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Abstract. Aromatic hydrocarbons are associated with direct(0.011) and 3.1 (3.2) ppb. Benzene levels did not exceed the
adverse human health effects and can have negative impackscal air quality standard limit, i.e. annual mean of 1.6 ppb.
on ecosystems due to their toxicity, as well as indirect nega-Toluene was the most abundant compound, with an annual
tive effects through the formation of tropospheric 0zone andmedian (mean) concentration of 0.63 (0.89) ppb. No statisti-
secondary organic aerosol, which affect human health, crogally significant differences in the concentrations measured
production and regional climate. Measurements of aromatiduring daytime and night-time were found, and no distinct
hydrocarbons were conducted at the Welgegund measureseasonal patterns were observed. Air mass back trajectory
ment station (South Africa), which is considered to be a re-analysis indicated that the lack of seasonal cycles could be
gionally representative background site. However, the site isattributed to patterns determining the origin of the air masses
occasionally impacted by plumes from major anthropogenicsampled. Aromatic hydrocarbon concentrations were in gen-
source regions in the interior of South Africa, which include eral significantly higher in air masses that passed over anthro-
the western Bushveld Igneous Complex (e.g. platinum, bas@ogenically impacted regions. Inter-compound correlations
metal and ferrochrome smelters), the eastern Bushveld Igand ratios gave some indications of the possible sources of
neous Complex (platinum and ferrochrome smelters), thethe different aromatic hydrocarbons in the source regions de-
Johannesburg—Pretoria metropolitan conurbatied@ mil- fined in the paper. The highest contribution of aromatic hy-
lion people), the Vaal Triangle (e.g. petrochemical and py-drocarbon concentrations to ozone formation potential was
rometallurgical industries), the Mpumalanga Highveld (e.g.also observed in plumes passing over anthropogenically im-
coal-fired power plants and petrochemical industry) and alsgacted regions.
a region of anticyclonic recirculation of air mass over the in-
terior of South Africa. The aromatic hydrocarbon measure-
ments were conducted with an automated sampler on Tenax-
TA and Carbopack-B adsorbent tubes with heated inlet forl Introduction
1 year. Samples were collected twice a week for 2h dur-
ing daytime and 2 h during night-time. A thermal desorp- Atmospheric measurements —which include, but are not lim-
tion unit, connected to a gas chromatograph and a mass séed to, speciated volatile organic compounds and other trace
lective detector was used for sample preparation and analydasses, as well as size-resolved aerosols — are well estab-
sis. Results indicated that the monthly median (mean) totalished in developed countries. However, less emphasis is
aromatic hydrocarbon concentrations ranged between 0.0Rlaced on such environmental issues in developing countries,
since resources are mostly utilised for economic growth. For
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this reason, Africa is one of the least studied regions withcated that VOCs can have detrimental impacts on crop pro-
respect to air quality (Laakso et al., 2006). South Africa hasduction, which is important for global food security (Zunckel
the largest industrialised economy in Africa and is known for et al., 2006).
its diverse anthropogenic pollutant sources, which include Limited research has been conducted to determine the
agriculture, metallurgical and mining operations, coal-fired emission rates of biogenic VOCs in southern Africa (Harley
power generation, petrochemical operations, coal dumps andt al., 2003; Otter et al., 2002a, 2002b; Swap et al., 2002a,
transportation (Lourens et al., 2011). Uniqgue meteorologi-2002b; Greenberg et al., 2002; Greenberg et al., 1999; Guen-
cal conditions are prevalent in South Africa, which include ther et al., 1996). Even fewer data are available to charac-
relatively high atmospheric temperatures and solar radiationterise aromatic VOC levels in South Africa. Benzene is the
which increases photochemical activity in the atmospherepnly aromatic hydrocarbon that has a standard included in
and dominant anticyclonic climatology and the presence ofthe National Ambient Air Quality Standards (NAAQS) (Gov-
low-level inversion layers in winter cause trapping of pollu- ernment Gazette, 2009). According to the knowledge of the
tants (Tyson et al., 1996). authors, only Lourens et al. (2011) has conducted a study
Atmospheric volatile organic compounds (VOCs) are in this region on BTEX concentrations that was published
emitted from both natural and anthropogenic sources (Batef the peer-reviewed public domain. This study was limited
et al., 2000; Brasseur et al., 1999; Hewitt, 1999). Anthro-to measurements in the industrialised Mpumalanga Highveld
pogenic VOC emissions result from petrochemical indus-and Vaal Triangle for 1 year. Additionally, some postgradu-
tries, combustion processes (e.g. fossil fuel, power plants)ate studies focusing on BTEX have been conducted (van der
vehicular emissions, storage and transport of fuel, usage an@alt, 2008; Burger, 2006; Chiloane, 2005), but these were
production of solvents, hazardous waste facilities and landnot published in the peer-reviewed public domain. Various
fills (Srivastava et al., 2005; Derwent et al., 2000; Kourtidis industries also perform VOC measurements in South Africa
et al., 1999; Jose et al., 1998). Biomass burning (veld firesfo comply with legislation, but these results are in most in-
can also be an important source of VOCs, especially in southstances not peer-reviewed and not available in the public do-
ern Africa, where large-scale biomass combustion occurs evmain.
ery year in the dry season (e.g. Crutzen and Andreae, 1990; To at least partially address the above-mentioned knowl-
Crutzen et al, 1979). However, these emissions are difficult teedge gap, i.e. very limited data on atmospheric aromatic hy-
evaluate, as they are highly dependent on fuel type, humiditydrocarbons in South Africa, measurements were conducted
and burn rate (Lobert et al., 1990). for 1 year at the Welgegund measurement station. This sta-
A large fraction of anthropogenic VOCs consists of aro- tion was strategically positioned to enable measurements of
matic hydrocarbons, of which benzene; toluene; ethylben-air masses that have passed over the regional background, as
zene; ant-, m- and p-xylene (BTEX) are the most com- well as all the major anthropogenic source regions in South
monly measured compounds. Aromatic hydrocarbons parAfrica (Beukes et al., 2014).
ticipate in complex chemical reactions in the atmosphere to
form secondary pollutants. Although reactions of aromatic
hydrocarbons do not directly produce ozong)@eyplaya 2 Measurement location and methods
role in Oz formation when they are oxidised by the hydroxyl
radical (OH) in the troposphere, producing peroxy radi- 2.1 Site description
cals (RQ) and hydroperoxy radicals (H) which then oxi-
dise nitric oxide (NO), which removes a sink fog QAtkin- The Welgegund measurement statismfv.welgegund.orp
son, 2000). Aromatic hydrocarbons can also react with ni-is situated approximately 100km west of Johannesburg
trate radicals (NQ) (Atkinson, 1994; Penkett et al., 1993) (Fig. 1) on the property of a commercial farmer. The sta-
and halogen radicals (Finnlayson-Pitts et al., 1986). Vari-tion is considered to be a regionally representative back-
ous researchers have investigated gas-phase photooxidatigmound site with no direct impacts from pollution sources
of aromatic hydrocarbons (e.g. Birdsall et al., 2010; Arey etin close proximity. The entire western sector (from north to
al., 2009; Coeur-Tourneur et al., 2006; Johnson et al., 2004south-east) contains no major point sources and can there-
2005; Takekawa et al., 2003; Calvert et al., 2002, and referfore be considered as representative of a relatively clean
ences therein; Olariu et al., 2002; Volkamer et al., 2002).  regional background. The site is, however, impacted by
VOCs are also associated with adverse human health efplumes from major anthropogenic source regions in the in-
fects (Mukund et al., 1996; Kostiainen, 1995; Sweet and Ver-terior of South Africa, which include the western Bushveld
mette, 1992; Edgerton et al., 1989; Duce et al., 1983) andgneous Complex (WBIC), the eastern Bushveld Igneous
can also be harmful to ecosystems (Atkinson, 2000; DewulfComplex (EBIC), the Johannesburg—Pretoria metropolitan
and Van Langenhove, 1997; Kuran and Sojak, 1996; Der-conurbation ¢ 10 million people), the Vaal Triangle, the
went, 1995). Benzene, for instance, is known as a genotoxidMpumalanga Highveld and also a region of anticyclonic re-
carcinogen (Hellén et al., 2002; WHO, 2000) and is closelycirculation of air mass over the interior of South Africa. The
linked to the induction of leukaemia. Studies have also indi-impacts of regional biomass combustion occurring mainly in
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considered. At the Welgegund site only a small gravel road,
used by a few farmers, is nearby. Local traffic emissions are
therefore almost negligible. Large traffic volumes in espe-
cially the Johannesburg—Pretoria megacity could be a signif-
icant area source of VOCs for Welgegund. However, since
Welgegund is~ 100 km west of Johannesburg, it was diffi-
cult to set a sampling schedule to capture such time-bound
emissions that are transported at different rates on different
days with different meteorological conditions. Considering
the remote nature of the sampling site and logistical limita-
tions during the sampling campaign, the sampling schedule
Figure 1. Map of southern Africa indicating the location of the Wel- app“ed was the most feasible option that enabled the collec-
gegund measure.ment station, large ppint sources !n thg indus.trieﬂon of a full year of data. VOCs were sampled at a height
hub of South Africa and anthropogenic source regions impactingys » 1 above ground level, with a 1.75m long inlet. The first
Welgegund. 1.25m of the inlet was made of stainless steel and the second
0.5m of Teflon. The first 1.2 m of the stainless steel section

of the inlet was heated to 12C using heating cables and

the dry winter and spring are also observed at Welgegund. o : .
detailed description of the Welgegund measurement statio%nhermOSt"’ltS (Thermionic) to removesQvhich could possi-

and related source regions was recently presented by Beuk bly lead to sample degradation (Hellén et al., 2012). The last

cal.(2014) InF 1 helocaon ofVilgeqund s ndctedy oy 1 S5 e sectonard e e et sec
(latitude 2634'10" S, longitude 265621 E; 1480 m a.s.l.) '

o ) . . D the temperature was regulated aP24 The Q removal effi-
within a regional perspective, which also indicates the large . . : .
point sources and source regions. ciency was checked with angcmomtor at regular intervals,

which revealed that ©@concentrations decreased from me-
22 Measurement methods dian values> 30 ppb (Beukes et al., 2014) to2 ppb.

Prior to sampling, all adsorbent tubes were tested for leaks

The measurement instruments were placed inside a Eu@nd preconditioned with helium for 30 min at 350 at a
rowagon 4500u (length 4.5m, width 2.1 m, height 2.3 m) flow of 40mL min~. After treatment, the tubes were sealed
measurement container. A detailed description of the meaWith Swagelok® brass 0.25in. caps and stored in a fridge at
surement instruments, operation procedures and data andfmperatures below T& before they were transported to the
ysis, as well as calibration and maintenance procedure§éld for sampling. VOC samples were collected on Tenax-
has been presented by Beukes et al. (2014), Tiitta et al.JA and Carbopack-B adsorbent tubes (6.3 mm>ES0 mm,
2014, Petija et al. (2013), Hirsikko et al. (2012), Venter et>-5mm ID) by using a constant-flow-type automated pro-

al. (2012), Vakkari et al. (2011) and Laakso et al. (2008). grammable sampler. A needle valve attached to the pump
was used to keep the flow constant, while magnetic valves

2.2.1 Aromatic hydrocarbon measurements were used to direct flow to a specific sample tube. After a

specific tube was sampled, the tube was automatically sealed
The VOC measurement campaign was conducted for 1 yeanff and the next tube selected for sampling. The flow of the
(9 February 2011 to 4 February 2012) to observe seasongump was calibrated each week. A sampling flow between
variability. Samples were collected twice a week for 2 h dur- 100 and 110 mL min® was used throughout the study. Hel-
ing daytime (11:00 to 13:00 local time, LT) and 2 h during I1én et al. (2002) reported no breakthrough for Tenax-TA and
night-time (23:00 to 1:00LT) on Tuesdays and Saturdays.Carbopack-B tubes when sampling for 4h at a flow rate of
Obviously this repetitive sampling schedule, i.e. same daysl00 mL mirrl. Once a week, the tubes were removed from
each week and same hours of the day, was prone to sonthe automated sampler and closed with Swagelok® caps.
bias. Large point sources, i.e. industrial stack emissions, irEach tube was separately wrapped in aluminium foil and
South Africa are regulated on an availability basis. This im- stored in a container for transport to the laboratory. Tubes
plies that off-gas cleaning equipment must be operational fomwere stored in the laboratory in a freezer within a clean en-
a certain percentage of the overall operating time (typicallyvironment to minimise pre-analysis elution and breakdown
97-99 %) and not on a time basis, e.g. specific days or hoursf the sampled compounds. For each month, a field blank
when emissions are allowed. It was therefore impossible tovas analysed to compensate for the possibility of contami-
set a sampling schedule to capture possible large releases pétion from sample handling and storage. The total concen-
VOCs by such point sources. Traffic emissions, which can beration of aromatic hydrocarbons in all field blanks was found
considered as a point or area source, depending on how fdao be < 0.076 ppb. Actual concentrations of all compounds
the emissions are from the measurement site, are another ereported in this paper were significantly higher than blank
ample of a potential time-bound VOC source that had to be
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values and also well above the detection limits. Blank valuesand end of each measurement period, i.e. 3-hourly arriving
were subtracted from exposed samples. back trajectories calculated for each 2 h sample.
The analyses and preparation of the adsorbent tubes were

done by the Finnish Meteorological Institute. The instrumen-

tal setup was a thermal desorption instrument (Perkin-Elmer

TurboMatrix™ 650, Waltham, USA) connected to a gas chro- 3 Results and discussion

matograph (Perkin-EIm&r Claru® 600, Waltham, USA)

with a DB-5MS (60 m, 0.25mm, 1 um) column and a mass3.1 Contextualising aromatic hydrocarbon

selective detector (Perkin-ElnferClaru$ 600T, Waltham, concentrations measured at Welgegund

USA). The sample tubes were desorbed at°@D@or 5 min

and cryofocused in a Tenax cold trap30°C) prior to in- The monthly mean (median) aromatic hydrocarbon concen-

jection of the sample into the column by rapidly heating the trations determined in this study ranged between 0.011 (0.01)

cold trap (40C min~1) to 300°C. A three-point calibration and 3.2 (3.1) ppb). As previously mentioned, benzene is cur-

curve was obtained by using liquid standards dissolved irrently the only VOC listed as a criteria pollutant in the

methanol. Standard solutions were injected into adsorbenNAAQS (Lourens et al., 2011; Government Gazette, 2009),

tubes and were flushed with nitrogen (100 mL iy for with an annual average limit of 1.6 ppb (2015 standard). The

10min in order to evaporate the methanol. The tubes conWelgegund annual mean (median) benzene concentration

taining the standards were desorbed and analysed with theras 0.29 (0.13) ppb, which is well below the South African

same method used for the sampled tubes. Thirteen aromatstandard. The highest benzene concentration measured was

hydrocarbons were detected and quantified during this studyB.7 ppb, which indicates that the site is occasionally signifi-
cantly impacted by pollution sources. Liu et al. (2000), who

2.2.2  Ancillary measurements conducted a study in a relatively non-polluted area in the
northeast of China, reported an average benzene concentra-

Trace gas measurements continuously conducted at Welgél-on of 9.4 g nT* (2.94 ppb). Lourens et al. (2011) reported

gund were used to assist in the interpretation of aromatic" annual median of 0.91 ppb in the Mpumalanga Highveld

: .land the Vaal Triangle, which is higher than the annual median
hydrocarbon results obtained. These were measured by Utl\7alue measured at Welaeaund. This can be attributed to the
ising a Thermo-Electron 43S sulfur dioxide (§Canal- gegund.

yser (Thermo Fisher Scientific Inc., Yokohama-shi Japan)measurement sites in the Mpumalanga Highveld and the Vaal
a Teledyne 200AU NQ analyser (A,dvanced Polluti’on In- Triangle being closer to the large point sources than Wel-
strumentation Inc., San Diego, CA, USA), an Environmentgegund' In another investigation, van der Walt (2008) mea-
SA 41M O analyéér (Environrﬁent 'SA Polissy France) andsured benzene levels in a South African metropolitan area
a Horiba APMA-360 CO analyser (Horiba Kyo'to Japan). A and reported an anngal mean of 1.8 ppb. A compariso_n of the
more detailed description of additional parameters monitoredb enzene concentrations measured at Welgegund with these

at Welgegund is given by Beukes et al. (2014) and Petgja e?FUdlelS mdklcates tha.‘t V\:]elgggund can _be gon5|dered as are-
al. (2013). gional background site that is on occasion impacted by major

plumes from different sources.

Toluene was the most abundant aromatic hydrocar-
2.2.3 Air mass back trajectory analysis bon, with an annual mean (median) concentration of 0.89

(0.63) ppb — nearly 5 times higher than the benzene annual

Individual hourly back trajectories were calculated with median concentration. Lourens et al. (2011) also reported
the Hybrid Single-Particle Lagrangian Intergrated Trajectoryambient toluene concentrations to be substantially higher
(HYSPLIT) model version 4.8, developed by the National than that of benzene over the interior of South Africa. Con-
Oceanic and Atmospheric Administration (NOAA) Air Re- sidering that toluene also has negative effects on human
sources Laboratory (ARL) (Draxler and Hess, 2004). Thishealth, as well as that it is a precursor fog &d secondary
model was run with meteorological data of the GDAS archive organic aerosol formation, it should be considered to be in-
of the US National Weather Service’s National Center for cluded in future South African air quality legislation.
Environmental Prediction (NCEP) and archived by the ARL The second and third most abundant aromatic hydro-
(Air Resources Laboratory, 2012). Each hourly arriving back carbons measured were styrene amdp(-xylene with an-
trajectory was calculated for 96 h (4 days) backwards. Annual mean (median) concentrations of 0.83 (0.66) and 0.77
arrival height of 100 m was chosen, since aromatic hydrocar{0.50) ppb, respectively-Xylene and ethyl benzene had an-
bons are mainly emitted within the lowermost layer of the nual mean (median) concentrations of 0.30 (0.20) and 0.34
troposphere. Furthermore, the orography in HYSPLIT is not(0.25) ppb, respectively. The other aromatic hydrocarbons
very well defined, and therefore lower arrival heights could measured had annual median concentrations that were signif-
result in larger error margins on individual trajectory calcula- icantly lower. This does not necessarily mean that their emis-
tions. Back trajectories were calculated for the start, middlesion sources were lower, since the ambient concentrations are
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Figure 2. Monthly annual variation in aromatic hydrocarbon concentrations measured during the 1-year sampling period. The red line of
each box indicates the median (50th percentile), the black dot the mean, the top and bottom edges of the box the 25th and 75th percentiles
and the whiskers: 2.70 or 99.3 % coverage if the data have a normal distribution (MATLAB, 2010). The values displayed near the top of

the graphs indicate the number of sampl¥$ &nalysed for each month.
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determined by the emission rate and their atmospheric life-
times (Parra et al., 2006).

3.2 Temporal variations

Although samples were collected during daytime and night-
time in order to identify possible diurnal influences, results
indicated no statistically significant differences in the con-
centrations of aromatic hydrocarbons measured during day-
time and night-time. Also, no statistically significant differ-
ences were observed between Tuesdays and Saturdays. Th
indicates that there are no major local sources such as traf
fic that would result in a distinct diurnal pattern. Therefore,
no distinction in the results was made in subsequent section:
based on daytime and night-time, or day of the week.

The monthly temporal variations of the measured aromatic

hydrocarbons are presented in Fig. 2. These figures indicate i P e

the median, mean and 25th and 75th percentiles, as well ax*» Welgegund Area |

+2.7 of the quartiles for each compound (Matlab, 2010). The ¢ Coal-fired power station Areall

number of samples collected per month (N) is also provided. * Pyrometallurgical smelter Regional Background

In general, no distinct seasonal pattern is observed for any oi* Petrochemical plant

the compounds measured. The results indicate relatively higr|1:_ oy f th th-east + of South Africa indicat

values during February 2011 and March 2011 for all the aro-. \gure .. Map of the north-eastern part of South Alrica indicat-
. . . ing the location of the Welgegund measurement station, large point

matic hydrocarbons, with the exception of benzene. If these

. o . ; sources in the industrial hub of South Africa and the source regions
higher values coincided with a seasonal cycle, it would haveyfined in this stud
o . Y.
been expected that similar higher values had been observed
in the corresponding months in the next year, which was not
the case. The reason for these higher levels of aromatic hy-
drocarbons observed during these 2 months will be explored For the entire VOC measurement period, 582 back trajec-
in Sect. 3.3. No seasonal patterns for BTEX were observed itories were generated. Back trajectory sets, i.e. three trajec-

a previous investigation conducted in the Mpumalanga High-tories per sampling period, were classified as passing over

veld and Vaal Triangle (Lourens et al., 2011). the different source regions defined in Fig. 3. For the two an-
thropogenically influenced source regions, i.e. areas | and Il,
3.3 Influence of source regions only back trajectory sets that had passed over one of these

source regions were considered. Therefore, back trajectory
Since no distinct seasonal cycles could be identified for thesets that had passed over both these source regions were not
measured aromatic hydrocarbons (Fig. 2), the possible influeonsidered in further discussions on the influence of source
ence of air masses passing over different source regions oregions. Back trajectory sets were considered as passing over
the concentration of these compounds was explored. Sincthe regional background if such trajectories did not pass over
VOCs were collected for only four 2 h sampling periods per either area | or Il, or both area | and II. Taking this into con-
week, the allocation of hourly back trajectories to air massessideration, 86 % of all back trajectory sets could be classified
passing over all of the source regions defined by Beukess passing over just one of the three source regions defined.
et al. (2014) was statistically not significant. Therefore, it In Fig. 4, the back trajectories of air masses passing over
was decided to group the Johannesburg—Pretoria megacitthe different source region are presented. In total, 39 % of the
the Vaal Triangle and the Mpumalanga Highveld source re-VOC samples were collected during periods when air mass
gions together, since these source regions were identified bgack trajectory sets had passed over area Il, while 33 and
Beukes et al. (2014) as the regions with the highest anthro14 % of VOC samples were collected when air mass back
pogenic impacts. In this paper, this combined source regiongrajectory sets passed over the regional background and area
will be referred to as area |. The WBIC, the EBIC and the I, respectively. The reason for the lower percentage of air
anticyclonic source regions that lie on the anticyclonic re-masses passing over area | can be attributed to the persis-
circulation path of air masses moving towards Welgegundtence of the anticyclonic circulation pattern over the interior
(Beukes et al., 2014) were grouped together and are referredf South Africa, which favours the arrival of air masses at
to as area ll. Lastly, the “regional background” source regionWelgegund from the north to north-eastern sector.
was kept as defined by Beukes et al. (2014). In Fig. 3, the dif- In Fig. 5, the monthly fractional distribution of VOC sam-
ferent source regions considered in this study are presentedhles collected during periods when air mass back trajectory
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Figure 5. Monthly fractional distribution of VOC samples allocated
according to air mass back trajectory sets after passing over the de-
fined source regions.

terns in emissions, but rather depend on the origin of the air
masses sampled. Any monthly differences are likely to be a
result of month-to-month differences in air mass trajectories.
The aforementioned postulation is strengthened by a slight
concentration increase in most of the aromatic hydrocarbons
dobserved during August and September 2011 (Fig. 2), which

as passing over the defined source regions. The percentage of tif% rrelated with an increase in frequency of the arrival of air

trajectories considered as passing over a specific source region afg@SSes that had passed over area | (Fig. 5). _
the number of trajectories it represents are provided in brackets. The aromatic hydrocarbon concentrations measured for air

masses passing over the three source regions are presented

in Fig. 6. As expected, aromatic hydrocarbon concentrations

were in general significantly higher for air masses that passed
sets had passed over the different source regions is presentesier area |, which are considered to be more polluted. Air
In this figure, air masses that had passed over multiple sourcmasses that passed over area Il and the regional background
regions were defined as mixed. The monthly fractional dis-had much lower aromatic hydrocarbon levels and were of the
tribution (Fig. 5) can possibly be used to explain the lack same order. The large point sources in area Il are mainly py-
of seasonal pattern observed for the aromatic hydrocarbongometallurgical smelters (Fig. 2) that produce metals from
(Fig. 2). During February 2011, more than 60 % of the air ores by means of reducing processes (e.g. ferrochromium, as
masses that arrived at Welgegund passed over area |, whighdicated by Beukes et al., 2010, 2012). Aromatic hydrocar-
consists of the Johannesburg—Pretoria metropolitan conurbayon emissions are not usually associated with these activities
tion, the Vaal Triangle and the Mpumalanga Highveld. Ac- and so the relatively low values are expected. In addition,
cording to Lourens et al. (2012), the Johannesburg—Pretorighe large point sources in area Il are on average further away
megacity is relatively heavily polluted, while both the Vaal from Welgegund than the large point sources in area I. This
Triangle and the Mpumalanga Highveld source regions haveonger travelling time can result in the increased oxidation
been included in areas declared as pollution hotspots (naof the aromatic hydrocarbons. Aromatic hydrocarbons mea-
tional priority areas) by the South African government (Gov- sured in air masses from the regional background can possi-
ernment Gazette, 2007; Government Gazette, 2005). Considsly be attributed to smaller cities and agricultural activities in
ering the high frequency of air masses arriving at Welgegunchis region, but may also be associated with natural emissions
after passing over area | during the initial period of the study(e.g. Heiden et al., 1999).
(Fig. 5), the relatively high aromatic hydrocarbon levels mea-
sured in February 2011 and March 2011 (Fig. 2) can be re3.4 Inter-compound correlations: an indication of
lated to the relatively polluted air masses arriving during this sources
period. Conversely, during the rest of the study, most of the
air masses that arrived at Welgegund passed only over aregeveral authors (Hoque et al., 2008, and references therein)
Il 'and the regional background, which corresponds to lowerhave performed correlation analyses to determine the pos-
concentrations measured (Fig. 2). It is therefore postulatedible source(s) for aromatic hydrocarbons. In this section,
that the monthly seasonal cycles presented for the aromatiPearson’s correlation analyses were applied to correlate
hydrocarbons (Fig. 2) are not directly related to seasonal patthe concentrations of the different aromatic hydrocarbons

Figure 4. Graphical representations of back trajectories considere
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Figure 6. BTEX concentrations measured in air masses arriving at Welgegund, after they had passed over the defined source regions. The
red line of each box indicates the median (50th percentile), the black dot the mean, the top and bottom edges of the box the 25th and 75th
percentiles, and the whiskets2.70 or 99.3 % coverage if the data have a normal distribution (MATLAB, 2010). The values displayed near

the top of the graphs indicate the number of samples (N) analysed for each source area.
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measured to one another, as well as to trace gas concentra  benzene
toluene

tions for air masses passing over each of the three source emyienzene

-Xylene

regions defined. These correlations are graphically presented ™o

&
=
a

o
o

in F|g 7. propylg:;}gggz 0.25 :‘%

For air masses that had passed over area I, relatively good i , 8
correlations £ > 0.8) between the aromatic hydrocarbons  "35]¥8 £
were observed, except for benzene. The correlations of ben-  12¢Tv 08

zene with the other aromatic hydrocarbons were less signif- oz 98

icant, i.e.r > 0.6. This indicates that all the aromatic hy- &
drocarbons, except possibly benzene, could be from similar Temperature
sources. Karl et al. (2009) used aircraft flux measurements to

show that toluene to benzene ratios can vary greatha¢tor

of 3to > factor of 15) on a spatial scale of tens of kilometres,
indicating differences associated with various sources within

a region, indicating that a high correlation between benzene

and toluene will not always be the case. Large coal-fired  °gere i
power stations and petrochemical operations in source area | oz 7 -
together with vehicle emissions, are expected to be the dom- i 1 0 £
inant sources of aromatic hydrocarbons in this source region.preyienzene ] 025 2
Venter et al. (2012) recently indicated that household com- et T : g
bustion, which is a very common occurrence in semi- and in- " 2er || I 025 5
formal settlements in particular, could also contribute signif- 125TME 3
icantly. None of the aromatic hydrocarbons correlated with fugi -
any of the inorganic gaseous compounds, except benzene G H I 048
which had a correlation coefficient of 0.612 with CO. Ben- ™™ == i E L Gl e o T
zene also showed a negative correlation with Both the %802 5% 5 a0 5T £ R
correlation with CO and the negative correlation witk i®- L N W %, ® %% %,
dicate that benzene was mainly present in fresher plumes ar- )
riving at Welgegund. The partial correlation of benzene with (0)
CO indicates that incomplete combustion sources such as . 1
vehicle emissions, household combustion and biomass com- ©uere e
bustion may be the dominant benzene emissions sources in tm.p] xyine -
areal. gxylena 5
With the exception of benzene and toluene, the other aro- pmpylben;gf 0z g
matic hydrocarbons in air masses that had passed over area | 135TMB 0 5
correlated relatively well/{ > 0.73) with one another. Al- 124TH8 0.25§
though benzene and toluene did not correlate with the other ™ %0, 05
aromatic hydrocarbons, they correlated relatively well ( %6 i
=0.74) with one another. Therefore, it seems that benzene remperature

and toluene had a similar source(s), while the other aro-
matic hydrocarbons had a different source(s). However, nei-
ther benzene nor toluene correlated with CO, as was the case
for benzene in air masses that had passed over area |. Incom-
plete combustion sources were therefore unlikely to be the
main sources of these two compounds. The nature of larg&igure 7. Correlation analysis for aromatic hydrocarbons with
point sources in area Il is dramatically different to that of one another and with inorganic trace gases in samples that were
area |. Virtually no large combustion point sources occur incollected when back trajectory sets had passed over afej |
area II, since pyrometallurgical operations mainly focusing 2@ !1(b) and the regional backgrourtd).
on reductive smelting are dominant.

For air masses that had passed over the regional back-
ground, benzene correlated well £ 0.92) with toluene.  o-xylene correlated wellr(> 0.8) with each other. This in-
However, in contrast to air masses that had passed over adicates that the sources of benzene and toluene were again
eas | and Il, not all of the remaining aromatic hydrocarbonslinked but that the sources of the other aromatic hydrocar-
correlated with one another. Only a few significant correla-bons were not necessarily linked. The lower concentrations
tions existed, e.g. ethylbenzene, styrene,p(-xylene and  measured in air masses that had passed over the regional
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Table 1. The aromatic hydrocarbon ratios for the specific source regions.

Areal Areall Regional background Automotive exhaust
toluene / benzene 6.51 2.38 2.66 2.7
(m,p)-xylene/benzene 7.31 1.97 2.05 .8
o-xylene /benzene 2.84 0.76 0.85 .9
ethylbenzene /benzene 2.87 0.89 0.93
1,3,5-TMB/benzene 1.27 0.15 0.13
styrene /benzene 5.66 2.23 2.44
propylbenzene / benzene 0.62 0.07 0.07
(m,p)-xylene/ethylbenzene  2.55 2.20 2.19
o-xylene/ ethylbenzene 0.99 0.85 0.91

aBrocco et al. (1997), Guicherit (199 Stevenson et al. (19979, Guicherit (1997).

background also resulted in more uncertainty, which could As indicated in Table 1, the highest aromatic hydrocar-
lead to lower correlations. Additionally, the natural emis- bon ratios were observed for plumes passing over area |,
sions of aromatic hydrocarbons were also explored. Heidenwhereas lower ratios were detected in plumes passing over
et al. (1999) proved that some plant species release toluenarea Il and the regional background. The ratios (calculated
Of the species evaluated by Heiden et al. (1999), only sunfrom the average concentrations) for plumes passing over
flower is relevant to the situation at Welgegund — sunflowerarea | were 6.51, 7.31, 2.84, 2.55 and 2.87 for (T / By}, -

is the second most common crop species in the area. HeiX/B), (0-X/B) ((m,p)-X/EB) and (EB/B), respectively.
den et al. (1999) stated that significant diurnal variation inThese ratios indicate the influence of anthropogenic activi-
toluene emissions from sunflowers occur, with daytime emis-ties in this area, as well as the closer proximity of especially
sions being a factor of 2 higher than night-time emissions.the Johannesburg—Pretoria megacity, which is part of area |,
This was attributed to either differences in photo active ra-to the Welgegund monitoring station.

diation (PAR) and/or temperatur&) between daytime and The ratios for plumes passing over area Il were 2.38,
night-time. As is evident from Fig. 7c, toluene did not cor- 1.97, 0.76, 2.20 and 0.89 for (T/B){(p)-X/B), (0-X/B)
relate or anti-correlate witl for the regional background. ((m,p)-X/EB) and (EB/B), respectively. As mentioned pre-
Therefore, although it is not impossible that vegetation con-viously, although anthropogenic activities are also present in
tributes to toluene concentrations measured, it does not seethis source area, the major industrial activities in this area
to be the dominant source. are not usually associated with high emissions of VOCs. Ad-
ditionally, sources in area Il are also further away from the
measurement site compared to sources in area |. The ratios
therefore also indicate aged air masses, which might be trans-
ported by the dominant anticyclonic circulation pattern of air
In addition to inter-compound correlations, inter-compound masses from the industrial hub of South Africa. Therefore, it
ratios can also be used as an indicative method to determing jikely that most of the aromatic hydrocarbons in air masses
possible sources for aromatic hydrocarbon and the age ofyat had passed over area Il had undergone photochemical
air masses (Hoque et al., 2008, and references therein). Tf‘tﬁ‘egradation.

inter-compound ratios of the average atmospheric concentra- For air masses passing over the regional background,
tions of aromatic hydrocarbons with benzene are presented ithe aromatic hydrocarbon inter-compound ratios were 2.66,
Table 1. Since most of the aromatic hydrocarbons are more o5 0.85, 2.19 and 0.93 for (TI/B)pf(p)-X1B), (0-X/B)
reactive than benzene, the toluene/benzene (T iB)p) ((m,p)-X/EB) and (EB/B), respectively. These ratios com-
xylene/benzene f{,p)-X/B), o-xylene/benzeneotX/B)  pared well with the ratios calculated for area II, which also

and (n,p)-xylene/ethylbenzene #{,p)-X/EB) ratios can  jndicate no local sources of atmospheric aromatic hydrocar-
provide information on the distance from emission sources,gns.

and the estimated photochemical age of the air mass (Monod According to the literature, the use of solvents (e.g. in
etal.,, 2001; Derwent et al., 2000). The atmospheric T/B ra-paint) is thought to be a major non-traffic source of aro-
tio, for instance, is usually high close to anthropogenic emis-matic hydrocarbons. Brocco et al. (1997) stated that toluene,
sions and will decrease with an increase in distance from thetnyibenzene and,m,p-xylene (TEX) make up the largest
sources (Lee et al., 2002). Globally a T/B ratio below 3 wasportions of solvents. In Fig. 8, the concentration ratios of

traffic, while a T/B ratio> 4.3 is typical for solvent sources  the three sources regions are illustrated. The ratios show a
(Lan et al., 2013, and references therein).

3.5 Inter-compound ratios: an indication of sources
and aging
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Table 2. Ozone formation potential of the aromatic hydrocarbon concentrations of air masses passing over the three source regions.

\ Area | \ Areal ll \ Regional background
\ Mean MIR coefficient @ formation potential\ Mean G formation potential\ Mean @ formation potential
benzene 0.228 0.42 0.096 0.335 0.141 0.299 0.125
toluene 1.482 2.70 4.001 0.796 2.148 0.796 2.148
ethylbenzene | 0.653 2.70 1.762 0.300 0.809 0.279 0.753
(m,p)-xylene | 1.665 8.20 13.653 0.661 5.418 0.612 5.014
styrene 1.288 2.20 2.834 0.746 1.641 0.730 1.607
o-xylene 0.647 6.50 4.208 0.254 1.651 0.253 1.645
propylbenzene| 0.142 2.10 0.298 0.025 0.053 0.021 0.043
1,3,5-TMB 0.289 10.10 2.916 0.051 0.512 0.038 0.381
1,2,4-TMB 1.073 8.80 9.444 0.196 1.728 0.146 1.289
1,2,3-TMB 0.518 8.90 4.608 0.101 0.900 0.076 0.674
Note: TMB stands for trimethylbenzene.
80 3.6 O3 formation potential of aromatic hydrocarbons
70 R ‘
+ Regional Backgrount . . .
w60 Tompersiurs dotng samplig While the evaluation of aromatic hydrocarbons on a con-
8. ) . centration (ppb) basis is of interest in order to assess hu-
gm o, . § R man exposure to toxic compounds such as benzene, it is
- R T A also of interest to examine the relative importance of these
2% 0 B e ORPS L F w ety E R Sy pollutants pertaining to their role in the production of O
F 29 Wi g ® "' ! . (Carter, 1994). Beukes et al. (2014), Laakso et al. (2013)
10 < and Venter et al. (2012) indicated thag @ currently the
most problematic pollutant in South Africa. Tropospheric O
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impacts air quality, food security (Zunckel et al., 2006) and

) o ) ] regional climate change (Fry et al., 2013). Therefore, the rel-
F]'fiulre 8. TeThth:al Va“at'ono;” ”I‘e Conie;)t(rit'ot” tralt'os of tthe S];”m ative contributions of aromatic hydrocarbons to photochemi-
o' toluene, ethylbenzene and xy enes ( ). 0 fotal aromatics frome O formation in air masses that had passed over the three
air masses arriving at Welgegund after passing over the three source . . .
regions. source regions were examined. Several reactivity scales can

be used to estimategdormation for specific hydrocarbons.

One method that determines the ability of aromatic hydro-

seasonal pattern with the maximum values in summer andgarbons to produce £entails calculating the product of the
minimum in winter. This is similar to the observation made average concentration and the maximum incremental reac-
by Rappengliick and Fabian (1999) who reported that thdivity coefficient (MIR) of each compound, i.e s@ormation
evaporation of solvents makes a greater contribution to atPotential= VOC x MIR (Carter, 1994). The MIR scale has
mospheric VOCs during summer. The average temperature€en used to assesg @rmation potential for aromatic hy-
measured during the sampling periods, as presented in Fig. glrocarbon in numerous previous studies (Hoque et al., 2008;
also indicate a similar pattern than the TEX concentration ra/Na et al., 2005; Grosjean et al., 1998).

tios. This further supports the hypothesis that TEX concen- The ranking of the aromatic hydrocarbons according to air
trations are strongly influence by the effect of temperaturemMass origin for @ formation potential is provided in Table 2.
on evaporation rates. Although not tested in this paper, it isAS indicated (Table 2), the highest contributions of aromatic
however, also possible that the differences in aromatic hyhydrocarbon concentrations toz@rmation potential were
drocarbon lifetimes between the different season could resutl@bserved for plumes passing over area |. Thef@mation

in the aforementioned temporal pattern. It is therefore cleaotential for air masses that had passed over area Il and the
that aromatic hydrocarbons originating from solvents maker€gional background was of the same order of magnitude.
a contribution to aromatic hydrocarbons in air masses thaBased on the ©formation potential values, xylenesi{({p)-

had passed over all three source regions, including the reXylene plus>-xylene) are the dominant contributor tg €@r-

gional background. However, the magnitude of this contri-mation for air masses that have passed over area |, with 1,2,4-
bution was not determined from these data. trimethylbenzene the second largest contributor. Théo®

mation potential of benzene was the lowest, even though it is
considered to be the most hazardous compound of the atmo-
spheric aromatic hydrocarbons. As previously stated, the use
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of solvents (e.g. in paint) is thought to be a major non-traffic passed over the three sources regions indicated a seasonal de-

source of aromatic hydrocarbons, with toluene, ethylbenzen@endence, i.e. higher temperatures resulting in higher evapo-

and o,m,p-xylene (TEX) making up the largest portion of ration rates that contribute to higher ambient concentrations.

solvents (Brocco et al., 1997). It was also shown that the ratio The highest contributions of aromatic hydrocarbon con-

of TEX/total aromatic hydrocarbons followed a typical sea- centrations to @ formation potential were observed for

sonal pattern, demonstrating the contribution from solventsplumes passing over area |. Xylenes: (f)-xylene pluso-

(Fig. 8) in all three source regions. From Table 2 it is evidentxylene) were the dominant contributor t@ @rmation, with

that TEX contributes significantly to £formation relative  1,2,4-trimethylbenzene being the second largest contributor.

to the other compounds considered in this paper. The conThe O; formation potential of benzene was the lowest.

tribution of the evaporation of solvents tg@rmation as a

fraction of the overall aromatic hydrocarbong @rmation
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