Atmos. Chem. Phys., 14, 1908927, 2014 Atmosphenc _g
www.atmos-chem-phys.net/14/1909/2014/ . g
d0i:10.5194/acp-14-1909-2014 Chemistry >
© Author(s) 2014. CC Attribution 3.0 License. and Physics @

Chemical composition, main sources and temporal variability of
PM aerosols in southern African grassland

P. Tiitta1:25, V. Vakkari 3°, P. Croteaut, J. P. Beuke$, P. G. van ZyP, M. Josipovic?, A. D. Venter?, K. Jaars?,
J. J. Pienaaf, N. L. Ng’, M. R. Canagaratna*, J. T. Jaynée*, V.-M. Kerminen 2, H. Kokkola®, M. Kulmala 2,
A. Laaksoner?®, D. R. Worsnop>#6, and L. Laakso?®

1Department of Environmental Science, Univ. of Eastern Finland, P.O. Box 1627, 70211 Kuopio, Finland

2School of Physical and Chemical Sciences, North-West University, Potchefstroom 2520, South Africa

3Department of Physics, Univ. of Helsinki, P.O. Box 64, 00014 Helsinki, Finland

4Aerodyne Research, Inc., Billerica, MA 08121, USA

SFinnish Meteorological Institute, Erik Palménin aukio 1, 00101 Helsinki, Finland

5Department of Applied Physics, Univ. of Eastern Finland, P.O. Box 1627, 70211 Kuopio, Finland

’School of Chemical and Biomolecular Engineering and School of Earth and Atmospheric Sciences, Georgia Institute of
Technology, Atlanta, GA 30332-0100, USA

Correspondence td. Tiitta (petri.tiitta@uef.fi)

Received: 26 April 2013 — Published in Atmos. Chem. Phys. Discuss.: 11 June 2013
Revised: 6 January 2014 — Accepted: 14 January 2014 — Published: 18 February 2014

Abstract. Southern Africa is a significant source region of ing major point sources. Sulfate and nitrate concentrations
atmospheric pollution, yet long-term data on pollutant con-peaked when air masses passed over the industrial High-
centrations and properties from this region are rather limitedveld (iHV) area. In contrast, concentrations were much lower
A recently established atmospheric measurement station iwhen air masses passed over the cleaner background (BG)
South Africa, Welgegund, is strategically situated to captureareas. Air masses associated with the anti-cyclonic recircula-
regional background concentrations, as well as emissionsion (ACBIC) source region contained largely aged OA.
from the major source regions in the interior of South Africa.  Positive Matrix Factorization (PMF) analysis of aerosol
We measured non-refractive submicron aerosols (NRIJPM mass spectra was used to characterise the organic aerosol
and black carbon over a one year period in Welgegund, anqOA) properties. The factors identified were oxidized or-
investigated the seasonal and diurnal patterns of aerosol comanic aerosols (OOA) and biomass burning organic aerosols
centration levels, chemical composition, acidity and oxida-(BBOA) in the dry season and low-volatile (LV-OOA) and
tion level. Based on air mass back trajectories, four distinctsemi-volatile (SV-OOA) organic aerosols in the wet season.
source regions were determined for NR-PMsupporting  The results highlight the importance of primary BBOA in the
data utilised in our analysis included particle number sizedry season, which represented 33 % of the total OA. Aerosol
distributions, aerosol absorption, trace gas concentrationsggcidity and its potential impact on the evolution of OOA are
meteorological variables and the flux of carbon dioxide. also discussed.

The dominant submicron aerosol constituent during the
dry season was organic aerosol, reflecting high contribu-
tion from savannah fires and other combustion sources. Or-
ganic aerosol concentrations were lower during the wet seal Introduction
son, presumably due to wet deposition as well as reduced
emissions from combustion sources. Sulfate concentrationéfrica is one of the least studied and most sensitive conti-
were usually high and exceeded organic aerosol concentrdi€nts with regard to climate change and air pollution (Boko

tions when air-masses were transported over regions contairft al-, 2007; Forster et al., 2007). Therefore, long-term at-
mospheric observations are required to study various effects
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and drivers. South Africa has one of the largest economies ilPoint GAW station is making it more useful as a Southern
Africa and is currently the only industrialised regional energy Hemisphere marine background site.
producer on the continent. South Africa has had sustained For South Africa, there are also a limited number of stud-
economic growth for a number of years, resulting in increas-ies considering cloud condensation nuclei (CCN) (Ross et
ing fossil fuel consumption and demand for electricity. Most al., 2003; Laakso et al., 2013), as well as optical and chemi-
of the electricity in southern Africa is produced by coal-fired cal properties of aerosols. These measurements were mainly
power stations. A substantial fraction of petrol is also dis- performed during the SAFARI 1992 (Fishman et al., 1996;
tilled from coal as well as obtained from natural gas. Addi- Lindesay et al., 1996) and SAFARI 2000 measurement cam-
tionally South Africa has a large mining and associated met-paigns (Eautough et al., 2013; Kirchstetter et al., 2003; Swap
allurgical industry (e.g., Beukes et al., 2010). Domestic com-et al., 2003), as well as the EUCAARI campaign from 2009
bustion for space heating and cooking is also widely practo 2011 (Laakso et al., 2012, 2013). The main findings from
ticed, especially in informal settlements that occur aroundthese campaigns highlighted the importance of regional cir-
most towns/cities (e.g., Venter et al., 2012; Vakkari et al., culation, seasonal variation, multiple inversion layers (espe-
2013). All of the afore-mentioned has led to increased envi-cially strong winter-time inversions) and the mixture of an-
ronmental concerns with atmospheric pollution being a ma-thropogenic sources including domestic burning, wild fires
jor problem. and industry. High @ concentrations were found to be the
Even though new industrial operations in South Africa most likely to cause adverse environmental effects (Zunckel
are being equipped with cleaner technology and the scrubet al., 2004).
bing facilities of old operations are being improved, emis- During the above-mentioned intensive campaigns, the ma-
sions of sulphur dioxide (S£), nitrogen oxides (NQ), black  jority of aerosol chemistry studies were based on filter sam-
carbon (BC) and carbon dioxide (GPare estimated to in- pling, with associated low time resolution and rather large
crease. These emissions, combined with potential increase iparticle size cuts (TSP, Pidand PM ). A limited number
biomass burning due to global warming the associated dryeof ultrafine aerosol studies have been published (Laakso et
climate in certain parts of southern Africa, can significantly al., 2008; Hirsikko et al., 2013; Vakkari et al., 2011, 2013)
influence the regional and global climate (Boko et al., 2007).based on the data obtained from a relative clean savannah
Climate change may also enhance migration to the alreadgite and an industrial site in South Africa (Hirsikko et al.,
densely populated urban areas and potentially increase env2012). At these sites, atmospheric new particle formation and
ronmental problems. As the population in cities in develop-growth events were observed during almost all sunny days
ing countries (such as those in southern Africa) increasesand these events were influenced both by local and regional
effects of air pollution on human health and the ecosystemsollution sources. The same studies indicated high levels of
will become more important. Aitken and accumulation mode particles originating from do-
Currently, air pollution monitoring studies in South Africa mestic household combustion associated with space heating
are focused mainly on legislatively required measurements@nd cooking during the mornings and evenings.
of particulate matter (PMy — particles with diameter less Secondary organic aerosols (SOA), formed by condensa-
than 10 um) and gaseous pollutants such as, 8@, and  tion of low-volatility products of the oxidation of hydro-
ozone (Q), as well as benzene and lead (Martins et al., 2007;carbons, usually contribute significantly to the total atmo-
Josipovic et al., 2010; Lourens et al., 2011). Recently, Venterspheric organic aerosols (OA) (Jimenez et al., 2009). Sec-
et al. (2012) conducted an air quality assessment at a site sibndary inorganic ions (sulphate, nitrate and ammonium) to-
uated in an industrialised region with significant mining and gether with OA dominate the mass of sub-micron aerosols
metallurgical activities. A limited number of these types of downwind of anthropogenic fossil fuel burning sources emit-
studies have been published in the peer reviewed literaturding SO, and NG,. Biomass burning processes generate sig-
Very few comprehensively equipped long term operating at-nificant amount of aerosols over southern Africa in the dry
mospheric measurement stations exist in South Africa. Mosseason and also emit significant amount of different trace
stations are equipped with limited instrumentation, or datagases (Swap et al., 2003).
from comprehensive equipment sets are operated only for Organic compounds constitute a large fraction of submi-
short campaigns. One exception is the Cape Point Global Ateron particle mass at the global scale (Kanakidou et al.,
mospheric Watch (GAW) station (Brunke et al., 2010) in the 2005). Therefore, their accurate quantification and source ap-
marine-boundary layer where long-term trace gas measureaortionment are necessary in order to determine their role
ments, as well as continuous measurements of aerosol optin the atmosphere. The study of OA in the atmosphere is
cal properties and condensation nuclei concentrations havehallenging due to the large number of molecular species in-
been conducted for a number of years. However, this statiowolved and the continuous evolution of OA concentration,
is not representative of the inland/sub-continental southerrcomposition, and properties (Jimenez et al., 2009). Recently,
Africa, especially for modelling validation, since the domi- simplified analytical methods to characterise OA and its ag-
nant wind direction is from the open sea. Therefore, the Capéng have been developed (Ng et al., 2010). In particular, posi-
tive matrix factorization (PMF) of aerosol mass spectrometer
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(AMS) mass spectra has been applied to characterise sourcésgrassland savannah, grazed by cattle and sheep (Beukes et
and transformation of OA in the atmosphere (Zhang et al.,al., 2014).
20054, 2011; Lanz et al., 2007; Ulbrich et al., 2009).
In this manuscript, we analyse aerosol measurement2.2 Instrumentation
made at the Welgegund monitoring station in South Africa.
The station is ideally located for investigating oxidized OA Measurements were carried out with a mobile atmospheric
and biomass burning organic aerosols (BBOA), since theranonitoring trailer (Petgja et al., 2013), that was permanently
are no significant OA sources nearby. The site is also strateplaced at Welgegund in May 2010. Ancillary data included
gically positioned for monitoring air masses passing over thegas concentrations and basic meteorological parameters (see
regional background, as well as influences from major an-Beukes et al., 2014 and Petaja et al., 2013 for a full list
thropogenic source areas in the interior of South Africa. Inof measurements conducted at Welgegund). Local meteoro-
this paper, we will interpret submicron chemical composi- logical parameters included temperature, relative humidity
tion of aerosol measurements by using meteorological meafRH), wind speed and direction, photosynthetically active ra-
surements, air mass backtrajectories and other complemenliation (PAR) and precipitation. Temperature and RH were
tary measurements conducted at Welgegund. Our results praneasured with a Rotronic MP 101A instrument, while wind
vide an overview of sub-micrometer chemical composition speed and direction were measured with the Vector A101ML
in southern Africa in both the wet and dry seasons and giveand A200P/L, respectively. SO, NOy and CO concen-
insight into sources, as well as atmospheric processes of otrations were measured with an Environment S.A. 0341M, a
ganic aerosols. Prior to this study, no long-term high timeThermo 42S, a Teledyne Instruments 200AU and a Horiba
resolution aerosol chemical composition measurements havAPMA-360 instruments, respectively. Ambient PMon-
been conducted in southern Africa. centrations were measured using synchronized hybrid am-
bient real-time particulate monitor SHARP 5010 (Thermo
Electron Corporation) and black carbon (BC) was measured

2 Methods with a continuous multiangle absorption photometer MAAP
(Thermo Electron Corporation).
2.1 Site description Particle size distributions were measured with a differ-

ential mobility particle sizer (DMPS) system with a size

The Welgegund measurement site presented imrange of 12—-840 nm (Wiedensohler, 1988). The dried sam-
Figg 1 (263410’S, 265621"E, 1480ma.s.l.) ple(Nafiondrier, PermaPure LLC, USA)was drawn through
(http://www.welgegund.orgBeukes et al., 2014) is located and classified with Vienna-type differential mobility analyser
approximately 100km southwest of the Johannesburg{DMA, Winklmayr et al., 1991) and counted with a TSI con-
Pretoria conurbation with a population of over 10 million densation particle counter (Model 3010 CPC, time resolution
(Lourens et al., 2012). There are no major local pollution of 9 min). All instruments were checked and maintained at
sources close to the measurement site. However, it ideast once a week and data was downloaded automatically
frequently impacted by air masses with pollution plumesto a server every day at 00:00 local time (LT). All raw data
from the Johannesburg-Pretoria megacity, the industrialisedvere cleaned before data analyses, according to methods de-
western and eastern Bushveld Igneous Complex, the Vaacribed by Laakso et al. (2008), Vakkari et al. (2011), Venter
Triangle and the industrialised Mpumalanga Highveld. et al. (2012) and Hirsikko et al. (2012).
Beukes et al. (2014) give an overview of these anthropogenic The chemical composition of Aitken and accumulation
source regions. Air masses, passing over the clean baclkaerosol particles was analysed on-line and in real-time with
ground toward the west of Welgegund where no significantan Aerosol Chemical Specification Monitor (ACSM, Aero-
point sources occur, also regularly arrive at Welgegund. dyne Inc.). The ACSM is designed for continuous long-term

The large-scale meteorology in the region is characteriseaneasurements of the chemical composition of non-refractory
by a high degree of stability and anti-cyclonic circulation submicron PM and is based on the same technology as the
(Garstang et al., 1996; Tyson and Preston-Whyte, 2000). Duéerosol Mass Spectrometers (AMS) (Jayne et al., 2000; De-
to limited vertical mixing, the atmosphere is often layered, Carlo et al., 2006; Ng et al., 2011a). The sample flow was
containing clean and polluted horizontal cells (Hobbs, 2003).passed through a Pitut-off impactor, where after it was
This limited vertical mixing, together with the relatively high conducted to the ACSM using an additional pump with a flow
stack heights of the major point sources and anti-cyclonicof 3L min~!. Particles were drawn into the ACSM through
circulation, frequently result in air masses that are contami-a 100 um critical orifice-¢ 0.09 L mirnr1) to an aerodynamic
nated to some degree by either industrial sources or biomadsns assembly (Liu et al., 1995). The aerodynamic lens with
burning. Under specific synoptic conditions, air re-circulates Dsg limits of 75nm and 650 nm (Liu et al., 2007) focused
over the sub-continent for up to 20 days (Garstang et al.particles into a narrow beam that is directed through two
1996; Tyson and Preston-Whyte, 2000; Swap et al., 2003)vacuum chambers to an ionization chamber. The particle
Land-cover surrounding the Welgegund measurement statioheam was directed onto a heated conical porous tungsten
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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 (600C) at the centre of the ionization chamber. Matthew et al,. 2008). Current ACSM systems use aerody-
Here aerosol components flash-vaporized and the vaporizedamic lens and vaporizer designs identical to those in the
molecules were ionized by electron impact (70eV). Non- AMS, so we expect CE values to be similar to those ob-
refractory (NR) material in this paper is defined as the partic-served in AMS measurements. The database of AMS field
ulate material that vaporizes at 600 (e.g., DeCarlo et al., results indicates that a CE value of 0.5 is found to be repre-
2006). Positive ions were detected with a mass spectromesentative with data uncertainties #20 % (Canagaratna et
ter (MS) equipped with a residual gas analyser (RGA) typeal., 2007). Recent studies have shown that CE values may
quadrupole mass analyser (Pfeiffer Vacuum GmbH). be influenced by factors such as particle phase, composition
The MS scan rate was set to @3z per second and al- and water content (e.g., Matthew et al., 2008). The correction
ternate MS scans sampled ambient air passing through a paalgorithm developed by Middlebrook et al. (2012) was used
ticle filter to provide an MS blank. Using a 30 min averag- in this study. The CE for the ambient aerosol measurements

ing time, ¥ detection limits for ammonium (Njfl), organ- in this sampling campaign ranged from 0.45 to 0.83 with a
ics, sulfate (S&), nitrate (NG}) and chloride (Ct) were ~ mean of 0.46.

0.284pgm3, 0.148ugms, 0.024ugm3, 0.012ugm3 For quantitative ACSM measurements, the ionization effi-
and 0.011 ug m3, respectively (Ng et al., 2011a). ciency (IE) was determined by calibration with 300 nm am-

An internal naphthalene signah(z 128) and the air ion ~Monium nitrate (NHNOs) particles (Jayne et al., 2000).
signals from the reference state was used to monitor variPried and size-selected NNOs particles were measured
ability in overall instrument performance, as well as changegVith the ACSM and a CPC (TSI 3010, Mertes et al., 1995) in
due to variation in the sampling flow rate (air only). Fre- Parallel. NENOgz calibration allows for the determination of
quent power outages interrupted a number of measuremer@ther compounds in terms of NCequivalent mass using the
days and temporarily decreased ion transmission efficiencyelative ionization efficiency (RIE). RIE values of 3.8, 1.4,
of heavier masses that included naphthalene. For this reasoh? » 1.1 and 1.3 were used for liiorganic species, sp.
all zero naphthalene signal periods were deleted from furtheNO3 and CI, respectively (Allan et al., 2003; Jimenez et al.,
analysis. The detailed description of the instrument, associ2003). All mass concentrations presented in this paper were
ated calibrations, data correction procedures and operatiofi€termined at ambient temperature and pressure (local pres-
procedures are presented in Ng et al. (2011a). sure is approximately 850 kPa) and presented in local time.

Aerosol mass concentrations also need to be corrected fofdditionally aerosol data was cleaned by visually inspection.
the particle collection efficiency (CE). The values of CE can Periods and size intervals when data was noisy or otherwise
be smaller than 1 because of losses in the vaporizer or aerguspicious were removed from the dataset, such as time peri-
dynamic inlet. Particle collection losses in the vaporizer, re-0ds right after power breaks before ACSM performance was
sult from inefficient focusing of non-spherical particles onto Stabilized.
the vaporizer or due to bouncing of solid particles before they Figure 2 shows a comparison between the combined to-
are completely vaporized. Particle losses in the aerodynamital aerosol mass obtained from the ACSM (calculated with
inlet are a function of particle diameter and are relatively the time-depend CE values) and BC, in comparison with
well characterised (Huffman et al., 2005; Liu et al., 2007; corresponding mass calculated from DMPS measurements.
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100 ] 2009). Standard data pre-treatment, including applying mini-
}';It==o(_)é§14x +030 mum error criteria, down-weighting weak variables ant;
n=5142 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
+20 were re-weighted by a factor ranging between 2-5 until
the above criteria was satisfied so thatz 60 andm/z 117
were down-weighted by a factor of three. The¢z 12 was
excluded, since re-weighting did not improve residuals. Ex-

treme concentration peaks, which could disturb analysis,
(') 2'0 4'0 6'0 8'0 1(',0 were down-weighted by a factor of 10. These peaks were

DMPS mass (ug m™) mainly caused by savannah fires and lasted 4-6 h.
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Fig. 2. Scatter plot of NR-P+ BC mass vs. calculated DMPS 2.4 Trajectories
mass.
The air mass history was investigated using backtrajecto-

ries calculated with the HYbrid Single-Particle Lagrangian
The latter were obtained by converting the particle num-integrated Trajectory (HYSPLIT) version 4.8 model devel-
ber size distributions measured by the DMPS to the vol-oped by the National Oceanic and Atmospheric Adminis-
ume distributions assuming spherical particles and multiply-tration (NOAA) Air Resources Laboratory (ARL) (Draxler
ing the total particle volume concentration by the estimatedand Hess, 2004). The model ran with the GDAS meteoro-
mean particle density of 1.88gcrth The average particle |ogical archive produced by the US National Weather Ser-
density was estimated by comparing DMPS volumes to theyice’s National Centre for Environmental Prediction (NCEP)
carefully-checked, real-time PMparticulate monitor masses and archived by ARL (Air Resources Laboratory, 2012).
(10881 data points). The sum of the total ACSM mass andoe h backtrajectories were obtained for every hour through-
BC concentration correlated well with the mass concentraout the complete measurement period with an arrival height
tion calculated from the DMPS measurements with a correof 100 m. Backtrajectory accuracy greatly depends on the
lation coefficient of 0.94. The ACSM does not detect aerosolquality of the underlying meteorological data (Stohl, 1998).
components that vaporize at temperature higher thaf®00 The errors accompanying single trajectories are currently es-

These aerosols include BC, crustal oxides, potassium chlotimated as 15 to 30 % of the backtrajectory distance travelled
ride (KCI), non-volatile organics and sea salt (refractory ma-(Stohl, 1998; Riddle et al., 2006).

terial).
Fitting of the data in Fig. 2 gives a semi-empirical estimate2.5 Source regions

of the average mass of refractory materiL, ) N
In this the measurements at Welgegund were classified

ACSM+ BC =0.84x DMPS+ 0.3 1) into four source regions based on air mass history. The
M +BC =DMPS—ACSM source regions recently defined for Welgegund by Beukes
= M = 0.19ACSM+ BC) — 0.36 ) et al. (2014) were used for this purpose in simplified form.

Since these source regions were discussed in detail by
HereM + BC describe the annual-average non-volatile frac-Beukes et al. (2014), these source regions are only briefly in-

tion of the PM mass. troduced here. The source region characterisation presented
will examine the influences of four major source sector

2.3 Factor analysis (Fig. 1), which are subsequently introduced:

PMF is a statistical source apportionment tool that uses — ACBIC: most of the air masses arriving at Welgegund

constrained, weighted least squares estimation to determine pass over an area that mimics the anti-cyclonic re-

source profiles and strengths. Specifically, PMF is a variant circulation of air masses over the South African in-

of a factor analysis method with non-negative factor elements terior. Therefore, this anti-cyclonic recirculation path

and it takes into account error estimations of observed data forms a clearly identified source region, as pollutants
values (Paatero and Tapper, 1994; Paatero, 1997). PMF has  emitted in the primary source region are recirculated.
been applied recently on many organic mass spectra mea- This allows for pollutants to become aged and undergo

sured by AMS, mainly in the Northern Hemisphere (Ng et various chemical reactions. However, within the ac-
al., 2010; Zhang et al., 2011). curacy of backtrajectory calculations (Sect. 2.4), the

The analysis utilised version 4.2 of the PMF2 algorithm anti-cyclonic source region of Welgegund significantly
on robust mode (Paatero and Tapper, 1994; Paatero, 1997),  overlaps with the western and eastern Bushveld Ig-
applying the PMF Evaluation Tool v.2.04 (Ulbrich et al., neous Complexes. A large fraction of the mineral

www.atmos-chem-phys.net/14/1909/2014/ Atmos. Chem. Phys., 14, 19027, 2014
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assets of South Africa (e.g., Cramer et al., 2004) is 6 Rain season

concentrated in the Bushveld Complex (BIC), with the <21 _ g _
western limb being the most exploited (see Hirsikko et _ © 4] T =2 = m =¥ - xmx RE
al., 2012). Due to the lure of employment, the western (?E 12

BIC is populated by formal (larger cities and towns, 39: i: I l

such as Rustenburg and Brits), semi-formal and infor- ¢ = o-L=%= 1 ¥ B E X -~ ¥ =
mal settlements. Incomplete combustion of coal and § _ *7]

wood in ineffective appliances for household heating = z29 _ _ ¥ =1 & X

and cooking are common occurrences in the semi- ¢ 5~ - -
formal and informal settlement sectors (Venter et al., 3 S,

2012). Due to the geographical overlap of the afore- § = o E = oz B x=® _ .= l E
mentioned source regions, i.e., the anti-cyclonic, west- = ,_

ern and eastern BIC source regions, these three sourct @ 1 l I l I
regions were combined in this paper as a single source 0 e E o = B

region, referred to as ACBIC. Sept.  Nov. Jan. March May July  Sept.

2010 2011
— 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 geograph-
ical 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 de- Local weather conditions were categorized in two_main peri-
fined here extends from the eastern parts of the Gaut@ds: (1) the warm and wet rainy season from mid-October
eng province, north to Middelburg in the Mpumalanga t© mid-May, during which time frequent precipitation oc-
Province. This source region (iHV) is actually a €urs and (2) the colder and dry season from mid May un-
combination of two large source regions, i.e., the til mid October during which time almost no precipitation

Mpumalanga Highveld where 11 coal fired power sta- 9CCUrS (Fig. 3). The mean temperature during the sampling
tions and a large petrochemical plant occur within Period was 17.2C, with a maximum of 34.4C and a min-

a 60km radius, as well as the Johannesburg-PretoridMum temperature of-2.7°C. Wind directions were pri-

megacity with more than 10 million inhabitants marily from the northerly and northwesterly directions, with

(Lourens et al., 2012). Beukes et al. (2014) treatedMean wind speed of 55ms, The mean atmospheric pres-

these regions more detail. This combined source re-Sure measured was 852 hPa (min. 844 hPa, max. 863 hPa).

gion (iHV) is a major source of NQ(Lourens et al., _ - )

2012). 3.2 Mass concentrations, composition and diurnal
variation of aerosols

Fig. 3. Monthly median concentrations of OA, %O, NH:{, NOg
and BC, as well as rainfall intensities. The box plots indicate me-
dian, as well as 25th and 75th percentiles.

3 Results and discussion

3.1 Meteorology

— BG: the regional background (BG), containing no
large point sources, is located west from the Welge-ACSM measurements were carried out from 1 September
gund measurement site. This includes portions of the2010 to 16 August 2011. The total mass concentration of NR-
North-West and the Free State provinces, as well a?M; varied substantially during the measurement campaign
the entire Northern Cape province of South Africa. from less than 1 pg ¥ to about 89 ug m2 with a mean of
The Northern Cape is the most sparsely populated?.5ugnr3 (Table 1). The highest concentrations were usu-
province in South Africa, with less than 10 inhabi- ally observed during stable atmospheric conditions with pol-
tants per krA. The BG source region also included the luted air masses caused by regional or local biomass burn-
Kalahari desert. Although the BG source region con-ing episodes, or in air-masses transported from iHV source
tained virtually no large point sources, local and re- region. Quite often such polluted conditions were followed
gional biomass burning do occur during the dry sea-by quick drops in the PM mass concentration associated
son. with heavy rains and/or frontal systems from the west that
are associated with relatively clean air masses. The measured
PM; 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

Atmos. Chem. Phys., 14, 19094927, 2014 www.atmos-chem-phys.net/14/1909/2014/
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in Cabauw, the Netherlands (Mensah et al., 2012). Concen-
trations 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,
sof;, NHj{, NOj and BC, together with the frequency of
precipitation events. Statistical data of the mass concentra-
tions of each species measured in the sampling period are
listed in Table 1. The NR-PMaerosol composition was VAR SR ARRANRRARESS)
dominated by OA (48 %) and SO (33 %), while the mean Hour of day (h)
observed fractions of N}I and NG; were 13 % and 6 %, re- == Org == S0,
spectively. Chloride (Cl) concentrations were generally low -— gg‘;*; - 2,0;:03 10%
contributing to less than 1 % of total NR-RMnd were near oo
the ACSM detection limit of 11 ng rre.

The highest OA concentrations were observed during the

dry season when it peaked at levels of up to 75 fi§ s a

result of regional and local savannah fires. The higheﬁfSO

concentrations (max. 27 pgt) were observed in air mass 0_/\_/—

originating from the eastern highly populated and industri- b 0 4 8 12 16 20 24

alised areas, i.e., in air masses that had passed over the iHV Hour of day (h)

source region (see Fig. 1 for iHV spatial definition). Refrac-

tory PM; mass, excluding BC, was estimated from Eq. (L) Fig- 4 Diurnal cycle of OA, SG~, NHJ, NOy and BC, i both the

as having a mean loading of 1.2 ugﬁn whereas the mean Wet(a) and the dry(b) seasons. N® and BC concentrations were

BC concentration was 0.5 ug‘n'ﬁ. During the dry season, multiplied by 3 and CI by 10/100 for scaling. Mean compositions

the BC concentration peaked almost simultaneously with OA2re shown in the pie charts (percentages).

and reached concentrations up to 10 Ig'nThe mean esti-

mated total PM mass fractions were 39 %, 27 %, 10 %, 5 %, o )

1%, 5%, 13 % for OA, S@— NHI NOE' CI-, BC and re- SO, oxidation (Shen et al., 2012). Concentrations ijlNH

fractory material, respectively, and the mean total loading ofvaried from 0.2 to 1.1 ug m’ and correlated well with those

PM; mass was 9.1 pug 3. of sulfate R =0.89), especially during the dry season, in-
The month|y-average concentrations of OA varied in thedicating the presence of ammonium sulfate in ambient air.

range of 2—8 g m®. The concentrations showed a clear sea-Ammonium concentrations will be discussed in more detail

sonal pattern characterised by higher and more disperse valn Sect. 3.3. _

ues during the dry season than during the wet seasog. NO  Figure 4a and b show the diurnal cycles of the mass

concentrations had a similar seasonal pattern to OA, withconcentrations of the major aerosol constituents in the wet

monthly-average values in the range of 0.2-0.5 F@_mog and dry seasons, respectively. Unlike the other constituents,

was a minor PM constituent, except in July when it is com- 5031__ had a pronounced diurnal profile in the wet season,

parable to SQ? and NHJ . These simultaneously high levels Peaking during the late afternoon. The most likely explana-

of the OA, NG; and BC in the dry season are attributable tion for this was the breakup of the inversion layer(s) dur-

to biomass burning episodes that are frequent at this time of?d daytime, which increased the height of the surface mixed

the year in southern Africa (e.g., Swap et al., 2003). Morelayer and entrainment of air from above. In this way, the

detailed analyses of biomass burning episodes are presentd#gh-stack emitted Sgand its oxidation product P could
in Vakkari et al. (2014). be brought more efficiently down to the surface. The more ef-

The highest and most dispersed concentrations f(ﬁ,—so ficient mixing during the daytime may also have accelerated

were found in the late wet season when thﬁS@lass frac- the o.X|dat|on of S_@to Soﬁ_‘ by more efficient in-cloud pro-
. . . cessing of the air, but this phenomenon cannot be verified
tion was twice that in the dry season. The%SCo:oncentra—

. : with our surface measurements.

tions exceeded those of OA frequently during March, es- During the dry season, concentrations of OA, N@nd
peC|aIIy_ when the alrmasses had passed over iHV, v_vher%C dropped sharply after the inversion layer break-up in the
the majority of coal-fired power plants are located (Siver-

. ~_morning hours, indicating low level and relatively localized
sten et al., 1995). At least two factors contributed to the hlghsources (i.e., savannah fires) for these compounds. Their con-

50‘21 concentrations during t_he wet season: the more f_re- entrations tended to increase toward the night due to lower
quent exposure to easterly air masses affected by the 'H\Zoundary layer heights that limit mixing

alreadwnhh_hlﬁrl S? e[n|33|ﬁns ang(tjhe freguer;)t preslencde of The similar diurnal patterns for NDand CI~ were ex-
clouds which tends to enhance ormation by in-clou pected because both these species are sensitive to the ambient

_ == Org = SO,

35%
NH,4 m= NO;x3  42% »
== BCx3 == Clx 100 /14.?%"
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Table 1. Statistics of mass concentrations (Lg# of the NR-PM, compounds, BC and total PM

Mean Median 25th 75th  Max
percentiles percentiles

OA 3.6 2.6 15 44 75.2
Slo7s 2.4 15 0.4 32 272
NH, 0.9 0.7 0.3 13 72
NOZ 0.5 0.3 0.1 04 111
CI~ 0.03 <DL <DL 0.03 2.6
BC 0.5 0.3 0.2 06 114
Total NR-PM 7.5 5.6 2.8 103 89
Total NR-PM+ BC 8.0 6.0 3.0 11.0 96
Total PMy 9.1 6.8 3.3 128 113

temperature and relative humidity. The diurnal cycle ofNO  with cations other than N}I and Eq. (3) is no longer valid.
is driven by HNQ production and gas-to-particle partition- Thus, the amount of Nf needed to completely neutralize
ing to ammonium nitrate (NFNOs), the latter of which is 50421_ can be calculated from the following equation:
controlled by the temperature and relative humidity (Sein-

feld and Pandis, 2006). A diurnal nitrate concentration cycle,,, ,+ _18x <2 y 50421_)
quite similar to ours has been observed in New York (Sun ~ 4calSc;~

et al., 2011) and Pittsburg (Zhang et al., 2005b). Similar-
ity of the diurnal cycle of Nlj‘ to that of SCﬁf during the
wet season occurred because Nias mainly in the form of
(NH4)2SOy, whereas during the dry season diurnal variation
of NHI resulted from the combination of the diurnal cycles
of particulate (NH)2S0Os and NH;NOs.

4

For dry season, the correlation between measured and cal-
culated NH was excellent with a regression slope near 1
(R =0.97) (Eq. 3, Fig. 5a), indicating that NR-RNh Wel-
gegund was mainly neutralized. Contrary to that, the wet
season showed a much lower correlation sloRe=(0.70)
(Fig. 5b) even with Eq. (4), in which other species thaliSO
3.3 Acidity of submicron particles are ignored. Therefore the amount of ﬁlﬂh submicron par-
ticles was insufficient to neutralize $0in the wet season.
The acidity of atmospheric aerosol particles influences theitHowever, the slope is near unity when gogoncemration
hygroscopicity and their ability to produce heterogeneousyas lower than~ 2 pg n3 so acidic aerosols were not ob-
sulfate and SOA (Liang and Jacobson, 1999; Jang et algerved when Sb concentration was low.
2002; Martin etal., 2003; Pathak etal., 2011). Itis possible o Fyrthermore, the results implies that a fraction of the ob-
estimate the acidity of NR-PMby comparing the measured served N@Q and CI- was very likely associated with ei-
NH, mass concentration to the amount of Nideeded 0 ther potassium originating from biomass burning or metal-
completely neutralize the anions that were calculated usingontaining particles. It can be assumed that the numer-
Ea. (3): ous large point sources in this region (Fig. 1) add metal-
containing particulates to the local and regional atmosphere.
SG;~  NOj C|—>

96 62 355

4.cal = () 3.4 Source region characterisation

NH} o= 18 x (2 X
_ _ i Calculated backtrajectories were classified as passing over
Here $G", NO; and CI" are the mass concentration of q various source regions defined in Sect. 2.5. Mean con-
the ions (ugm?) and the denominators correspond to their centrations for all measured compounds were calculated for
molecular weights, with 18 being the molecular weight of 4 masses that had passes over each source region (Figs. 6
NHI. Particles are considered to be “more acidic” if the mea- 5, 7, Table 2) for both the dry and the wet season. In addi-
sured NI—I concentration is significantly lower than the cal- tjon to that, Fig. S1 (Supplement) present source area maps
culated and as “bulk neutralized” if the two values are equal.for different mass components. The maps have been gener-
This approach is valid if the influence of metal ions, as well agted with the simple approach used by Vakkari et al. (2011,
as organic acids and bases onjNebncentration is negligi-  2013), where point measurements are connected to 96 h
ble (Zhang et al., 2007b). When the sulfate toNHitio is ~ HYSPLIT (Draxler and Hess, 2004) backtrajectories to gain
high, the amount of atmospheric ammonium is not sufficientan overview of regional scale patterns.

to neutralize all S§”, NO; and CI anions. In such acase  As expected, the mass concentrations were the lowest
at least a fraction of N©Q and CI” anions must be associated when air masses passed over the relatively clean BG region
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Table 2. Summary of mean mass concentrations ([T mof the “’; 10 9 % 10 h)
NR-PM; compounds and BC for four main source regions bothdry 2 s g2 s
and wet seasons (dry/wet). 5 6 § :
BG VT iHV  ACBIC g 4 : Ny
8 2 o 2
OA 2.3/2.0 4.5/29 10.5/3.0 6.8/2.4 (I)n o én ‘
Sl 04/1.4 13/43 2539 22/2.7 = %k vt mvoacec = % B VTV AcBC
NH; 0305 1.0/15 1.9/13 1.0/1.0 15 15
NOj 0.3/0.2 1.5/05 2.9/0.4 0.5/0.2 e " e )
cl- 0.04/~  0.1/- 0.3/-  0.05/- s z
BC 0.6/0.3 1.3/0.5 1.5/04 1.1/0.3 i 3
Total+ BC 3.8/44 9.7/9.6 19.7/9.1 11.7/6.5 §0.5 go,s
S oge v wv Aceic ° B Vi v Aceic
. . . . |
(Figs. 6 and 7, Table 2) and the highest for the iHV region. WS
The iHV air masses also showed the highest variability of o ' '
concentrations (Fig. 6). 4 N ‘ ‘
Compared with the wet season, concentrations of OA, _ [ L L
NO; and CI- were higher during the dry seasons for allair = 5 =
masses passing over all the defined source regions (Figs. | - ‘
and 7). In contrast to that, ﬁo concentrations were higher 0|
during the wet season for all regions. This indicates that en- BG VI iHV ACBIC

hanced S§ concentration is not only due to emissions from 3 _ _ 3

the iHV region, but also due to other factors like the in-cloud Fig. 6. NR-PM; composition as function of air masses classified

oxidation of SQ to SG;~ as discussed earlier. Furthermore, 2S Passing over the four regions, i.e., BG, VT, iHV and ACBIC,

during the wet season the cleanest air masses from the soutﬁggne;I 'neS”eCt' 2}'_|5 ffé)rwsekwe_lt_r;s:isoon (I\é\:S)' zngatzezgtrr{ Ziz;son

western Karoo region were absent (Fig. S1) and therefore the>>) S Well as pH for WSK. The box plots indicats :

wet season BG region was more affected by aged regional ai|55th percentiles and the line within the box the median. Whiskers
resent 5th and 95th percentiles.

masses with higher Sfp concentrations. P
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The concentration of Nﬁi showed more variability be- thermal decarboxylation of organic acids (e.g., Alfarra et al.,
tween the seasons than the concentrations of other con004; Aiken et al., 2007), whereas the mass spectra of SV-
pounds (Fig. 6e and f). The iHV-related Ijrtoncentration  OOA is dominated by the 30" ion (n/z 43), which is
was higher in the dry season while the BG- and VT-relatedan indicator of non-acid oxygenates (e.g., Ng et al., 2010).
NHjlr concentrations were higher in the wet season. Petro- A significant fraction of the NR-PMaerosols measured
chemical industries are quite prevalent in the VT (Beukes etat the Welgegund site consisted of OA (63 % of total OA in
al., 2014). Itis possible that these industries contribute signif-dry season and 37 % in wet season). The organic composition
icantly to high ammonium emissions. The nitrate concentra-differed and the concentration levels varied considerably be-
tions were the highest from the iHV and VT regions, which tween seasons, due to different sources (e.g., savanna fires
is consistent with recent findings by Lourens et al. (2011,and biogenic organics) and atmospheric conditions (e.g., wa-
2012) that these areas have high,N€nissions due to high ter content). To better understand the chemical composition
traffic densities and large point sources. Interestingly, for theand sources of OA, oxidation levels of OA and ACSM mass
air masses that have passed over iHV (Fig. 6j) €bntent  spectra of OA are discussed in more detail below.
peaked only during dry season indicating combustion related
emissions like coal combustion (Zhang et al., 2012), waste3.5.1 PMF analysis of OA
combustion (e.g., Moffet et al., 2008) or local savanna fires
(e.g., Akagi al., 2012) but according this dataset exact cominsight into the oxidation level of OA can be obtained from
bustion source cannot be verified. the analysis of the ACSM mass spectra through the use of

Aerosol acidity was calculated using Aerosol Inorganic PMF (Zhang et al., 2005a, 2011; Ulbrich et al., 2009). In this
Model II (AIM-Il) with gas-aerosol interaction disabled study, we applied PMF to characterise the organic aerosol
(Clegg et al., 1998). Measured concentrations offfSO content and moreover to identify organics groups, their time-
NO3, NHj{, ambient temperaturg’§ and relative humidity — dependent concentrations and mass spectra (MS) from the
(RH) were used as inputs and only the acidic aerosols wer®A dataset. All PMF analysis details are presented in Zhang

considered. pH values were calculate using equation et al. (2005a, 2011) and Ulbrich et al. (2009). The OA MS
n n showed the characteristic features of oxidized material, e.g.,
pH= —log(fHaq" > XHaq") (5) the major peaks ofi/z 44 (CO}). The differences in inten-

where fHj, is the mole fraction based activity coefficient of Sity 0f m/z 44 andm /z 43 fragments reveal levels of oxida-
hydrogen ions and x& is the equilibrium mole fraction of ~ tion in OOA components (e.g., Sun etal., 2010).

hydrogen ions in the particles (Zhang et al., 2007b). It has to 1 he 2-factor PMF separated oxygenated organic aerosols
be noted that we have neglected the influence of organics ofPOA) and primary biomass burning organic aerosol
hydration and the thermodynamical equilibrium of inorganic (BBOA) with 0/ Qexp (Ulbrich et al., 2009) of 1.33. The
ions. The organics are expected to have only a minor effect orp-factor solution indicated BBOA, SV-OOA and LV-OOA

partitioning/dissociation of inorganic species in acidic parti- (Q/Qexp=1.23). The 4-factor solution split the LV-OOA
cles (Zhang et al., 2007b). factor into two separate factorQ){ Qexp=1.13). The 5-

Aerosols were mainly neutralized for BG and ACBIC re- factor solution further split the LV-OOAQ/Qexp = 1.06),
gions when 10% and 23 % of data points were acid (wetht these factors were almost identical to LV-OOA

season), whereas 46 % of iHV and 63 % of VT regions data(R >0.95). o ) ] )
points were classified as acid aerosols defined in Sect. 3.3. Beécause of the distinguishable differences in atmospheric

Average pH values of acidic aerosols calculated from Eq. (5)conditions (e.g., water content) and sources (e.g., savanna fire
were between 2.1 and 2.6 with minimum pH ef0.93 emissions) between the dry and wet seasons (e.g., Laakso

(Fig. 6K). et al., 2013), the PMF analyses were conducted separately
for these two seasons. In this case, the dry season solution
3.5 Organic aerosols showed two factors, i.e., OOA and BBOA wil)/ Qexp Of

1.26 (Fig. 8b). The two OOA profiles obtained with the 3-
Atmospheric OA are generally separated in two main typesfactor profiles /Qexp=1.08) were identical § =0.98).
of compounds, i.e., hydrocarbon organic aerosols (fresiFor the wet season no distinct BBOA factor was identi-
emissions) and oxygenated organic aerosols (OOA), whicliied, whereas both LV-OOA and SV-OOA were obtained
usually dominate the total organic mass (Allan et al., 2004;(Q/ Qexp = 1.19) (Fig. 8a). The third factor obtained with the
Zhang et al., 2005a; Canagaratna et al., 2007). OOA carg-factor solution was identical to LV-OOAQ// Qexp=1.08,
in most environments, be further divided into low-volatile, R =0.98).
highly oxidized OOA (LV-OOA) and semi-volatile OOA The factor identification was confirmed by comparing the
(SV-OO0A) (e.g., Jimenez et al., 2009). The mass spectra ofime series and mass spectra of each factor with external
LV-OO0A are associated with a higher pealwgt; 44 asare- tracers (NG, 30421_- NH, CI-, BC), available gas phase
sult of the presence of cp Previous studies have shown measurements (NO, NOCO, SQ and Q) and reference
that the Cq fragment in the OA spectra can result from source mass spectra available on the AMS MS database
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012 4 SV-00A 017 BBOA for the wet season with LV-OOA f43 =4 %, fa4 =28 %)

008 - and SV-OO0A (f43 =9 %, faa = 11 %) (Fig. 8a) representing
R I ® 0 @ 49 % and 46 % of the total OA, respectively, and an unfitted

' L fraction of 6 %.
The corresponding BBOA factor correlated with the stan-
2 4 dard BBOA published by Ng, et al. (2011} &£0.93). The

NSNSV I I 0 A —— identified BBOA factor was also characterised by a contribu-
me @ %10 ? Omze w10 tion of the organic fragmenta/z 60 andm/z 73, i.e., the
Fig. 8. OA mass spectra df) SV-OOA and LV-OOA (wet season) €voglucosan marker fragments, which are considered to be
and(b) BBOA and OOA (dry season). 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), NG (R =0.79) and COR =0.72) species.
However, the best correlation of BBOA was found to be with
CI~ (R =0.89), although the observed Ctoncentrations
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(Ulbrich, I. M., Lechner, M., and Jimenez, J. L., AMS Spec-
tral Database, urlhttp://cires.colorado.edu/jimenez-group/

AMSSO: UIbnch“ etal, ,,2009)'. Solutions were further INVES- \vere typically low. The correlation of the BBOA time series

tigated for the ' peak” (Ulbrich et f"‘"’ 200.9) and seed in- ith BC, NO3 and CO and the presence of the levoglucosan
Ilu_engefs og_?e mz;\s“s speiﬁra alnd tlmeds?hrles. tThe fgctolrs 0ﬁfiarker fragments in the BBOA and similar diurnal patterns
ained for dirreren / pea values and the retained sofu- profile verified its primary origin (see Figs. 4b and 9). The
tlc_)ns were stable over thg different starting points (seeds)BBOA showed early morning and evening peaks (Fig. 9) and
Finally, the 2-factor solution rotated by/"peak” of 0.02 this type of a diurnal pattern could be reasonably attributed

(dry season). appggred to represent our data the best. TQS the combined result of the low boundary layer height and
factors were identified as OOAf{z =6 %, f44 = 23 %) and burning events in the morning and evening

BBOA (fs0=1.5%, f73=1%) (Fig. 8b), representing 4 % '
and 33 % of the total OA, respectively, with an unfitted frac-
tion of 3%. The “f peak” value of 0.10 gave the best solution
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4 SV-O0A == OOA The commonly-identified hydrocarbon organic aerosols
== LV-OOA == BBOA (HOA) factor could not be isolated in this investigation, in
34 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 com-
bustion 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 sur-
face mixing layer air and oxidized before arriving at the site.

-3

Mass concentration (ug m )
N
1

([ R

0 4 8 12 16 20 24

Hour of day (h) 3.5.2 Insight into OA properties and sources

Fig. 9. Diurnal profiles of SV-OOA (WS), LV-OOA (WS), BBOA .
(DS) and OOA (DS). It has been observed thgis (m/z 44 divided by OA) cor-

relate with the oxygen to carbon (O: C) ratio (Aiken et al.,
2008) and the hygroscopicity of the SOA-dominated aerosols
The LV-OOA (wet season) and OOA (dry season) fac- jimenez et al., 2009; Raatikainen et al., 2010). Therefore,
tors correlated well with the standard LV-OOA spectrum ¢, is an indicator of potential cloud condensation nuclei
(R>0.95, Ng et al., 2011b). The time series of these factorgccn). Aiken et al. (2008) found a significant correlation
correlated with NKf (R =0.70 andR =0.73, respectively)  petween the O : C ratio anghs described by the following
and sci— (R =0.82 andR =0.66), and with the sum of |east-squares fit:
SOﬁ‘ and NG; (R =0.80 andr =0.75). Based on previous
studies, low-volatile OOA can be explained in many cases by@ : C = (3.82+0.05) - fa4+ (0.079+0.0070,
highly oxidized, aged, long-range-transported aerosol parti- [95% CLR?= 0.84] (6)
cles (e.g., Lanz et al., 2010; Raatikainen et al., 2010). It is
important to note that the OA oxidation levels were high also athqugh this correlation was derived from the ambient mea-
when air masses passes over the iHV and _VT (Fig. 1oa)j n.oéurements conducted in Mexico City, it provided an estima-
only during aged, long-range-transported air masses. This ingop of the O : C ratio of the average OA. Photochemical ag-
dicates possible acid formation of LV-OOA (Liggio and Li, ing leads to an increase ifus (Alfarra et al., 2004; Aiken
2013). The significance of acidity will be discussed more de-q; al., 2008), so thefas axis in Fig. 10 is an indicator of at-

tai n Sect. 3'5.'2' . ) mospheric aging and the triangular space represent an area
ngher daytime concentration of _LV'OO’_A‘ (Fig. 9) re- \here OA compounds are usually found (Ng et al., 2010).
flects its photochemical production in daytime. Moreover, Since fa3 (m/z 43 divided by total OA) is indicative of less
the stronger verticgl mixing in daytime may increase trans-g,i4i-ed and photochemical younger organics thfap the
port of aged organics from above the surface layer. variability in f43 arises from difference in OOA components
Contrary to what was found for the LV-OOA factor, the peq4,56 of different sources and chemical pathways (Ng et
correlation of the OOA time series with the combustion trac- al., 2010). Figure 10b shows that, on average, OA measured
ers such as BCR =0.62) and CO R = 0.66) supports the 5t e \Welgegund station was highly oxidized and more oxy-
suggestions that part of the OOA is formed from combusnon-genated in the wet seasofuf = 19 %, fa3 = 6 %) than dur-
re[ated VOCs. The sjmilarities in the diurnal patterns of OOA ing the dry seasonfls = 17 %, f43 =7 %). This dissimilar-
(Fig. 9) and S@ (Fig. 4b) support the secondary contribu- . "herween oxidation levels can be explained, in part, by the
tion of OOA (Zhang et al., 2011). Possible signs of the for- 55050 acidity as it has been shown that under acid seed
mat!on of SOA related to combustion emltted VOCs, pe"’Tk'aerosol conditions, oligomer formation associated with the
ing in the late afternoon, was observed in the OOA profile sk of organics is enhanced by a factor of three or more
(Fig. 9). . compared to neutral aerosols, with concomitant increase in
The SV-OOA spectra correlated with _the star_ldard SV-the O : C ration (Liggio and Li, 2013). The averagj@ corre-
OOA (R =0.83, Ng, et al., 2011b). The time series of the g,,n4s 1o the O : C ratios of 0.8 and 0.7 (Eq. 6) during the wet
SV-OO0A correlated with N@ (R =0.76), a characteristic g gry seasons, respectively. Statistical significance of the
tracer for SV-OOA, but also with the combustion-related giterence in O : C ratios were tested with the Wilcoxon rank
tracers BC £ =0.82) and CO g =0.72). The diurnal cy- g test by using R-software (R Development Core Team,

cle of SV-OOA (Fig. 9) was similar to that of both NGand  5413) The difference between the seasons was found to be
CI~ (Fig. 4a) which verifies its semi-volatile character. It re- statistically significant < 2.2x 10-16).

sults from the partitioning between the gaseous and particu- 1 properties of OA were further investigated by se-

late phase depending on the ambient temperature and humigs ting representative daytime and nighttime air masses had
ity (e.g., Zhang et al., 2011). passed over the four source regions. The iHV and VT plumes,
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Fig. 10.Triangle plotg(a) for day and nighttime source region plumes @ogfor source region averages and for indentified organic groups,
i.e., LV-O0OA, SV-O0A, 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).

characterised by high ﬁo concentrations, also had the by highly oxidized organics in both the wet and dry seasons
highest daytime OA oxidation levelsf{s =24 % for iHV (Fig. 10b), whereas the other regions showed more variability
and f44=23% for VT) (Fig. 10a), which is consistent between the seasons. In the dry season, the mean oxidation
with oligomer formation in acidic conditions (Liggio and levels were the lowest in air masses that had passes over the
Li, 2013). The nighttime oxidation was significantly lower iHV and VT regions, probably due to the large amounts of
(f4a =19 %) reflecting a lower level of solar radiation. In fresh combustion emissions, including savanna fires, traffic
contrast to that, the BG air mass plume showed much loweand household combustion, during the dry season. The low-
OA oxidation (f4a =12 %) levels (Fig. 10a), indicating a est OA oxidation state in the wet season was observed for the
larger fraction of local sources like oxidation products of bio- BG region (Fig. 10b).
genic volatile organic compounds (BVOC) and local house- Overall, our results point out a high OA oxidization level
hold combustion. Wood and low grade coal are the mostin the Welgegund site; LV-OOAf3 =4 %, f44 = 28 %) and
common fuels used in household combustion for space hea®OA (f43=6 %, fa4 =23 %). Oxidation levels were even
ing and cooking in informal and semi-formal settlements higher than extent of OA oxidation of the FAME-08 and
(Venter et al., 2012). It should also be mentioned that the poFAME-09 campaigns (Hildebrandt et al., 2010, 2011). Until
tential oxidant concentrations are significantly lower in the now only the Okinawa measurement site have showed simi-
background area and the BG daytime and nighttime trajeclar oxidation levels (Ng et al., 2010). In contrast to that, the
tories were not 100 % identical, which reflected by different oxidation level of SV-OOA (43 =9 %, f44=11%) was at
fa3 values. the same level as for sites in Northern Hemispheric datasets
As expected, both daytime and nighttime oxidation levels(Ng et al., 2010).
were high in the ACBIC plume (Fig. 10a) due to aerosol age- The source characterisation of BBOA, OOA, SV-OOA and
ing during the anticyclonic circulation of air masses. Actu- LV-OOA for the four regions is presented in Fig. 11. The
ally, the nighttime oxidation levels were higher in the ACBIC concentration of SV-OOA (Fig. 11a) showed only moderate
plume than in the iHV plume, which indicates that the in- differences between the different regions suggesting that ma-
tensity of solar radiation was less important in the ACBIC jor point sources do not have a large influence to SV-OOA
plume. The anticyclonic air flow on the northern Highveld factor. SV-OOA correlated with ND in industrial regions
in South Africa is the dominant flow pattern which increasesand resembled to biogenic SV-OOA in Ng et al. (2010a). It
the lifetime and ageing of atmospheric aerosols (Garstag eis notable that the industrial regions in South Africa are lo-
al., 1996; Tyson et al., 2000). cated in the areas for which higher biogenic emissions are
Finally, the mean oxidation levels for each region were expected (e.g., grassland and savannah biomes) in the wet
calculated. These results showed that OA in the air masseseason, if compared to the BG (e.g., Kalahari and Karoo
that had passed over the ACBIC region was characterisetfiomes). SV-OOA is factor from a variety of mixed sources

www.atmos-chem-phys.net/14/1909/2014/ Atmos. Chem. Phys., 14, 19027, 2014
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the interior of South Africa. The NR-PMmass concentra-
tions varied largely from less than 1 ugfhto a maximum
of 89 ugnr3. The aerosol composition was dominated by
OA and sulfates with the mean NR-RMoncentration of
7.5 ug nT2 and total PM of 9.1 ug nt3. Savanna fires occur-
ring on a regional scale during the dry season increased both
the primary combustion aerosols and the formation of sec-
ondary aerosols via combustion emitted precursor species.
A significant fraction of the NR-PM aerosols consisted
of OA (63 % of total OA in the dry season and 37 % in the
wet season). The composition OA differed and its concen-
tration 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 ox-

Fig. 11.Organic group characterisation for the four source regions,idation levels and the differences between the seasons could
i.e., BG, VT, iHV and ACBIC, for both the wet season (WS) and pe explained, at least partially, by the acidity of the aerosols.
the dry seasons (DS). The box plots indicate of 25th and 75th perngmy oxidized Organic aerosols were observed both during

centiles and the line within the box marks the median. Whiskers. . .
present 5th and 95th percentiles. iHV and VT plumes (characterised by high $O:oncentra

that are semi-volatile, so its diurnal trend was dominate
by the temperature-dependent volatility behaviour, similar to

NOj .

In the dry season, the primary BBOA originated mainly

tion) and anticyclone circulation (characterised by long range
transported aged aerosols).
d 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 characteris-

from the iHV (Fig. 11b) region (more than 50% of total tics, in southern Africa. These features are quite different

BBOA), whereas a large fraction of the OOA (Fig. 11d) orig- from those repor_ted for more comprghensively—investigated
inated also from the VT and ACBIC regions. During the dry aerosol systems in the Northern Hemisphere.

season the OA source regions (Fig. S1) appeared to follow The results will directly assist policy makers in South

the vegetation type so that the highest OA concentrationéa‘fr'ca to implement the correct procedures to address cur-

originate in the regions where vegetation has more biomasEnt levels of atmospheric aerosols, as well as with their deci-

(e.g., Mucina and Rutherford, 2006). Addition to that incom- sion making for future industrial developments. Furthermore,
plete combustion of coal and wood in ineffective appliancesthe measurements conducted in this study signify the impor-

for household heating and cooking are common occurrencelfnce of these types of me'asur'emen'ts in this reglon. The 'next
in the semi-formal and informal settlements (Venter et al.,Stelo for agrosol research in th'_s region quld entail thg im-
2012). Therefore, the high quantity of domestic burning andplementatlon of Io_ng-_term continuous chemical _composmo_n
cooking in the megacity region together with grassland firegmeasurements with instruments such as the high resolution
enhance BBOA factor concentration in the iHV region. MS.

The LV-OOA concentration was high when air masses

passed VT region (Fig. 11c) similar to $Oconcentration  sypplementary material related to this article is
(Fig. 6¢) during wet season, which highlights the potential ayajlable online athttp:/Aww.atmos-chem-phys.net/14/

importance of aerosol acidity in OOA evolution. The maxi- 1909/2014/acp-14-1909-2014-supplement.pdf
mum and 75—percentile concentrations of LV-OOA as well as

the mean OA oxidation level in triangle plot (Fig. 10b) were

h|gh when air passed over ACBIC region WhIC.h is con5|stentAckn0\,\,|edgememswe would like to express our appreciation
with long-range-transported aged aerosols (Fig. 11c). for the Finnish Academy (Atmospheric monitoring capacity
building in Southern Africa: project no. 132640), the Saastamoinen
foundation, as well as support from the North-West University
and the Finnish Meteorological Institute. The financial support

) ] ) by the Academy of Finland Centre of Excellence program is also
This work presents the first long term NR-RMhemical  gratefully acknowledged.

composition results for southern Africa, based on measure-
ments conducted at the Welgegund measurements station idited by: K. Tsigaridis
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