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Introduction
Anthropogenic activities are increasing the ambient 
tropospheric concentrations of inorganic gaseous pollutants, 
which include nitrogen dioxide (NO2), sulphur dioxide (SO2) and 
ozone (O3). These species are globally considered as important 
pollutants and are criteria pollutants according to the South 
African National Environment Management: Air Quality Act of 
2004 (Government Gazette 2005).

Human health issues associated with NO2 and nitrogen oxide 
(NO) (combined referred to as NOx), as well as SO2 include 
irritation of the respiratory system, which can cause breathing 

difficulties. People who suffer from asthma are particularly 
sensitive to chronic inhalation of elevated NOx and SO2 
concentrations, which may result in long-term effects such 
as pulmonary asthma and chronic bronchitis (Pandey et al. 
2005). Exceedances of the South African NO2 and SO2 ambient 
air quality standard limits have been reported for numerous 
locations/areas (e.g. DEA 2010).

Oxidation of SO2 and NO2 lead to the formation of sulphate 
(SO4

2-) and nitrate (NO3-), respectively. In South Africa it has 
been indicated that these species contribute significantly to the 
acidity of atmospheric particulate matter (Venter et al. 2018), 
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acid rain (Conradie et al. 2016), eutrophication of the terrestrial 
and aquatic environment (Dunnink et al. 2016), and secondary 
aerosol formation (Vakkari et al. 2015). SO4

2- and NO3- also 
scatter radiation (IPCC 2013) and are important species within 
the context of aerosol climate forcing in South Africa (Venter et 
al. 2020).

Tropospheric O3 is a secondary pollutant formed from the 
photochemical reaction of NO2 (Seinfeld and Pandis 2016). O3 
can have detrimental impacts on crops and vegetation (Laakso 
et al. 2013). Additionally, O3 is a short-lived greenhouse gas, 
which has a net warming effect (IPCC, 2013). Exceedances of the 
South African O3 air quality standard limit has been reported for 
large areas of the South African interior (Laban et al. 2018).

Major sources of atmospheric pollutants in South Africa include 
fossil fuel combustions, traffic, open biomass burning (veld 
fires), mining and metallurgical activities, and household 
combustion. The Mpumalanga Highveld, Johannesburg-Pretoria 
(JHB-Pta) megacity and the Vaal Triangle are all regions that 
are relatively polluted and where ambient air quality standard 
limits are regularly exceeded (Government Gazette 2012, 
2020). In addition, numerous large point and area sources are 
located in the western Bushveld Complexes (wBC) (Rustenburg, 
Brits and Sun City areas) within the North West Province. This 
area was included in the Waterberg Priority Area (Government 
Gazette, 2010), due to current and possible future exceedances 
of ambient air quality standard limits there. Typical sources 
of pollutants in the wBC include pyro-metallurgical smelters, 
mining activities, household combustion, open biomass burning 
and vehicular emissions (Piketh et al. 2005).

Due to the above-mentioned air quality issues associated with 
the Mpumalanga Highveld, JHB-Pta megacity, Vaal Triangle and 
wBC, numerous regulatory and research studies are/have been 
conducted there. However, to the knowledge of the authors, no 
systematic air quality studies have been conducted in the rural 
areas of the western North West Province. Therefore, the general 
aim of this study was to assess SO2, NO2 and O3 concentrations 
in rural areas of the North West Province. The specific objectives 
were to: i) measure SO2, NO2 and O3 with a cost effective manner 
at 10 sites for at least two full seasonal cycles; ii) contextualise 
SO2, NO2 and O3 concentrations, in terms of air quality standard 
limits, as well as with measurements conducted elsewhere; iii) 
establish seasonal and spatial patterns of the pollutant species; 
iv) indicate possible sources and/or contributing factors and v) 
give guidance to possible future ambient measurements of SO2, 
NO2 and O3 in the area.

Experimental
Passive sampling and associated 
analytical methods 
Since the rural North West Province covers a large surface area, 
it was impractical (too expensive and logistically difficult) to 
conduct this study with active sampling. Therefore, passive 
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diffusive samplers developed by the North-West University 
(NWU) (Pienaar et al. 2015) were used to measure monthly 
average concentrations. Although passive samplers do not give 
instantaneous concentration values (as with active samplers), 
they are ideal to map a large region and identify potential areas 
where higher resolution measurements should be conducted.

Passive sampler preparations were conducted as specified by 
Dhammapala (1996) with sodium hydroxide (NaOH) dissolved 
in methanol, NaOH and sodium iodide (NaI) dissolved in 
methanol, and sodium nitrite (NaNO2), potassium carbonate 
(K2CO3) and glycerol dissolved in a water-methanol mixture 
used as adsorbent solutions for SO2, NO2 and O3, respectively. 
After preparation, each sampler was labelled according to 
the preparation date, designated site and pollutant species. 
Thereafter, each sampler was placed in an airtight plastic 
vial and sealed in an airtight bag. For each pollutant species 
a laboratory blank sampler was prepared for every monthly 
sample batch that was deployed. These blanks were sealed and 
stored in the laboratory freezer until analysis.

The passive samplers were deployed and exposed in pairs for 
each pollutant species. Exposure of pairs reduced data loss 
should a specific sampler suffer any sort of interference. A log 
sheet was kept for every sampler, in order to record important 
variables needed for calculations and/or observations that 
would assist in explanations (e.g. exposure and collection 
times and date, and unusual events such as nearby fires). The 
passive samplers were exposed by placing them in a stainless-
steel rail, mounted under an aluminium sampler hood. Hoods 
were either attached to an aluminium shaft and stand base, or a 
bracket that was screwed onto a suitable structure (e.g. wooden 
power/telephone pole, or road sign) approximately 1.5m above 
ground level. The sampler hood act as a shield, which protect 
the exposed samplers against direct sunlight and rain.

After the exposure period was complete, the passive samplers 
were removed, sealed in plastic vials and bags. Directly 
thereafter, fresh unexposed samplers were deployed for the 
following month. Exposed samplers were sent back to the lab 
for analysis. Upon receipt, the samplers were logged as received 
and stored in a freezer until analysis.

In preparation for chemical analysis, the pollutant specific 
impregnated filters of the passive samplers were leached as 
previous specified (Dhammapala 1996, Pienaar et al. 2015). 
Analyses of the leached solutions were conducted with an Ion 
Chromatography Dionex ICS 3000 system, fitted with an Ionpac 
AS16 (4 mm) analytical column, an AS16 guard column (4 mm) 
and a conductivity detector. Background conductivity was 
lowered by a self-regenerating electrochemical suppressor (4 
mm AERS-500), fitted with a carbonate removal device. The 
flow rate was maintained at 1.2 cm3min-1. The system was 
also equipped with an eluent (hydroxide, OH-) generator. 
Calibration of the IC was conducted using stock solutions with 
concentrations of 0.02, 0.2, 0.8, 1.5 and 2.5 µmol.dm-3 of the 
relevant chemical species.
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The combination of passive samplers and analytical procedure 
have been used in numerous published studies (e.g. Swartz et 
al. 2020, the most recent). In addition, the accuracy (how close 
to calibrated active samplers) and precision (repeatability) 
of the passive samplers have been demonstrated in national 
(Dhammapala 1996) and international (Pienaar et al. 2015) inter-
comparisons. Quality assurance of the analytical procedure was 
further verified by participating in the bi-annual Laboratory Inter-
Comparison Study (LIS) organised by the World Meteorological 
Organisation (WMO) (e.g. as presented in Conradie et al. 2016, 
Swartz et al. 2020).

Ancillary data
Air mass movements were determined by calculating 96-
hour back trajectories for air masses arriving at a height of 
100m above ground level, for every hour during the sampling 
campaigns. This was done by using the Hybrid Single-Particle 
Lagrangian Integrated Trajectory model (HYSPLIT, version 4.8) 
(Draxler and Hess 2004). The model was run with meteorological 
data of the Global Data Assimilation System (GDAS) archive of 
the National Centre for Environmental Prediction (NCEP) of the 
United States National Weather Service and the Air Resources 
Laboratory (ARL) archive, accessed 01/09/2020.

Overlay back trajectory maps (introduced in Vakkari et al. 2011) 
were compiled in order to get an overview of air mass movement 
for a specifics site during specific measurement months, or for 
the entire measurement period. In such maps a colour code was 
used to indicate the percentage of the hourly arriving trajectories 
passing over 0.2º x 0.2º grid cells that were superimposed on the 
South African map, with the colours red and blue indicating the 
highest and lowest percentage overpasses, respectively.

The National Aeronautics and Space Administration (NASA) 
Moderate Resolution Imaging Spectrometer (MODIS) collection 
5 burned area product (Roy et al. 2008) was used to determine 
open biomass burning fire locations. Such data is expressed as 
gridded 500 m fire burn scar pixels (Boschetti et al. 2009, 2013).

Measurement campaigns
Monthly SO2, NO2 and O3 measurements were conducted at 10 
sites during two sampling campaigns, i.e. April 2014 to March 
2015 and February 2018 to October 2019. In addition, a more 
intensive campaign was conducted in June, July and August 
(JJA) 2019. During this intensive campaign, 15 additional sites 
were monitored. The additional sites were located mostly in-
between (via tar road access) the 10 sites that were monitored 
over the entire time, during both campaigns. The intensive 
campaign was done for two reasons. Firstly, to distinguish 
whether the trace gas concentrations at the 10 sites, which were 
located in small urban areas, differed from concentrations in-
between the urban areas. Secondly, the larger number of sites 
made it possible to obtain a better spatial representation of 
pollutant concentrations across the province.

Measurement sites
The Directorate Environmental Quality Management; Rural, 

Environment and Agricultural Development (READ), of the 
North West Provincial Government indicated numerous 
municipal areas for which no air quality data existed. Based 
on this information 10 measurement sites were selected, to 
balance the limited financial resources available, logistical 
access and likely scientific information that could be obtained. 
The locations of these measurement sites at Tosca, Morokweng, 
Ganyesa, Vryburg, Sannieshof, Taung, Christiana, Schweizer-
Reneke, Bapong and Ottoshoop are indicated within a regional 
perspective in Figure 1.

The locations of the 15 additional sites considered during the 
JJA intensive campaign are also indicated in Figure 1 (as sites 
numbered 1-15). Furthermore, the locations of Welgegund 
(Jaars et al. 2016 and 2018), Marikana (Van Zyl et al. 2014) and 
Botsalano (Laakso et al. 2008; Vakkari et al. 2013), all located 
in the North West Province, are also shown. Continuous 
measurements of the pollutant species considered in this paper 
are/have been conducted there. Therefore, these stations were 
used as reference sites.

Results and discussion
SO2, NO2 and O3 sampling efficiency and 
contextualisation of concentrations 
Overall, a 95.83% sampling efficiency was achieved during the 
combined 33-month sampling period, which can be considered 
as very good.

In order to contextualise the results, the statistical spread of 
SO2, NO2 and O3 concentrations measured at each site, over 
both sampling campaigns are presented in Figures 2a, b and 
c, respectively (associated data is presented in Table A1, 
Appendix). The variation in median/mean concentrations for the 
sites reflect the spatial distribution of pollutant concentrations. 

Figure 1: The locations of the 10 sites where measurement were conducted 
over the entire measurement period, i.e. Tosca (Tos), Morokweng (Mor), 
Ganyesa (Gan), Vryburg (Vry), Sannieshof (San), Taung (Tau), Christiana 
(Chr), Schweizer-Reneke (SwR), Bapong (Bap) and Ottoshoop (Ott), are 
indicated with blue dots. Blue triangles indicate the references sites 
Welgegund (Wel), Marikana (Mar) and Botsalano (Bot), while red squares 
indicate the 15 additional sites monitored during the intensive campaign.

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1, accessed 01/09/2020
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However, it (the spatial distribution) is discussed in spatial 
distribution and is therefore not considered further here.

Taung and Tosca had the lowest median and mean SO2 
concentrations, of 0.38 and 0.40, and 0.39 and 0.43 ppb, 
respectively (Figure 2a and Table A1, Appendix). These 
median/mean concentrations compare well with the mean SO2 
concentrations reported by for Okaukuejo in Namibia (0.43 ppb), 
a relatively unpolluted southern African continental background 
site (Martins et al. 2007). Bapong had the highest median and 
mean SO2 concentrations of 2.55 and 2.67 ppb, respectively, 
which were significantly higher than the other sites considered 
in this study. The Bapong median/mean concentrations were 
lower than the 3.80 ppb reported for Marikana (Venter et 
al. 2012) located close to several smelters in the North West 
Province, and within the concentration range reported for the 
Mpumalanga Highveld (2.80 to 13.30 ppb according to Martins 
et al. 2007, Lourens et al. 2011, Laakso et al. 2012). 

Tosca and Morokweng had the lowest median and mean 
NO2 concentrations of 1.42 and 1.44, and 1.65 and 1.71 ppb, 
respectively (Figure 2b and Table A1, Appendix). These median/
mean concentrations were significantly higher than the mean 
NO2 concentrations reported for Okaukuejo in Namibia (0.34 
ppb) and Louis Trichardt in the Limpopo Province (0.74 ppb) 
(Martins et al. 2007). Bapong, Taung and Vryburg had the 
highest median and mean NO2 concentrations of 5.26 and 5.55, 
4.68 and 5.18, and 4.52 and 5.16 ppb, respectively, which were 
significantly higher than the other sites considered in this study. 
The Bapong, Taung and Vryburg median/mean concentrations 
falls in the concentrations range reported for the Mpumalanga 
Highveld (2.50 to 9.20 ppb, according to Martins et al. 2007, 
Lourens et al. 2011, Laakso et al. 2012) and is lower than the 8.50 
ppb reported for Marikana (Venter et al. 2012).

Taung and Vryburg had the lowest mean and median O3 
concentrations of 23.29 and 24.19, and 25.02 and 25.47 ppb, 
respectively (Figure 2c and Table A1, Appendix). These median/
mean concentrations are similar to mean O3 concentrations 
reported for Okaukuejo in Namibia, i.e. 23.00 ppb (Martins et 
al., 2007). Ottoshoop, Bapong and Morokweng had the highest 
median and mean O3 concentrations of 33.51 and 34.74, 33.96, 
and 34.76 and 34.94 and 33.61 ppb, respectively. These median/
mean concentrations were higher than the 29.10 ppb mean 
concentration reported for Marikana located close to several 
smelters in the North West Province (Venter et al. 2012), and 
within the concentration range reported for the Mpumalanga 
Highveld (16.30 to 37.10 ppb, according to Martins et al. 2007, 
Lourens et al. 2011, Laakso et al. 2012).

In order to contextualise the results further, the measured 
concentrations were compared to the South African ambient air 
quality standards limits (Government Gazette, 2009). However, 
as no monthly standard limit values exist for any of the three 
species considered, such comparisons are not straight forward. 
As previously mentioned, the relatively long averaging periods 
required for passive sampling is one of the disadvantages of this 
method.

For SO2, annual average concentrations (calculated from April’14 
to March’15 and February’18 to January’19) for all 10 sites varied 
between 0.35 to 2.63 ppb, which is substantially lower than the 
specified 1-year average limit of 19 ppb (Government Gazette, 
2009). To contextualise the monthly results within the context 
of ambient air quality standard limits, a curve fit was applied 
to the 10 min., 1-hr., 8-hrs., 24-hrs and 1-year standard limits 
specified for SO2 (Government Gazette, 2009), as indicated in 
Figure A1 (Appendix). By using the equation of the fitted curve, 
it was possible to estimate a potential monthly average “limit” 
value, which was found to be 29.53 ppb. Comparing the monthly 
SO2 concentration values with the afore-mentioned calculated 
value indicated that if a monthly limit did exist for SO2 it would 
likely not have been exceeded during the measurement period. 
However, the impacts of SO2 is not a continuum across a wide 
concentration range (Katsouyanni et al. 1996), therefore, the 
method applied here is a simplification of reality, but it does give 

Figure 2: Statistical distribution of monthly SO2 (a), NO2 (b) and O3 (c) 
concentrations for each site, over both sampling campaigns. The red line 
indicates the median, the black dot the mean, the top and bottom edges of 
the blue box the 25 and 75% percentiles and the black whiskers 1.5 times 
the interquartile range from the bottom or top of the box.
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some quantitative indication of monthly average SO2 air quality.
Venter et al. (2012) indicated that on average 4, 0.4 and 0 
exceedances of the 10-min (191 ppb), 1-hr (124 ppb) and 24-hrs 
(48 ppb) SO2 standard limit values occurred at Marikana, which 
is approximately 17.5 km (measured in a straight line) from 
the Bapong site. The average SO2 concentration measured at 
Bapong was 2.67 ppb, while that of Marikana was reported as 
3.80 ppb (Venter et al. 2012). Therefore, it might be possible that 
some exceedances of the 10-min and 1-hr standard limit values 
occurred at Bapong. However, the number of such exceedances 
are unlikely to be close to the 526 and 88 allowed frequency 
of exceedances specified for the 10-min and 1-hr standards, 
respectively (Government Gazette, 2009). It is also unlikely that 
such exceedances will occur at any of the other sites, since the 
SO2 concentrations were significantly lower there (Figure 2a).

For NO2, annual average concentrations (April’14–March’15 and 
February’18–January’19) for all 10 sites varied between 1.28 to 
5.90 ppb, which is substantially lower than the specified 1-year 
average standard limit of 21 ppb (Government Gazette, 2009). As 

previously stated, it is impossible to directly compare monthly 
average values with shorter standard limit period, such as the 
1-hr. standard limits specified for NO2. It is also impossible to 
estimate a monthly standard “limit” for NO2 (as illustrated for 
SO2 in Figure A1, Appendix), as there are only two standard limit 
values specified in the current legislation (Government Gazette, 
2009). Similar to the SO2 results, Bapong again had the highest 
NO2 concentrations. The average NO2 concentration measured 
throughout the sampling periods at Bapong was 5.55 ppb, 
while that of Marikana was reported as 8.50 ppb (Venter et al. 
2012). Since Venter et al. (2012) did not report any exceedance 
of the 1-hr standard limit at Marikana, it is unlikely that NO2 
concentrations at Bapong, or any of the other measurement 
sites, exceeded the 1-hr standard limit of 106 ppb.

O3 only has an 8-hrs. moving standard limit of 61 ppb 
(Government Gazette, 2009), therefore, it was impossible to 
directly indicate exceedances of the afore-mentioned standard 
limit. However, as indicated in Section 2.3 an intensive 
campaign was undertaken, during which concentrations of the 

Figure 3: Combined average monthly (i.e. all January results combined, 
all February results, etc.) SO2 (a), NO2 (b) and O3 (c) concentrations (ppb) for 
each of the 10 sampling sites over both sampling campaigns.

Figure 4: Statistical distribution of combined monthly (i.e. all January 
results combined, all February results, etc.) SO2 (a), NO2 (b) and O3 (c) 
concentrations (ppb) for all 10 sampling sites combined over both 
sampling campaigns. The red line indicates the median, the black dot 
the mean, the top and bottom edges of the blue box the 25 and 75% 
percentiles and the black whiskers 1.5 times the interquartile range from 
the bottom or top of the box.
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three pollutants of interest were measured at 15 additional sites 
during JJA 2019. During this JJA period the O3 concentrations 
were highest at Bapong, Ottoshoop and Morokweng, i.e. 34.33, 
32.50 and 31.75 ppb, which are similar to the Welgegund and 
Botsalano JJA calculated O3 values of 36.62 and 32.69 ppb, 
respectively. The lowest O3 concentrations during the JJA period 
were measured at Taung, Schweizer-Reneke and Vryburg, i.e. 
24.33, 22.71 and 22.70 ppb, respectively, which were similar to 
the JJA value of 23.21 ppb calculated for Marikana. Relatively 
recently Laban et al. (2018) presented the average number of 
days per month on which the O3 8-hrs moving average standard 
limit were exceeded at the afore-mentioned reference sites, i.e. 
Welgegund (up to approximately 9.9 days per month), Botsalano 
(up to approximately 5.4 days per month) and Marikana (up to 
approximately 12.1 days per month). Considering the similarly 
in JJA O3 average concentrations measured during this study 
with the afore mentioned published data (Laban et al. 2018), it 
is highly likely that significant number of O3 exceedances also 
occurred at all the sites where measurements were conducted 
in this study.

Seasonal patterns
The monthly average concentrations (average for all January 
concentrations, average for all February concentrations, 
etc.) for SO2 (a), NO2 (b) and O3 (c) are presented for each site 
separately, combined for both measurement campaigns, in 
Figure 3. In Figure 4 statistical distribution of combined monthly 
concentrations (all January concentrations, all February 
concentrations, etc.) for SO2 (a), NO2 (b) and O3 (c) for all sites 
combined over both sampling campaigns, are presented as 
boxplots. The latter gives a regional (Figure 4), rather than a site 
specific (Figure 3) perspective on seasonal patterns. 
 
From both Figures 3(a and b) and 4(a and b), a relatively well-
defined and similar seasonal pattern is evident for SO2 and NO2, 
i.e. higher concentrations in the colder months of June to August, 
as well as late autumn (May) and early spring (September), 
while the rest of the year has lower concentration values. 
Similar seasonal patterns have previously been reported for 
other areas in South Africa (Josipovic et al. 2010). This seasonal 
pattern indicates possible additional contribution from sources 
such as household combustion for space heating that occurs 
more frequently in the colder months (Adesina et al. 2020), as 
well as open biomass burning that occurs more frequently in 
the drier months (Chiloane et al. 2017). Additionally, enhanced 
trapping of low-level emissions during the colder months by a 
low-level inversion layer(s) lead to increased concentrations 
of pollutants at ground level (Garstang et al. 1996). Gierens et 
al. (2019) reported the formation of such a low-level thermal 
inversion layer to occur approximately 81% of the time during 
JJA at Welgegund in the North West Province, while it only 
occurred approximately 33% during December, January and 
February (DJF). Also, the daily persistence of the low-level 
thermal inversion layer is longer during JJA, if compared to DJF 
(Gierens et al. 2019). Furthermore, increased wet deposition of 
both SO2 (as SO42-) and NO2 (as NO3-) (Conradie et al. 2016), 
as well as enhanced conversion of SO2 to particulate SO42- 

that occur during the wet season when the relative humidity 
(RH) is higher (Seinfeld and Pandis 2016), result in lower 
gaseous concentrations during the warmer/wetter months. 
Unfortunately, rain volumes and RH were not measured at any 
of the 10 sites considered in this study, but it was measured at 
Welgegund. Figures A2a and b (Appendix) present the rain events 
and RH measured at Welgegund during the first measurement 
campaign (April 2014 to March 2015), respectively. As is evident, 
rain events are frequent during the rainy season (approximately 
middle October to end of March), with very few events during the 
rest of the year. RH is lower from approximately May to October.

In contrast to the SO2 and NO2 seasonal patterns, O3 
concentrations (Figures 3a and 4a) were on average lowest 
during the colder months of May to July and higher in the 
period August to December, as well as January to March. 
Similar seasonal O3 patterns have previously been presented for 
Welgegund, Botsalano and Marikana (Laban et al. 2018), which 
are all situated in the North West Province. Similar to Laban et al. 
(2018), three phenomena can be considered to partially explain 
the observed O3 season pattern. Firstly, the colder months 
have shorter daylight hours, hence less time for photochemical 
formation of O3. Secondly, biogenic volatile organic compound 
(BVOC) emissions in the North West Provice are lower during 
the colder months (Jaars et al. 2016). VOCs are important within 
the context of O3 formation, since the alkylperoxy radical (ROO•) 
that form during the oxidation of VOCs convert NO to NO2, from 
which O3 is formed (Seinfeld and Pandis 2016). Thirdly, the peak 
in open biomass burning in the interior of southern Africa during 
late winter and early spring (typically August to mid-October) 
(Chiloane et al. 2017) also lead to a peak in carbon monoxide 
(CO) concentrations in the North West Province (Laakso et 
al. 2008). The oxidation of CO results in the formation of the 
hydroperoxy radical (HOO•), which similar to the ROO• radical 
enhance conversion of NO to NO2 (Seinfeld and Pandis 2016). As 
an example, the frequencies of open biomass burning within 100 
and 250 km radii around the Bapong site are presented in Figure 
5, for the first measurement campaign. This data clearly indicates 
a peak in such events during late winter and early spring, which 
correspond with higher ambient O3 concentrations. All sites 

Figure 5: Number of MODIS fire burn scar pixels (Roy et al. 2008, Boschetti 
et al. 2009, 2013), representing open biomass burning frequencies, within 
100 and 250 km radii around Bapong during the first measurement 
campaign.
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exhibited similar seasonal open biomass burning frequency, 
with the only difference that sites further west had lower overall 
MODIS fire burn scar pixel counts, due lower productive (less 
vegetation biomass produced per year) biomes occurring in the 
western South Africa interior (Figure A3, Appendix).
 
Thus far, air mass histories were not considered in explaining the 
observed seasonal patterns (Figures 3 and 4), although it is well-
know that it can play an important role (Garstang et al. 1996, 
Tyson and Preston-Whyte 2000). To illustrate the importance 
thereof, hourly arriving 96-hour back trajectories for the DJF 
and JJA periods during both sampling campaigns for Bapong 
(again used as an example site) are presented in Figure 6. From 
this example, it is evident that the principal flow of air masses 
towards Bapong (indicated by red) during DJF (Figure 6a) 
follows an anti-cyclonic pattern, with dominance from the sector 
between north northwest to northeast. There is limited airflow 

from the south (indicated by yellow). During the JJA period 
(Figure 6b) the anti-cyclonic pattern is still evident, but much 
more air masses pass over the area directly south of Bapong 
(indicated by red), where the relatively polluted Johannesburg-
Pretoria (JHB-Pta) megacity lie (Lourens et al. 2011 and 2016). 
Also, more air masses pass over the fairly polluted Mpumalanga 
Highveld during the JJA period. This example indicates that in 
additional to local sources and local meteorological contributing 
factors, regional transport of pollutants could contribute to the 
observed concentrations. Specifically, SO2 and NO2 transport 
from the JHB-Pta megacity, the Mpumalanga Highveld, the Vaal 
Triangle and the wBC could have impacts on a regional scale. 
 
Spatial distribution
Site specific SO2, NO2 and O3 concentrations were statistically 
presented in Figure 2. The highest SO2 concentrations were 
measured at Bapong (2.55 median and 2.67 ppb mean) 
throughout the entire sampling period, while the second 
highest SO2 levels were measured at Ottoshoop (1.12 median 
and 1.13 ppb mean) (Figure 2a and Table A1, Appendix). Bapong 
is situated within the wBC that is part of the Bojanala Platinum 
district, where a large number of platinum group metal (PGM) 
and base metal (Xiao and Laplante 2004), ferrovanadium 
(Moskalyk and Alfantazi 2003), as well as ferrochromium 
smelters (Venter et al. 2016) occur. Situated relatively close 
(i.e. 13 to 45 km) to Ottoshoop are three cement factories with 
kilns, while Mahikeng, the capital of the North West Province, is 
situated 33 km to the west southwest.

NO2 concentrations were the highest at Vryburg (5.52 median 
and 5.16 ppb mean), Bapong (5.26 median and 5.55 ppb mean), 
Taung (4.68 mean and 5.18 ppb) and Schweizer-Reneke (4.02 
median and 4.22 ppb mean) (Figure 2b and Table A1, Appendix). 
As indicated in the previous paragraph, Bapong is situated in 
an industrial area, where higher pollutant concentrations can 
be expected. Both Vryburg and Taung are areas with larger 
population densities than most of the rural sites considered in this 
study, hence vehicle and/or household combustion emissions 
of NO2 will be more significant. Similarly, vehicle emissions are 
thought to be the main source of the higher NO2 concentrations 
reported for Schweizer-Reneke, since the measurement site was 
located at a municipal building on a relatively busy intersection. 
The lowest NO2 levels were consistently measured at Tosca and 
Morokweng, which are both rural areas with very low population 
density and no significant industrial activities.

In contrast to NO2, the highest O3 levels were measured at 
Morokweng (33.61 median and 34.97 ppb mean), Ottoshoop 
(33.51 median and 34.74 ppb mean) and Tosca (30.99 median 
and 30.17 ppb mean), while the lowest O3 concentrations were 
measured at Taung (24.19 median and 23.92 ppb mean), Vryburg 
(25.02 median and 25.47 ppb mean), and Schweizer-Reneke 
(27.44 median and 27.63 ppb mean) (Figure 2b and Table A1, 
Appendix). Bapong was the exception, since it had higher O3 
and NO2 levels, while NO2 and O3 were inverse of one another 
at most other sites. SO2 is a primary pollutant, while NO2 can be 
a primary pollutant, but it is mostly a secondary pollutant that 

Figure 6: 96-hour overlay back trajectory maps of Bapong (location 
indicated with stars) for the DJF (a) and JJA (b) periods during both 
sampling campaigns. The colour code indicates the percentage of 
the trajectories passing over 0.2º x 0.2º grid cells superimposed on the 
southern African map, with the colours red and blue indicating the highest 
and lowest percentage overpasses, respectively.
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form relatively quickly from NO. During daytime the average 
ratio of [NO]/[NO2] ≈ 0.1 (Seinfeld and Pandis 2016). During nigh 
time NO reacts rapidly with O3 to form NO2 (Seinfeld and Pandis 
2016). Hence, NO2 acts similar to a primary pollutant, such as 
SO2. In contrast, O3 is a secondary pollutant, formed from the 
photochemical reaction of NO2 and with precursor species such 
as VOCs and CO being important (see discussions in Section 3.2). 
Therefore, air mass history in relation to NO2 (as well as VOCs 
and CO) emissions are vital in understanding O3.

In order to better understand transport of SO2 and NO2, as well 
as regional O3 formation, 96-hr overlay back trajectory maps 
were compiled for each of the 10 measurement sites for both 
sampling campaigns combined. Examples of such overlay back 
trajectory maps for Bapong and Morokweng are presented in 
Figure 7. These sites were located on the eastern and western 
borders of the investigated area in the North West province, 
respectively. Also, Bapong had the highest and Morokweng the 
2nd lowest SO2 and NO2 median/mean concentrations during 
both measurement periods. 
 
As previously indicated, there were numerous large point 
sources close to Bapong. In addition, it is evident from Figure 7a 
that Bapong is also frequently impacted by air masses that had 
passed over other polluted areas, such as the JHB-Pta megacity, 
the Mpumalanga Highveld and the Vaal Triangle. In contrast 
to Bapong, the air mass history of Morokweng (Figure 7b) is 
dominated by anti-cyclonic circulation, but this circulation 
mostly takes place north of the South African-Botswana border, 
where much fewer large point sources occur. In addition, air 
masses from the southwest of Morokweng, where the relatively 
clear regional background (i.e. Karoo and Kalahari) is situated, 
affect it fractional more than Bapong.

As indicated earlier, air mass history is also very important to 
understand O3. However, since it is a secondary pollutant, and 
additional phenomena such as titration can occur (Balashov 
et al. 2014) a more detailed discussion on it (regional O3 
perspective) is presented later.

As stated earlier, an intensive campaign was conducted during 
JJA 2019. The JJA period was specifically selected, since SO2 
and NO2 concentrations typically peaked then (Figures 3a and b, 
Figures 4a and b). In order to visualise the combined results of 
the 10 original sites, as well as the 15 additional sites, spatially 
interpolated average concentrations maps for SO2, NO2 and O3 
during JJA 2019 are presented in Figure 8. Historic JJA data for 
Welgegund, Marikana and Botsalano were also included in these 
figures.  These spatially interpolated average concentrations 
maps are not perfect, since i) only a limited number of sites 
could be included in this study and ii) the sites could not be 
equally spaced over the study area. However, notwithstanding 
these limitations, valuable information can be gained from the 
maps.

The SO2 spatial map (Figure 8a) indicate higher SO2 
concentrations on the eastern side of the study area in the North 

West Province, than in the west. As indicted earlier, various large 
point sources occur in the east, that could potentially emit SO2, 
whereas in comparison the western region of the study area has 
no significant industries, thus having lower SO2 concentrations. 
Open biomass burning also occur more frequently in the east, if 
compared to the west of the study area (Figure A3, Appendix). 
Although open biomass burning is expected to contribute 
fractionally less than industrial emissions of SO2 in the context 
of the study area, savannah and grassland biomes are known 
to emit 0.47 ± 0.44 g SO2/kg dry material burnt (Andreae 
2019). Recently, Vakkari et al. (2020) reported even higher SO2 
emissions of 1.1 g SO2/kg for open biomass burning plumes 
measured specifically at Welgegund in the North-West Province. 
Hence open biomass burning will also contribute to the higher 
SO2 concentrations in the eastern than in the west of the study 
area.

Figure 7: 96-hour overlay back trajectory maps of Bapong (a) and 
Morokweng (b) (locations indicated with stars) for both sampling 
campaigns. The colour code indicates the percentage of the trajectories 
passing over 0.2º x 0.2º grid cells superimposed on the southern African 
map, with the colours red and blue indicating the highest and lowest 
percentage overpasses, respectively.
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In contrast to the spatial map for SO2, the NO2 spatial 
concentrations map (Figure 8b) indicated two areas of higher 
concentration, i.e. the extreme east near Bapong and the area 
around Taung. As previously stated, the high number of large 
point sources and higher population density near Bapong 
will results in higher NO2 concentrations. Similarly, the higher 

population density around Taung (Figure A4, Appendix) and 
associated higher vehicle emissions result in higher NO2 
concentrations there. The fact that the additional measurement 
sites, monitored during the intensive campaign, were situated 
next to the relatively busy R378 road, likely also contributed to 
the higher NO2 measured. The lowest NO2 concentrations were 
recorded at the Ottoshoop and Welgegund sites. 
 
The O3 concentration spatial map (Figure 8c) exhibited almost 
the inverse spatial trend than the NO2 map (Figure 8b). 
Particularly the lower O3 measured around the Taung area is of 
interest. This low O3 concentration area, associated with higher 
NO2, suggests that O3 is being titrated there during night-time. 
The spatial map also shows that although significant industrial 
NO2 emissions do not occur in the western part of the North West 
Province, non-point source emissions (e.g. vehicle, household 
combustion and open biomass burning) emit enough NO2 to 
results in exceedances of the O3 standard limit there.

Conclusions and recommendations
With regard to SO2, the results indicated that it is unlikely that 
ambient air quality issues are persistent or wide spread in 
the western, more rural North West Province. Therefore, no 
monitoring of SO2 is currently required there. It was evident that 
SO2 was generally higher in the eastern North West Province 
that is located in, or in proximity to larger point sources. This 
includes the wBC (Rustenburg/Brits/Sun City area), where 
one monitoring site (Bapong) was situated. It is therefore 
recommended that compliance monitoring by industry and/
or government in such areas be continued and/or expanded if 
required.

The atmospheric chemistry of NO2 and O3 are linked to one 
another, therefore it makes sense discussing them together. 
The results indicated that widespread exceedances of the 
8-hrs. moving standard limit of 61 ppb for O3 is likely across 
the entire province, even in the more rural western part. 
Therefore, systematic and continued measurement of O3 would 
be advisable, in order to quantify the problem and to estimate 
impacts better. No exceedances of the annual average limit 
were reported for NO2, nor were any exceedances of the 1-hr. 
standard limit predicted. However, tropospheric O3 can only 
form from NO2, hence it would be important to measure NO2 
with O3. Measurements of NO2 and O3 in the Taung area would 
be particularly meaningful, since the spatial maps indicated that 
O3 is titrated there. The higher NO2 emitted from there is likely 
a regional source of O3, in addition to regional transport of NO2 
from more well-known source areas such as the Mpumalanga 
Highveld, Vaal Triangle, JHB-Pta megacity and the wBC. 
Vehicle emissions is also an important source of NO2 across the 
province, which can only be addressed if the vehicular fleet is 
updated to higher specification over time and if road worthiness 
emission regulations are implemented. The release of nitrogen 
from the fuel consumed during household combustion is also an 
important source of NOx.

Figure 8: Spatially interpolated average SO2 (a), NO2 (b) and O3 (c) 
concentration maps across the area of interest. Spatial interpolations were 
achieved by using the “grid data” function in Matlab, with triangulation-
based linear interpolation.
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In future studies, particulate matter with an aerodynamic 
diameter ≤ 2.5 µm (PM2.5) concentrations should be mapped 
across the province, since the health effect of ambient PM is 
likely to be more severe than the gaseous species considered 
in this study. For such a project, passive measurement of 
PM could also be considered and/or gravimetric filter-based 
measurements that do not require costly instrument, to make 
the project feasible. Lastly, it is recommended that possible 
future studies be augmented by dispersion modelling to at 
least partially address the non-gradual interpolation of spatial 
concentrations with triangulation-based linear interpolation 
that was used here.
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Appendix
Table A1: 5, 25, 50 (median), 75 and 95 percentiles, as well as the minimum, mean and maximum monthly SO2, NO2 and O3 concentrations for each 
measurement site over both sampling campaigns.

Tos Mor Gan Vry San Tau Chr SwR Bap

SO2

min 0.07 0.13 0.10 0.20 0.15 0.12 0.18 0.21 1.28

5% 0.16 0.19 0.19 0.26 0.22 0.17 0.21 0.30 1.56

25% 0.27 0.33 0.34 0.38 0.40 0.30 0.35 0.49 1.99

median 0.39 0.48 0.46 0.49 0.54 0.38 0.52 0.58 2.55

mean 0.43 0.52 0.48 0.54 0.62 0.40 0.56 0.72 2.67

75% 0.52 0.68 0.54 0.65 0.89 0.49 0.66 0.87 3.25

95% 0.90 1.02 0.83 0.88 1.18 0.66 1.15 1.61 4.18

max 0.97 1.19 1.23 1.08 1.36 0.91 1.44 2.05 4.38

NO2

min 0.67 0.71 1.09 2.60 1.22 2.83 0.75 2.04 2.29

5% 0.76 0.88 1.67 2.78 1.45 2.99 1.10 2.21 2.62

25% 1.16 1.37 2.40 3.58 2.14 3.96 1.54 3.06 3.94

median 1.42 1.71 2.79 4.52 2.67 4.68 2.25 4.02 5.26

mean 1.44 1.65 3.15 5.09 2.73 5.18 2.32 4.22 5.55

75% 1.77 1.97 3.80 6.18 3.42 5.96 2.93 5.05 7.63

95% 2.03 2.36 5.01 8.81 3.99 8.40 3.79 7.15 9.41

max 2.23 2.58 6.04 9.47 4.57 9.37 4.43 8.28 10.24

O3

min 13.64 16.77 12.38 8.76 11.60 10.60 14.38 10.30 10.28

5% 20.40 21.02 19.87 14.29 18.51 14.64 20.55 16.70 22.53

25% 26.15 29.55 25.09 20.34 23.64 19.04 25.58 23.70 29.00

median 30.99 34.31 30.21 24.93 27.70 24.19 27.94 27.29 33.80

mean 30.17 33.08 30.02 24.95 27.20 23.93 28.70 27.07 33.95

75% 34.35 37.93 34.05 30.14 31.10 28.31 33.59 32.71 39.47

95% 38.56 41.82 39.36 35.75 37.41 33.27 36.46 36.80 46.95

max 41.27 43.44 40.95 39.21 38.14 33.89 40.87 41.56 48.79

Figure A1: Power order curve fitted to the current South African air quality 
standard limits for SO2.
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Figure A2: Rain events (a) and RH (b) measured at Welgegund during the 
first measurement campaign (April 2014 to March 2015).

Figure A3: MODIS fire pixels (Section 3.5) during the first measurement 
campaign (April 2014 to March 2015) superimposed on biomes in southern 
Africa (Mucina and Rutherford 2006).

Figure A4: Population density in the North West Province (Center for 
international Earth Science Information Network (CIESIN). http://sedac.
ciesin.columbia.edu/gpw, accessed 01/08/2010).
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