate, nitrate and ammonium) together with OA dominate the mass of sub-micron aerosols
downwind of anthropogenic fossil fuel burning sources emitting SO2 and NOx . Biomass burning processes generate significant amount of aerosols over southern Africa in the dry
season and also emit significant amount of different trace
gases (Swap et al., 2003).
Organic compounds constitute a large fraction of submicron particle mass at the global scale (Kanakidou et al.,
2005). Therefore, their accurate quantification and source apportionment are necessary in order to determine their role
in the atmosphere. The study of OA in the atmosphere is
challenging due to the large number of molecular species involved and the continuous evolution of OA concentration,
composition, and properties (Jimenez et al., 2009). Recently,
simplified analytical methods to characterise OA and its aging have been developed (Ng et al., 2010). In particular, positive matrix factorization (PMF) of aerosol mass spectrometer
www.atmos-chem-phys.net/14/1909/2014/
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(AMS) mass spectra has been applied to characterise sources
and transformation of OA in the atmosphere (Zhang et al.,
2005a, 2011; Lanz et al., 2007; Ulbrich et al., 2009).
In this manuscript, we analyse aerosol measurements
made at the Welgegund monitoring station in South Africa.
The station is ideally located for investigating oxidized OA
and biomass burning organic aerosols (BBOA), since there
are no significant OA sources nearby. The site is also strategically positioned for monitoring air masses passing over the
regional background, as well as influences from major anthropogenic source areas in the interior of South Africa. In
this paper, we will interpret submicron chemical composition of aerosol measurements by using meteorological measurements, air mass backtrajectories and other complementary measurements conducted at Welgegund. Our results provide an overview of sub-micrometer chemical composition
in southern Africa in both the wet and dry seasons and give
insight into sources, as well as atmospheric processes of organic aerosols. Prior to this study, no long-term high time
resolution aerosol chemical composition measurements have
been conducted in southern Africa.

2
2.1

Methods
Site description

The Welgegund measurement site presented in
Fig.
1
(26◦ 340 1000 S,
26◦ 560 2100 E,
1480 m a.s.l.)
(http://www.welgegund.org; Beukes et al., 2014) is located
approximately 100 km southwest of the JohannesburgPretoria conurbation with a population of over 10 million
(Lourens et al., 2012). There are no major local pollution
sources close to the measurement site. However, it is
frequently impacted by air masses with pollution plumes
from the Johannesburg-Pretoria megacity, the industrialised
western and eastern Bushveld Igneous Complex, the Vaal
Triangle and the industrialised Mpumalanga Highveld.
Beukes et al. (2014) give an overview of these anthropogenic
source regions. Air masses, passing over the clean background toward the west of Welgegund where no significant
point sources occur, also regularly arrive at Welgegund.
The large-scale meteorology in the region is characterised
by a high degree of stability and anti-cyclonic circulation
(Garstang et al., 1996; Tyson and Preston-Whyte, 2000). Due
to limited vertical mixing, the atmosphere is often layered,
containing clean and polluted horizontal cells (Hobbs, 2003).
This limited vertical mixing, together with the relatively high
stack heights of the major point sources and anti-cyclonic
circulation, frequently result in air masses that are contaminated to some degree by either industrial sources or biomass
burning. Under specific synoptic conditions, air re-circulates
over the sub-continent for up to 20 days (Garstang et al.,
1996; Tyson and Preston-Whyte, 2000; Swap et al., 2003).
Land-cover surrounding the Welgegund measurement station
www.atmos-chem-phys.net/14/1909/2014/
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is grassland savannah, grazed by cattle and sheep (Beukes et
al., 2014).
2.2

Instrumentation

Measurements were carried out with a mobile atmospheric
monitoring trailer (Petäjä et al., 2013), that was permanently
placed at Welgegund in May 2010. Ancillary data included
gas concentrations and basic meteorological parameters (see
Beukes et al., 2014 and Petäjä et al., 2013 for a full list
of measurements conducted at Welgegund). Local meteorological parameters included temperature, relative humidity
(RH), wind speed and direction, photosynthetically active radiation (PAR) and precipitation. Temperature and RH were
measured with a Rotronic MP 101A instrument, while wind
speed and direction were measured with the Vector A101ML
and A200P/L, respectively. O3 , SO2 , NOx and CO concentrations were measured with an Environment S.A. O341M, a
Thermo 42S, a Teledyne Instruments 200AU and a Horiba
APMA-360 instruments, respectively. Ambient PM1 concentrations were measured using synchronized hybrid ambient real-time particulate monitor SHARP 5010 (Thermo
Electron Corporation) and black carbon (BC) was measured
with a continuous multiangle absorption photometer MAAP
(Thermo Electron Corporation).
Particle size distributions were measured with a differential mobility particle sizer (DMPS) system with a size
range of 12–840 nm (Wiedensohler, 1988). The dried sample (Nafion drier, Perma Pure LLC, USA) was drawn through
and classified with Vienna-type differential mobility analyser
(DMA, Winklmayr et al., 1991) and counted with a TSI condensation particle counter (Model 3010 CPC, time resolution
of 9 min). All instruments were checked and maintained at
least once a week and data was downloaded automatically
to a server every day at 00:00 local time (LT). All raw data
were cleaned before data analyses, according to methods described by Laakso et al. (2008), Vakkari et al. (2011), Venter
et al. (2012) and Hirsikko et al. (2012).
The chemical composition of Aitken and accumulation
aerosol particles was analysed on-line and in real-time with
an Aerosol Chemical Specification Monitor (ACSM, Aerodyne Inc.). The ACSM is designed for continuous long-term
measurements of the chemical composition of non-refractory
submicron PM and is based on the same technology as the
Aerosol Mass Spectrometers (AMS) (Jayne et al., 2000; DeCarlo et al., 2006; Ng et al., 2011a). The sample flow was
passed through a PM1 cut-off impactor, where after it was
conducted to the ACSM using an additional pump with a flow
of 3 L min−1 . Particles were drawn into the ACSM through
a 100 µm critical orifice (∼ 0.09 L min−1 ) to an aerodynamic
lens assembly (Liu et al., 1995). The aerodynamic lens with
D50 limits of 75 nm and 650 nm (Liu et al., 2007) focused
particles into a narrow beam that is directed through two
vacuum chambers to an ionization chamber. The particle
beam was directed onto a heated conical porous tungsten
Atmos. Chem. Phys., 14, 1909–1927, 2014
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Fig. 1. Location of the Welgegund measuring site (marked as red star) and major source regions marked with colours. The grey areas on this
map indicate where there is a likelihood that the various source regions overlap. Trajectories passing over these regions of uncertainty were
rejected (see Beukes et al. (2014) for details).

surface (600 ◦ C) at the centre of the ionization chamber.
Here aerosol components flash-vaporized and the vaporized
molecules were ionized by electron impact (70 eV). Nonrefractory (NR) material in this paper is defined as the particulate material that vaporizes at 600 ◦ C (e.g., DeCarlo et al.,
2006). Positive ions were detected with a mass spectrometer (MS) equipped with a residual gas analyser (RGA) type
quadrupole mass analyser (Pfeiffer Vacuum GmbH).
The MS scan rate was set to 0.5 m/z per second and alternate MS scans sampled ambient air passing through a particle filter to provide an MS blank. Using a 30 min averaging time, 3σ detection limits for ammonium (NH+
4 ), organ−
− ) were
ics, sulfate (SO2−
),
nitrate
(NO
)
and
chloride
(Cl
4
3
−3
−3
−3
0.284 µg m , 0.148 µg m , 0.024 µg m , 0.012 µg m−3
and 0.011 µg m−3 , respectively (Ng et al., 2011a).
An internal naphthalene signal (m/z 128) and the air ion
signals from the reference state was used to monitor variability in overall instrument performance, as well as changes
due to variation in the sampling flow rate (air only). Frequent power outages interrupted a number of measurement
days and temporarily decreased ion transmission efficiency
of heavier masses that included naphthalene. For this reason
all zero naphthalene signal periods were deleted from further
analysis. The detailed description of the instrument, associated calibrations, data correction procedures and operation
procedures are presented in Ng et al. (2011a).
Aerosol mass concentrations also need to be corrected for
the particle collection efficiency (CE). The values of CE can
be smaller than 1 because of losses in the vaporizer or aerodynamic inlet. Particle collection losses in the vaporizer, result from inefficient focusing of non-spherical particles onto
the vaporizer or due to bouncing of solid particles before they
are completely vaporized. Particle losses in the aerodynamic
inlet are a function of particle diameter and are relatively
well characterised (Huffman et al., 2005; Liu et al., 2007;
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Matthew et al,. 2008). Current ACSM systems use aerodynamic lens and vaporizer designs identical to those in the
AMS, so we expect CE values to be similar to those observed in AMS measurements. The database of AMS field
results indicates that a CE value of 0.5 is found to be representative with data uncertainties of ±20 % (Canagaratna et
al., 2007). Recent studies have shown that CE values may
be influenced by factors such as particle phase, composition
and water content (e.g., Matthew et al., 2008). The correction
algorithm developed by Middlebrook et al. (2012) was used
in this study. The CE for the ambient aerosol measurements
in this sampling campaign ranged from 0.45 to 0.83 with a
mean of 0.46.
For quantitative ACSM measurements, the ionization efficiency (IE) was determined by calibration with 300 nm ammonium nitrate (NH4 NO3 ) particles (Jayne et al., 2000).
Dried and size-selected NH4 NO3 particles were measured
with the ACSM and a CPC (TSI 3010, Mertes et al., 1995) in
parallel. NH4 NO3 calibration allows for the determination of
other compounds in terms of NO−
3 equivalent mass using the
relative ionization efficiency (RIE). RIE values of 3.8, 1.4 ,
2−
1.2 , 1.1 and 1.3 were used for NH+
4 , organic species, SO4 ,
−
NO−
3 and Cl , respectively (Allan et al., 2003; Jimenez et al.,
2003). All mass concentrations presented in this paper were
determined at ambient temperature and pressure (local pressure is approximately 850 kPa) and presented in local time.
Additionally aerosol data was cleaned by visually inspection.
Periods and size intervals when data was noisy or otherwise
suspicious were removed from the dataset, such as time periods right after power breaks before ACSM performance was
stabilized.
Figure 2 shows a comparison between the combined total aerosol mass obtained from the ACSM (calculated with
the time-depend CE values) and BC, in comparison with
corresponding mass calculated from DMPS measurements.

www.atmos-chem-phys.net/14/1909/2014/

P. Tiitta et al.: PM1 aerosols in southern African grassland

1913
2009). Standard data pre-treatment, including applying minimum error criteria, down-weighting weak variables and m/z
44 related peaks, was performed as described in Ulbrich
et al. (2009). Additionally, scaled residuals were examined
carefully. Species with > 10 % of scaled residuals larger than
±2σ were re-weighted by a factor ranging between 2–5 until
the above criteria was satisfied so that m/z 60 and m/z 117
were down-weighted by a factor of three. The m/z 12 was
excluded, since re-weighting did not improve residuals. Extreme concentration peaks, which could disturb analysis,
were down-weighted by a factor of 10. These peaks were
mainly caused by savannah fires and lasted 4–6 h.

Fig. 2. Scatter plot of NR-PM1 + BC mass vs. calculated DMPS
mass.

The latter were obtained by converting the particle number size distributions measured by the DMPS to the volume distributions assuming spherical particles and multiplying the total particle volume concentration by the estimated
mean particle density of 1.88 g cm−3 . The average particle
density was estimated by comparing DMPS volumes to the
carefully-checked, real-time PM1 particulate monitor masses
(10881 data points). The sum of the total ACSM mass and
BC concentration correlated well with the mass concentration calculated from the DMPS measurements with a correlation coefficient of 0.94. The ACSM does not detect aerosol
components that vaporize at temperature higher than 600 ◦ C.
These aerosols include BC, crustal oxides, potassium chloride (KCl), non-volatile organics and sea salt (refractory material).
Fitting of the data in Fig. 2 gives a semi-empirical estimate
of the average mass of refractory material, M:

ACSM + BC = 0.84 × DMPS + 0.3
(1)
M + BC = DMPS − ACSM
⇒ M = 0.19(ACSM + BC) − 0.36

(2)

Here M + BC describe the annual-average non-volatile fraction of the PM1 mass.
2.3 Factor analysis
PMF is a statistical source apportionment tool that uses
constrained, weighted least squares estimation to determine
source profiles and strengths. Specifically, PMF is a variant
of a factor analysis method with non-negative factor elements
and it takes into account error estimations of observed data
values (Paatero and Tapper, 1994; Paatero, 1997). PMF has
been applied recently on many organic mass spectra measured by AMS, mainly in the Northern Hemisphere (Ng et
al., 2010; Zhang et al., 2011).
The analysis utilised version 4.2 of the PMF2 algorithm
on robust mode (Paatero and Tapper, 1994; Paatero, 1997),
applying the PMF Evaluation Tool v.2.04 (Ulbrich et al.,
www.atmos-chem-phys.net/14/1909/2014/

2.4

Trajectories

The air mass history was investigated using backtrajectories calculated with the HYbrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) version 4.8 model developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) (Draxler
and Hess, 2004). The model ran with the GDAS meteorological archive produced by the US National Weather Service’s National Centre for Environmental Prediction (NCEP)
and archived by ARL (Air Resources Laboratory, 2012).
96 h backtrajectories were obtained for every hour throughout the complete measurement period with an arrival height
of 100 m. Backtrajectory accuracy greatly depends on the
quality of the underlying meteorological data (Stohl, 1998).
The errors accompanying single trajectories are currently estimated as 15 to 30 % of the backtrajectory distance travelled
(Stohl, 1998; Riddle et al., 2006).
2.5

Source regions

In this the measurements at Welgegund were classified
into four source regions based on air mass history. The
source regions recently defined for Welgegund by Beukes
et al. (2014) were used for this purpose in simplified form.
Since these source regions were discussed in detail by
Beukes et al. (2014), these source regions are only briefly introduced here. The source region characterisation presented
will examine the influences of four major source sector
(Fig. 1), which are subsequently introduced:
– ACBIC: most of the air masses arriving at Welgegund
pass over an area that mimics the anti-cyclonic recirculation of air masses over the South African interior. Therefore, this anti-cyclonic recirculation path
forms a clearly identified source region, as pollutants
emitted in the primary source region are recirculated.
This allows for pollutants to become aged and undergo
various chemical reactions. However, within the accuracy of backtrajectory calculations (Sect. 2.4), the
anti-cyclonic source region of Welgegund significantly
overlaps with the western and eastern Bushveld Igneous Complexes. A large fraction of the mineral
Atmos. Chem. Phys., 14, 1909–1927, 2014
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assets of South Africa (e.g., Cramer et al., 2004) is
concentrated in the Bushveld Complex (BIC), with the
western limb being the most exploited (see Hirsikko et
al., 2012). Due to the lure of employment, the western
BIC is populated by formal (larger cities and towns,
such as Rustenburg and Brits), semi-formal and informal settlements. Incomplete combustion of coal and
wood in ineffective appliances for household heating
and cooking are common occurrences in the semiformal and informal settlement sectors (Venter et al.,
2012). Due to the geographical overlap of the aforementioned source regions, i.e., the anti-cyclonic, western and eastern BIC source regions, these three source
regions were combined in this paper as a single source
region, referred to as ACBIC.

– VT: the highly industrialised and relatively densely
populated Vaal Triangle (VT) source region contains
various large point sources, including petrochemical
and metallurgical industries. Although the geographical definition of this source region does not correlate
perfectly with classifications currently used in South
African air quality legislation, the Vaal Triangle area
has been declared an air pollution hotspot in South
Africa.
– iHV: the Industrial Highveld (iHV) source region defined here extends from the eastern parts of the Gauteng province, north to Middelburg in the Mpumalanga
Province. This source region (iHV) is actually a
combination of two large source regions, i.e., the
Mpumalanga Highveld where 11 coal fired power stations and a large petrochemical plant occur within
a 60 km radius, as well as the Johannesburg-Pretoria
megacity with more than 10 million inhabitants
(Lourens et al., 2012). Beukes et al. (2014) treated
these regions more detail. This combined source region (iHV) is a major source of NOx (Lourens et al.,
2012).
– BG: the regional background (BG), containing no
large point sources, is located west from the Welgegund measurement site. This includes portions of the
North-West and the Free State provinces, as well as
the entire Northern Cape province of South Africa.
The Northern Cape is the most sparsely populated
province in South Africa, with less than 10 inhabitants per km2 . The BG source region also included the
Kalahari desert. Although the BG source region contained virtually no large point sources, local and regional biomass burning do occur during the dry season.
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Fig. 3. Monthly median concentrations of OA, SO2−
4 , NH4 , NO3
and BC, as well as rainfall intensities. The box plots indicate median, as well as 25th and 75th percentiles.

3
3.1

Results and discussion
Meteorology

Local weather conditions were categorized in two main periods: (1) the warm and wet rainy season from mid-October
to mid-May, during which time frequent precipitation occurs and (2) the colder and dry season from mid May until mid October during which time almost no precipitation
occurs (Fig. 3). The mean temperature during the sampling
period was 17.2 ◦ C, with a maximum of 34.4 ◦ C and a minimum temperature of −2.7 ◦ C. Wind directions were primarily from the northerly and northwesterly directions, with
mean wind speed of 5.5 m s−1 . The mean atmospheric pressure measured was 852 hPa (min. 844 hPa, max. 863 hPa).
3.2

Mass concentrations, composition and diurnal
variation of aerosols

ACSM measurements were carried out from 1 September
2010 to 16 August 2011. The total mass concentration of NRPM1 varied substantially during the measurement campaign
from less than 1 µg m−3 to about 89 µg m−3 with a mean of
7.5 µg m−3 (Table 1). The highest concentrations were usually observed during stable atmospheric conditions with polluted air masses caused by regional or local biomass burning episodes, or in air-masses transported from iHV source
region. Quite often such polluted conditions were followed
by quick drops in the PM1 mass concentration associated
with heavy rains and/or frontal systems from the west that
are associated with relatively clean air masses. The measured
PM1 mass concentrations levels were quite similar to those
observed in a suburban area in New York City (Sun et al.,
2011), in Finokalia, Greece (Hildebrandt et al., 2010) and
www.atmos-chem-phys.net/14/1909/2014/
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in Cabauw, the Netherlands (Mensah et al., 2012). Concentrations were, however, lower than those in the Mexico City
metropolitan (Salcedo et al., 2006) or in Beijing (Sun et al.,
2010).
Figure 3 shows the monthly average concentrations of OA,
+
−
SO2−
4 , NH4 , NO3 and BC, together with the frequency of
precipitation events. Statistical data of the mass concentrations of each species measured in the sampling period are
listed in Table 1. The NR-PM1 aerosol composition was
dominated by OA (48 %) and SO2−
4 (33 %), while the mean
−
observed fractions of NH+
and
NO
4
3 were 13 % and 6 %, re−
spectively. Chloride (Cl ) concentrations were generally low
contributing to less than 1 % of total NR-PM1 and were near
the ACSM detection limit of 11 ng m−3 .
The highest OA concentrations were observed during the
dry season when it peaked at levels of up to 75 µg m−3 as a
result of regional and local savannah fires. The highest SO2−
4
concentrations (max. 27 µg m−3 ) were observed in air mass
originating from the eastern highly populated and industrialised areas, i.e., in air masses that had passed over the iHV
source region (see Fig. 1 for iHV spatial definition). Refractory PM1 mass, excluding BC, was estimated from Eq. (1)
as having a mean loading of 1.2 µg m−3 , whereas the mean
BC concentration was 0.5 µg m−3 . During the dry season,
the BC concentration peaked almost simultaneously with OA
and reached concentrations up to 10 µg m−3 . The mean estimated total PM1 mass fractions were 39 %, 27 %, 10 %, 5 %,
+
−
−
1 %, 5 %, 13 % for OA, SO2−
4 NH4 NO3 , Cl , BC and refractory material, respectively, and the mean total loading of
PM1 mass was 9.1 µg m−3 .
The monthly-average concentrations of OA varied in the
range of 2–8 µg m−3 . The concentrations showed a clear seasonal pattern characterised by higher and more disperse values during the dry season than during the wet season. NO−
3
concentrations had a similar seasonal pattern to OA, with
monthly-average values in the range of 0.2–0.5 µg m−3 . NO−
3
was a minor PM constituent, except in July when it is com+
parable to SO−2
4 and NH4 . These simultaneously high levels
−
of the OA, NO3 and BC in the dry season are attributable
to biomass burning episodes that are frequent at this time of
the year in southern Africa (e.g., Swap et al., 2003). More
detailed analyses of biomass burning episodes are presented
in Vakkari et al. (2014).
The highest and most dispersed concentrations for SO2−
4
were found in the late wet season when the SO2−
mass
frac4
tion was twice that in the dry season. The SO2−
4 concentrations exceeded those of OA frequently during March, especially when the air-masses had passed over iHV, where
the majority of coal-fired power plants are located (Siversten et al., 1995). At least two factors contributed to the high
SO2−
4 concentrations during the wet season: the more frequent exposure to easterly air masses affected by the iHV
area with high SO2 emissions and the frequent presence of
clouds which tends to enhance SO2−
4 formation by in-cloud
www.atmos-chem-phys.net/14/1909/2014/
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+
−
Fig. 4. Diurnal cycle of OA, SO2−
4 , NH4 , NO3 and BC, in both the
wet (a) and the dry (b) seasons. NO−
3 and BC concentrations were
multiplied by 3 and Cl− by 10/100 for scaling. Mean compositions
are shown in the pie charts (percentages).

SO2 oxidation (Shen et al., 2012). Concentrations of NH+
4
varied from 0.2 to 1.1 µg m−3 and correlated well with those
of sulfate (R = 0.89), especially during the dry season, indicating the presence of ammonium sulfate in ambient air.
Ammonium concentrations will be discussed in more detail
in Sect. 3.3.
Figure 4a and b show the diurnal cycles of the mass
concentrations of the major aerosol constituents in the wet
and dry seasons, respectively. Unlike the other constituents,
SO2−
4 had a pronounced diurnal profile in the wet season,
peaking during the late afternoon. The most likely explanation for this was the breakup of the inversion layer(s) during daytime, which increased the height of the surface mixed
layer and entrainment of air from above. In this way, the
high-stack emitted SO2 and its oxidation product SO2−
4 could
be brought more efficiently down to the surface. The more efficient mixing during the daytime may also have accelerated
the oxidation of SO2 to SO2−
4 by more efficient in-cloud processing of the air, but this phenomenon cannot be verified
with our surface measurements.
During the dry season, concentrations of OA, NO−
3 and
BC dropped sharply after the inversion layer break-up in the
morning hours, indicating low level and relatively localized
sources (i.e., savannah fires) for these compounds. Their concentrations tended to increase toward the night due to lower
boundary layer heights that limit mixing.
−
The similar diurnal patterns for NO−
3 and Cl were expected because both these species are sensitive to the ambient
Atmos. Chem. Phys., 14, 1909–1927, 2014
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Table 1. Statistics of mass concentrations (µg m−3 ) of the NR-PM1 compounds, BC and total PM1 .

OA
SO2−
4
NH+
4
NO−
3
Cl−
BC
Total NR-PM1
Total NR-PM1 + BC
Total PM1

Mean

Median

25th
percentiles

75th
percentiles

Max

3.6
2.4
0.9
0.5
0.03
0.5
7.5
8.0
9.1

2.6
1.5
0.7
0.3
< DL
0.3
5.6
6.0
6.8

1.5
0.4
0.3
0.1
< DL
0.2
2.8
3.0
3.3

4.4
3.2
1.3
0.4
0.03
0.6
10.3
11.0
12.8

75.2
27.2
7.2
11.1
2.6
11.4
89
96
113

temperature and relative humidity. The diurnal cycle of NO−
3
is driven by HNO3 production and gas-to-particle partitioning to ammonium nitrate (NH4 NO3 ), the latter of which is
controlled by the temperature and relative humidity (Seinfeld and Pandis, 2006). A diurnal nitrate concentration cycle
quite similar to ours has been observed in New York (Sun
et al., 2011) and Pittsburg (Zhang et al., 2005b). Similar2−
ity of the diurnal cycle of NH+
4 to that of SO4 during the
+
wet season occurred because NH4 was mainly in the form of
(NH4 )2 SO4 , whereas during the dry season diurnal variation
of NH+
4 resulted from the combination of the diurnal cycles
of particulate (NH4 )2 SO4 and NH4 NO3 .
3.3

Acidity of submicron particles

The acidity of atmospheric aerosol particles influences their
hygroscopicity and their ability to produce heterogeneous
sulfate and SOA (Liang and Jacobson, 1999; Jang et al.,
2002; Martin et al., 2003; Pathak et al., 2011). It is possible to
estimate the acidity of NR-PM1 by comparing the measured
+
NH+
4 mass concentration to the amount of NH4 needed to
completely neutralize the anions that were calculated using
Eq. (3):
!
NO−
SO2−
Cl−
+
3
4
NH4,cal = 18 × 2 ×
(3)
+
+
96
62
35.5
−
−
Here SO2−
4 , NO3 and Cl are the mass concentration of
the ions (µg m−3 ) and the denominators correspond to their
molecular weights, with 18 being the molecular weight of
NH+
4 . Particles are considered to be “more acidic” if the measured NH+
4 concentration is significantly lower than the calculated and as “bulk neutralized” if the two values are equal.
This approach is valid if the influence of metal ions, as well
as organic acids and bases on NH+
4 concentration is negligible (Zhang et al., 2007b). When the sulfate to NH+
4 ratio is
high, the amount of atmospheric ammonium is not sufficient
−
−
to neutralize all SO2−
4 , NO3 and Cl anions. In such a case
−
−
at least a fraction of NO3 and Cl anions must be associated
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with cations other than NH+
4 and Eq. (3) is no longer valid.
Thus, the amount of NH+
4 needed to completely neutralize
SO2−
can
be
calculated
from
the following equation:
4
!
SO2−
+
4
(4)
NH
= 18 × 2 ×
4,cal,SO2−
96
4
For dry season, the correlation between measured and calculated NH+
4 was excellent with a regression slope near 1
(R = 0.97) (Eq. 3, Fig. 5a), indicating that NR-PM1 in Welgegund was mainly neutralized. Contrary to that, the wet
season showed a much lower correlation slope (R = 0.70)
(Fig. 5b) even with Eq. (4), in which other species than SO2−
4
are ignored. Therefore the amount of NH+
in
submicron
par4
ticles was insufficient to neutralize SO2−
4 in the wet season.
However, the slope is near unity when SO2−
4 concentration
was lower than ∼ 2 µg m−3 so acidic aerosols were not observed when SO2−
4 concentration was low.
Furthermore, the results implies that a fraction of the ob−
served NO−
3 and Cl was very likely associated with either potassium originating from biomass burning or metalcontaining particles. It can be assumed that the numerous large point sources in this region (Fig. 1) add metalcontaining particulates to the local and regional atmosphere.
3.4

Source region characterisation

Calculated backtrajectories were classified as passing over
the various source regions defined in Sect. 2.5. Mean concentrations for all measured compounds were calculated for
air masses that had passes over each source region (Figs. 6
and 7, Table 2) for both the dry and the wet season. In addition to that, Fig. S1 (Supplement) present source area maps
for different mass components. The maps have been generated with the simple approach used by Vakkari et al. (2011,
2013), where point measurements are connected to 96 h
HYSPLIT (Draxler and Hess, 2004) backtrajectories to gain
an overview of regional scale patterns.
As expected, the mass concentrations were the lowest
when air masses passed over the relatively clean BG region
www.atmos-chem-phys.net/14/1909/2014/
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Fig. 5. Measured vs. calculated NH+
4 and linear fittings (solid lines)
using (a) Eq. (3) (dry season) and (b) Eq. (4) (wet season). Data
points (b) are colour-coded according to SO24 concentration.
Table 2. Summary of mean mass concentrations (µg m−3 ) of the
NR-PM1 compounds and BC for four main source regions both dry
and wet seasons (dry/wet).

OA
SO2−
4
NH+
4
NO−
3
Cl−
BC
Total + BC

BG

VT

iHV

ACBIC

2.3/2.0
0.4/1.4
0.3/0.5
0.3/0.2
0.04/–
0.6/0.3
3.8/4.4

4.5/2.9
1.3/4.3
1.0/1.5
1.5/0.5
0.1/–
1.3/0.5
9.7/9.6

10.5/3.0
2.5/3.9
1.9/1.3
2.9/0.4
0.3/–
1.5/0.4
19.7/9.1

6.8/2.4
2.2/2.7
1.0/1.0
0.5/0.2
0.05/–
1.1/0.3
11.7/6.5

(Figs. 6 and 7, Table 2) and the highest for the iHV region.
The iHV air masses also showed the highest variability of
concentrations (Fig. 6).
Compared with the wet season, concentrations of OA,
−
NO−
3 and Cl were higher during the dry seasons for all air
masses passing over all the defined source regions (Figs. 6
and 7). In contrast to that, SO2−
4 concentrations were higher
during the wet season for all regions. This indicates that enhanced SO2−
4 concentration is not only due to emissions from
the iHV region, but also due to other factors like the in-cloud
oxidation of SO2 to SO2−
4 as discussed earlier. Furthermore,
during the wet season the cleanest air masses from the southwestern Karoo region were absent (Fig. S1) and therefore the
wet season BG region was more affected by aged regional air
masses with higher SO2−
4 concentrations.

www.atmos-chem-phys.net/14/1909/2014/

Fig. 6. NR-PM1 composition as function of air masses classified
as passing over the four regions, i.e., BG, VT, iHV and ACBIC,
defined in Sect. 2.5 for the wet season (WS) and the dry season
(DS) as well as pH for WS (k). The box plots indicate 25th and
75th percentiles and the line within the box the median. Whiskers
present 5th and 95th percentiles.
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The concentration of NH+
4 showed more variability between the seasons than the concentrations of other compounds (Fig. 6e and f). The iHV-related NH+
4 concentration
was higher in the dry season while the BG- and VT-related
NH+
4 concentrations were higher in the wet season. Petrochemical industries are quite prevalent in the VT (Beukes et
al., 2014). It is possible that these industries contribute significantly to high ammonium emissions. The nitrate concentrations were the highest from the iHV and VT regions, which
is consistent with recent findings by Lourens et al. (2011,
2012) that these areas have high NOx emissions due to high
traffic densities and large point sources. Interestingly, for the
air masses that have passed over iHV (Fig. 6j) Cl− content
peaked only during dry season indicating combustion related
emissions like coal combustion (Zhang et al., 2012), waste
combustion (e.g., Moffet et al., 2008) or local savanna fires
(e.g., Akagi al., 2012) but according this dataset exact combustion source cannot be verified.
Aerosol acidity was calculated using Aerosol Inorganic
Model II (AIM-II) with gas-aerosol interaction disabled
(Clegg et al., 1998). Measured concentrations of SO2−
4 ,
+
NO−
,
NH
,
ambient
temperature
(T
)
and
relative
humidity
3
4
(RH) were used as inputs and only the acidic aerosols were
considered. pH values were calculate using equation
pH = − log(fHaq + × xHaq + )

(5)

fH+
aq

where
is the mole fraction based activity coefficient of
hydrogen ions and xH+
aq is the equilibrium mole fraction of
hydrogen ions in the particles (Zhang et al., 2007b). It has to
be noted that we have neglected the influence of organics on
hydration and the thermodynamical equilibrium of inorganic
ions. The organics are expected to have only a minor effect on
partitioning/dissociation of inorganic species in acidic particles (Zhang et al., 2007b).
Aerosols were mainly neutralized for BG and ACBIC regions when 10 % and 23 % of data points were acid (wet
season), whereas 46 % of iHV and 63 % of VT regions data
points were classified as acid aerosols defined in Sect. 3.3.
Average pH values of acidic aerosols calculated from Eq. (5)
were between 2.1 and 2.6 with minimum pH of −0.93
(Fig. 6k).
3.5

Organic aerosols

Atmospheric OA are generally separated in two main types
of compounds, i.e., hydrocarbon organic aerosols (fresh
emissions) and oxygenated organic aerosols (OOA), which
usually dominate the total organic mass (Allan et al., 2004;
Zhang et al., 2005a; Canagaratna et al., 2007). OOA can,
in most environments, be further divided into low-volatile,
highly oxidized OOA (LV-OOA) and semi-volatile OOA
(SV-OOA) (e.g., Jimenez et al., 2009). The mass spectra of
LV-OOA are associated with a higher peak at m/z 44 as a result of the presence of CO+
2 . Previous studies have shown
that the CO+
fragment
in
the OA spectra can result from
2
Atmos. Chem. Phys., 14, 1909–1927, 2014

thermal decarboxylation of organic acids (e.g., Alfarra et al.,
2004; Aiken et al., 2007), whereas the mass spectra of SVOOA is dominated by the C2 H3 O+ ion (m/z 43), which is
an indicator of non-acid oxygenates (e.g., Ng et al., 2010).
A significant fraction of the NR-PM1 aerosols measured
at the Welgegund site consisted of OA (63 % of total OA in
dry season and 37 % in wet season). The organic composition
differed and the concentration levels varied considerably between seasons, due to different sources (e.g., savanna fires
and biogenic organics) and atmospheric conditions (e.g., water content). To better understand the chemical composition
and sources of OA, oxidation levels of OA and ACSM mass
spectra of OA are discussed in more detail below.
3.5.1

PMF analysis of OA

Insight into the oxidation level of OA can be obtained from
the analysis of the ACSM mass spectra through the use of
PMF (Zhang et al., 2005a, 2011; Ulbrich et al., 2009). In this
study, we applied PMF to characterise the organic aerosol
content and moreover to identify organics groups, their timedependent concentrations and mass spectra (MS) from the
OA dataset. All PMF analysis details are presented in Zhang
et al. (2005a, 2011) and Ulbrich et al. (2009). The OA MS
showed the characteristic features of oxidized material, e.g.,
the major peaks of m/z 44 (CO+
2 ). The differences in intensity of m/z 44 and m/z 43 fragments reveal levels of oxidation in OOA components (e.g., Sun et al., 2010).
The 2-factor PMF separated oxygenated organic aerosols
(OOA) and primary biomass burning organic aerosol
(BBOA) with Q/Qexp (Ulbrich et al., 2009) of 1.33. The
3-factor solution indicated BBOA, SV-OOA and LV-OOA
(Q/Qexp = 1.23). The 4-factor solution split the LV-OOA
factor into two separate factors (Q/Qexp = 1.13). The 5factor solution further split the LV-OOA (Q/Qexp = 1.06),
but these factors were almost identical to LV-OOA
(R > 0.95).
Because of the distinguishable differences in atmospheric
conditions (e.g., water content) and sources (e.g., savanna fire
emissions) between the dry and wet seasons (e.g., Laakso
et al., 2013), the PMF analyses were conducted separately
for these two seasons. In this case, the dry season solution
showed two factors, i.e., OOA and BBOA with Q/Qexp of
1.26 (Fig. 8b). The two OOA profiles obtained with the 3factor profiles (Q/Qexp = 1.08) were identical (R = 0.98).
For the wet season no distinct BBOA factor was identified, whereas both LV-OOA and SV-OOA were obtained
(Q/Qexp = 1.19) (Fig. 8a). The third factor obtained with the
3-factor solution was identical to LV-OOA (Q/Qexp = 1.08,
R = 0.98).
The factor identification was confirmed by comparing the
time series and mass spectra of each factor with external
2−
+
−
tracers (NO−
3 , SO4 , NH4 , Cl , BC), available gas phase
measurements (NO, NOx , CO, SO2 and O3 ) and reference
source mass spectra available on the AMS MS database
www.atmos-chem-phys.net/14/1909/2014/
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Fig. 7. Summary of NR-PM1 + BC composition associated with each source region as well as representative 96 h backtrajectories marked
in colours associated with the source regions. The box plots indicate 25th and 75th percentiles and the line within the box marks the mean.
Location of the Welgegund measuring site is marked as a black cross.

Fig. 8. OA mass spectra of (a) SV-OOA and LV-OOA (wet season)
and (b) BBOA and OOA (dry season).

(Ulbrich, I. M., Lechner, M., and Jimenez, J. L., AMS Spectral Database, url: http://cires.colorado.edu/jimenez-group/
AMSsd; Ulbrich et al., 2009). Solutions were further investigated for the “f peak” (Ulbrich et al., 2009) and seed influences on the mass spectra and time series. The factors obtained for different “f peak” values and the retained solutions were stable over the different starting points (seeds).
Finally, the 2-factor solution rotated by “f peak” of 0.02
(dry season) appeared to represent our data the best. The
factors were identified as OOA (f43 = 6 %, f44 = 23 %) and
BBOA (f60 = 1.5 %, f73 = 1 %) (Fig. 8b), representing 4 %
and 33 % of the total OA, respectively, with an unfitted fraction of 3 %. The “f peak” value of 0.10 gave the best solution
www.atmos-chem-phys.net/14/1909/2014/

for the wet season with LV-OOA (f43 = 4 %, f44 = 28 %)
and SV-OOA (f43 = 9 %, f44 = 11 %) (Fig. 8a) representing
49 % and 46 % of the total OA, respectively, and an unfitted
fraction of 6 %.
The corresponding BBOA factor correlated with the standard BBOA published by Ng, et al. (2011b) (R = 0.93). The
identified BBOA factor was also characterised by a contribution of the organic fragments m/z 60 and m/z 73, i.e., the
levoglucosan marker fragments, which are considered to be
tracers of biomass burning aerosols (Scheider et al., 2006;
Alfarra et al., 2007; Lanz et al., 2008; Mohr et al., 2009). The
BBOA factor correlated well with the combustion-related
BC (R = 0.81), NO−
3 (R = 0.79) and CO (R = 0.72) species.
However, the best correlation of BBOA was found to be with
Cl− (R = 0.89), although the observed Cl− concentrations
were typically low. The correlation of the BBOA time series
with BC, NO−
3 and CO and the presence of the levoglucosan
marker fragments in the BBOA and similar diurnal patterns
profile verified its primary origin (see Figs. 4b and 9). The
BBOA showed early morning and evening peaks (Fig. 9) and
this type of a diurnal pattern could be reasonably attributed
to the combined result of the low boundary layer height and
burning events in the morning and evening.
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The commonly-identified hydrocarbon organic aerosols
(HOA) factor could not be isolated in this investigation, in
line with studies by Hildebrandt et al. (2010) and Huang et
al. (2011). HOA has been extensively identified in previous
AMS measurements and is mainly attributed to primary combustion sources (Zhang et al., 2007a; Lanz et al., 2007, 2008;
Ulbrich et al., 2009). In our case, HOA was probably mixed
with the BBOA and SV-OOA factors. It is worth noting that
most of the hydrocarbons were diluted by mixing of the surface mixing layer air and oxidized before arriving at the site.
3.5.2

Fig. 9. Diurnal profiles of SV-OOA (WS), LV-OOA (WS), BBOA
(DS) and OOA (DS).

The LV-OOA (wet season) and OOA (dry season) factors correlated well with the standard LV-OOA spectrum
(R > 0.95, Ng et al., 2011b). The time series of these factors
correlated with NH+
4 (R = 0.70 and R = 0.73, respectively)
and SO2−
(R
=
0.82
and R = 0.66), and with the sum of
4
2−
−
SO4 and NO3 (R = 0.80 and R = 0.75). Based on previous
studies, low-volatile OOA can be explained in many cases by
highly oxidized, aged, long-range-transported aerosol particles (e.g., Lanz et al., 2010; Raatikainen et al., 2010). It is
important to note that the OA oxidation levels were high also
when air masses passes over the iHV and VT (Fig. 10a), not
only during aged, long-range-transported air masses. This indicates possible acid formation of LV-OOA (Liggio and Li,
2013). The significance of acidity will be discussed more detail in Sect. 3.5.2.
Higher daytime concentration of LV-OOA (Fig. 9) reflects its photochemical production in daytime. Moreover,
the stronger vertical mixing in daytime may increase transport of aged organics from above the surface layer.
Contrary to what was found for the LV-OOA factor, the
correlation of the OOA time series with the combustion tracers such as BC (R = 0.62) and CO (R = 0.66) supports the
suggestions that part of the OOA is formed from combustionrelated VOCs. The similarities in the diurnal patterns of OOA
(Fig. 9) and SO2−
4 (Fig. 4b) support the secondary contribution of OOA (Zhang et al., 2011). Possible signs of the formation of SOA related to combustion emitted VOCs, peaking in the late afternoon, was observed in the OOA profile
(Fig. 9).
The SV-OOA spectra correlated with the standard SVOOA (R = 0.83, Ng, et al., 2011b). The time series of the
SV-OOA correlated with NO−
3 (R = 0.76), a characteristic
tracer for SV-OOA, but also with the combustion-related
tracers BC (R = 0.82) and CO (R = 0.72). The diurnal cycle of SV-OOA (Fig. 9) was similar to that of both NO−
3 and
Cl− (Fig. 4a) which verifies its semi-volatile character. It results from the partitioning between the gaseous and particulate phase depending on the ambient temperature and humidity (e.g., Zhang et al., 2011).
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Insight into OA properties and sources

It has been observed that f44 (m/z 44 divided by OA) correlate with the oxygen to carbon (O : C) ratio (Aiken et al.,
2008) and the hygroscopicity of the SOA-dominated aerosols
(Jimenez et al., 2009; Raatikainen et al., 2010). Therefore,
f44 is an indicator of potential cloud condensation nuclei
(CCN). Aiken et al. (2008) found a significant correlation
between the O : C ratio and f44 described by the following
least-squares fit:
O : C = (3.82 ± 0.05) · f44 + (0.079 ± 0.0070),
h
i
95 % CI, R 2 = 0.84

(6)

Although this correlation was derived from the ambient measurements conducted in Mexico City, it provided an estimation of the O : C ratio of the average OA. Photochemical aging leads to an increase in f44 (Alfarra et al., 2004; Aiken
et al., 2008), so the f44 axis in Fig. 10 is an indicator of atmospheric aging and the triangular space represent an area
where OA compounds are usually found (Ng et al., 2010).
Since f43 (m/z 43 divided by total OA) is indicative of less
oxidized and photochemical younger organics than f44 , the
variability in f43 arises from difference in OOA components
because of different sources and chemical pathways (Ng et
al., 2010). Figure 10b shows that, on average, OA measured
at the Welgegund station was highly oxidized and more oxygenated in the wet season (f44 = 19 %, f43 = 6 %) than during the dry season (f44 = 17 %, f43 = 7 %). This dissimilarity between oxidation levels can be explained, in part, by the
aerosol acidity as it has been shown that under acid seed
aerosol conditions, oligomer formation associated with the
uptake of organics is enhanced by a factor of three or more
compared to neutral aerosols, with concomitant increase in
the O : C ration (Liggio and Li, 2013). The average f44 corresponds to the O : C ratios of 0.8 and 0.7 (Eq. 6) during the wet
and dry seasons, respectively. Statistical significance of the
difference in O : C ratios were tested with the Wilcoxon rank
sum test by using R-software (R Development Core Team,
2013). The difference between the seasons was found to be
statistically significant (p < 2.2 × 10−16 ).
The properties of OA were further investigated by selecting representative daytime and nighttime air masses had
passed over the four source regions. The iHV and VT plumes,
www.atmos-chem-phys.net/14/1909/2014/
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Figure

10. Triangle plots (a) for day and nighttime source region plumes and (b) for source region averages and for indentified organic groups,
1127Fig.
10: Triangle plots (a) for day and nighttime source region plumes and (b) for source region
i.e., LV-OOA, SV-OOA, OOA and BBOA. The dotted lines define the triangular space where ambient OA components usually fall. Triangle
plot is described detail in Ng et al. (2010).

1128

averages and for indentified organic groups, i.e., LV-OOA, SV-OOA, OOA and BBOA. The
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highest daytime OA oxidation levels (f44 = 24 % for iHV
1130and fplot
is described detail in Ng et al. 2010.
44 = 23 % for VT) (Fig. 10a), which is consistent
with oligomer formation in acidic conditions (Liggio and
1131Li, 2013). The nighttime oxidation was significantly lower
(f44 = 19 %) reflecting a lower level of solar radiation. In
contrast to that, the BG air mass plume showed much lower
OA oxidation (f44 = 12 %) levels (Fig. 10a), indicating a
larger fraction of local sources like oxidation products of biogenic volatile organic compounds (BVOC) and local household combustion. Wood and low grade coal are the most
common fuels used in household combustion for space heating and cooking in informal and semi-formal settlements
(Venter et al., 2012). It should also be mentioned that the potential oxidant concentrations are significantly lower in the
background area and the BG daytime and nighttime trajectories were not 100 % identical, which reflected by different
f43 values.
As expected, both daytime and nighttime oxidation levels
were high in the ACBIC plume (Fig. 10a) due to aerosol ageing during the anticyclonic circulation of air masses. Actually, the nighttime oxidation levels were higher in the ACBIC
plume than in the iHV plume, which indicates that the intensity of solar radiation was less important in the ACBIC
plume. The anticyclonic air flow on the northern Highveld
in South Africa is the dominant flow pattern which increases
the lifetime and ageing of atmospheric aerosols (Garstag et
al., 1996; Tyson et al., 2000).
Finally, the mean oxidation levels for each region were
calculated. These results showed that OA in the air masses
that had passed over the ACBIC region was characterised
www.atmos-chem-phys.net/14/1909/2014/

(Fig. 10b), whereas the other regions showed more variability
between the seasons. In the dry season, the mean oxidation
levels were the lowest in air masses that had passes over the
iHV and VT regions, probably due to the large amounts of
fresh combustion emissions, including savanna fires, traffic
and household combustion, during the dry season. The lowest OA oxidation state in the wet season was observed for the
BG region (Fig. 10b).
Overall, our results point out a high OA oxidization level
in the Welgegund site; LV-OOA (f43 = 4 %, f44 = 28 %) and
OOA (f43 = 6 %, f44 = 23 %). Oxidation levels were even
higher than extent of OA oxidation of the FAME-08 and
FAME-09 campaigns (Hildebrandt et al., 2010, 2011). Until
now only the Okinawa measurement site have showed similar oxidation levels (Ng et al., 2010). In contrast to that, the
oxidation level of SV-OOA (f43 = 9 %, f44 = 11 %) was at
the same level as for sites in Northern Hemispheric datasets
(Ng et al., 2010).
The source characterisation of BBOA, OOA, SV-OOA and
LV-OOA for the four regions is presented in Fig. 11. The
concentration of SV-OOA (Fig. 11a) showed only moderate
differences between the different regions suggesting that major point sources do not have a large influence to SV-OOA
factor. SV-OOA correlated with NO−
3 in industrial regions
and resembled to biogenic SV-OOA in Ng et al. (2010a). It
is notable that the industrial regions in South Africa are located in the areas for which higher biogenic emissions are
expected (e.g., grassland and savannah biomes) in the wet
season, if compared to the BG (e.g., Kalahari and Karoo
biomes). SV-OOA is factor from a variety of mixed sources
Atmos. Chem. Phys., 14, 1909–1927, 2014
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Fig. 11. Organic group characterisation for the four source regions,
i.e., BG, VT, iHV and ACBIC, for both the wet season (WS) and
the dry seasons (DS). The box plots indicate of 25th and 75th percentiles and the line within the box marks the median. Whiskers
present 5th and 95th percentiles.

that are semi-volatile, so its diurnal trend was dominated
by the temperature-dependent volatility behaviour, similar to
NO−
3.
In the dry season, the primary BBOA originated mainly
from the iHV (Fig. 11b) region (more than 50 % of total
BBOA), whereas a large fraction of the OOA (Fig. 11d) originated also from the VT and ACBIC regions. During the dry
season the OA source regions (Fig. S1) appeared to follow
the vegetation type so that the highest OA concentrations
originate in the regions where vegetation has more biomass
(e.g., Mucina and Rutherford, 2006). Addition to that incomplete combustion of coal and wood in ineffective appliances
for household heating and cooking are common occurrences
in the semi-formal and informal settlements (Venter et al.,
2012). Therefore, the high quantity of domestic burning and
cooking in the megacity region together with grassland fires
enhance BBOA factor concentration in the iHV region.
The LV-OOA concentration was high when air masses
passed VT region (Fig. 11c) similar to SO2−
4 concentration
(Fig. 6c) during wet season, which highlights the potential
importance of aerosol acidity in OOA evolution. The maximum and 75–percentile concentrations of LV-OOA as well as
the mean OA oxidation level in triangle plot (Fig. 10b) were
high when air passed over ACBIC region which is consistent
with long-range-transported aged aerosols (Fig. 11c).
4

Conclusions

This work presents the first long term NR-PM1 chemical
composition results for southern Africa, based on measurements conducted at the Welgegund measurements station in
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the interior of South Africa. The NR-PM1 mass concentrations varied largely from less than 1 µg m−3 to a maximum
of 89 µg m−3 . The aerosol composition was dominated by
OA and sulfates with the mean NR-PM1 concentration of
7.5 µg m−3 and total PM1 of 9.1 µg m−3 . Savanna fires occurring on a regional scale during the dry season increased both
the primary combustion aerosols and the formation of secondary aerosols via combustion emitted precursor species.
A significant fraction of the NR-PM1 aerosols consisted
of OA (63 % of total OA in the dry season and 37 % in the
wet season). The composition OA differed and its concentration levels varied considerably between the seasons due to
different sources and atmospheric conditions. For example,
BBOA represented 33 % of total OA in the dry season while
no BBOA factor was identified in the wet season. In general,
OA was highly oxidized with average O : C ratios of 0.8 and
0.7 during the wet and dry season, respectively. The high oxidation levels and the differences between the seasons could
be explained, at least partially, by the acidity of the aerosols.
Highly oxidized organic aerosols were observed both during
iHV and VT plumes (characterised by high SO2−
4 concentration) and anticyclone circulation (characterised by long range
transported aged aerosols).
The results obtained from this investigation provide new
insight on the seasonal differences in aerosol characteristics
and associated sources, along with atmospheric processes
connecting the sources with observed aerosol characteristics, in southern Africa. These features are quite different
from those reported for more comprehensively-investigated
aerosol systems in the Northern Hemisphere.
The results will directly assist policy makers in South
Africa to implement the correct procedures to address current levels of atmospheric aerosols, as well as with their decision making for future industrial developments. Furthermore,
the measurements conducted in this study signify the importance of these types of measurements in this region. The next
step for aerosol research in this region would entail the implementation of long-term continuous chemical composition
measurements with instruments such as the high resolution
AMS.
Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/14/
1909/2014/acp-14-1909-2014-supplement.pdf.
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