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Abstract 

PM2.5 in the indoor and outdoor environment has been linked in epidemiology studies to the 
symptoms, hospital admissions and development of numerous health outcomes including 
death. The study was conducted during April 2017 and April 2018. PM2.5 samples were 
collected over 24 h and every third day. The mean PM2.5 level was 13.4 μg m−3 (range: 1.17–
39.1 μg m−3). PM2.5 levels exceeded the daily World Health Organization air quality 
guideline (25 μg m−3) on 14 occasions. The mean soot level was 1.38 m−1 × 10−5 (range: 0 to 
5.38 m−1 × 10−5). Cl−, NO3

−, SO4
2−, Al, Ca, Fe, Mg, Na and Zn were detected in the PM2.5 

samples. The geographical origin of air masses that passed Cape Town was estimated using 
the Hybrid Single Particle Lagrangian Integrated Trajectory software. Four air masses were 
identified in the cluster analysis: Atlantic-Ocean-WSW, Atlantic-Ocean-SW, Atlantic-Ocean-
SSW and Indian-Ocean. The population of Cape Town may experience various health 
outcomes from the outdoor exposure to PM2.5 and the chemical composition of PM2.5. 

Keywords: PM2.5; Soot; Health effects; Chemical composition; HYSPLIT; South Africa 

 

Introduction 

Various indoor and outdoor air pollutants are linked in epidemiology studies to the 
symptoms, hospital admissions and development of numerous health outcomes such as 
asthma (Fan et al. 2016), cardiovascular disease (Cesaroni et al. 2014; Wang et al. 2015; 
Münzel et al. 2018), skin diseases (Balmes 2019), birth outcomes (Li et al. 2019), sperm 
quality (Lafuente et al. 2016), type 1 and 2 diabetes (Ritz et al. 2019; Howard 2019), lung 
cancer (Lipfert and Wyzga 2019, Hamra et al. 2014)—even with the spread and increase of 
Covid-19’s morbidity and mortality (Bilal et al. 2020; Comunian et al. 2020; Rodríguez-
Urrego and Rodríguez-Urrego 2020) and other disease mortality (Fajersztajn et al. 2017; Liu 
et al. 2019; Orellano et al. 2020). Most of these epidemiology studies were conducted in the 
developed world and very few in Africa (Ostro et al. 2018; Rodríguez-Urrego and Rodríguez-
Urrego 2020, Orellano et al. 2020; Liu et al. 2019; Ofori et al. 2020, Katoto et al. 2019; 
Wichmann and Voyi 2012; Coker and Kizito 2018; Lokotola et al. 2020). 

An epidemiology study in Cape Town, South Africa, reported that exposure to outdoor 
particulate matter smaller or equal to 10 μm in aerodynamic diameter (PM10), nitrogen 
dioxide (NO2), sulphur dioxide (SO2) levels in Cape Town during 2001–2006 posed a much 
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higher risk to die from cardiovascular and respiratory diseases than reported in developed 
countries, even though the outdoor levels were on average similar to those in European cities 
(Wichmann and Voyi 2012). 

Another study in Cape Town observed that a 10 μg m−3 increase in PM10, NO2, SO2 led to 
increases in 2.4% (1.3%, 3.5%), 5.1% (3.0%, 7.2%) and 5.1% (3.0%, 7. 2%) in 
cardiovascular disease hospital admissions during 2011–2016, respectively (Lokotola et al. 
2020). These adverse effects were stronger on days warmer than 20.3 °C. 

Wichmann and Voyi (2012) and Lokotola et al. (2020) did not investigate particulate matter 
smaller or equal to 2.5 μm in aerodynamic diameter (PM2.5) as this air pollutant is not 
currently monitored in Cape Town. The daily and yearly PM2.5 South African national 
ambient air quality standard came into effect on June 29, 2012 (Department of Environmental 
Affairs 2012). It is widely accepted that PM2.5 is more hazardous to human health than PM10, 
as it can penetrate deeper into the respiratory tract than PM10, penetrate the lung barrier and 
enter the blood system (World Health Organization 2013). 

Very few studies in Africa reported on PM2.5 levels (Maenhaut et al. 1996; Petkova et al. 
2013; Gaita et al. 2014; Snider et al. 2016; Fayiga et al. 2018; Tshehla and Djolov 2018; 
Kalisa et al. 2019; deSouza 2020). No study ever reported on PM2.5 levels in Cape Town nor 
investigated its seasonal and weekly variation, chemical composition and possible source 
region contributions by using backward trajectory cluster analysis. The objectives of this 
study were to address these research gaps. 

Materials and methods 

Study setting 

The sampling site was at an urban background, located on the roof of a house in the suburb of 
Kraaifontein, Cape Town (3 m above ground level, 27 km ENE of the city centre and 1 km 
from a busy freeway) (Fig. 1 and Fig. S1). This site was a favourable choice for sampling due 
to the assurance of safety and a continuous supply of electricity. The University of the 
Western Cape campus was not selected as sampling site due to its close proximity to Cape 
Town International Airport. 

Cape Town occupies the south-western most point of the Western Cape Province. 
Topographically, the city is situated 10–150 m above sea level and has many peaks exceeding 
300 m, the most well-known being Table Mountain (1000–1100 m above sea level). 

Cape Town has a Mediterranean-style climate that is influenced by both the warm Agulhas 
current and the cold Benguela current (Western Cape Air Quality Management Plan 2016; 
Beck et al. 2018; World Meteorological Organization 2020). It is the second-most populous 
city in South Africa; 3.7 million residents during the latest census of 2011 (Western Cape Air 
Quality Management Plan 2016). 
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Fig. 1. Study sampling site and ambient air quality monitoring stations used for correlation analyses. Somerset 
West (1), City Hall (2), Goodwood (3), Wallacedene (4), Tableview (5), Kraaifontein study sampling site (6) 

PM2.5 sampling, gravimetric and chemical analyses 

24-h ambient PM2.5 filter samples were collected manually every third day for a period of 
1 year (April 18, 2017, to April 16, 2018) using GilAir-5 personal air samplers (Sensidyne, 
Schauenburg Electronic Technologies Group, Mulheim-Ruhr, Germany) on 37 mm PTFE 
membrane filters (Zefon International, Florida, USA). The flow rate was 4 l/min, similar to 
other studies (Gaita et al. 2014; Novela et al. 2019; Adeyemi 2020). Sampling started 9 a.m. 
and ended 9 a.m. the next day. The start and stop times were selected for practical reasons as 
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starting and stopping a sample at midnight was not practical. PM2.5 was sampled on the same 
days and times in Pretoria and Thohoyandou, South Africa (Novela 2019; Adeyemi 2020). A 
large multi-country study started and ended sampling at 9 a.m. to reduce loss of semi-volatile 
components (Snider et al. 2016). Snider et al. (2016) described that the loss rates of NH4NO3 
during passive air flow were less than during active air flow. The sampling protocol of Snider 
et al. (2016) was designed to actively sample for one diurnal cycle and to avoid daytime 
sampling after collecting night time PM2.5. 

Other studies used pumps that were similar to the GilAir-5 for ambient air monitoring 
(Novela 2019; Adeyemi 2020; Mwase 2020). Mwase (2020) indicated that there was a good 
correlation between PM2.5 levels measured on filter samples using a GilAir-5 pump and those 
obtained using a continuous real-time instrument in Pretoria, South Africa during May 2018 
to May 2019 (Fig. S2). 

In total, 146 24-h PM2.5 filter samples (including 25 duplicate samples) were collected on 
121 days during the 1-year study period. In addition to the 24-h PM2.5 filter samples, four 
composite samples (two weekdays and two weekend days) were collected over four 
consecutive weeks (9 am to 9 am at intervals of 7 days) during September 2017 and January 
2018 to determine the anion and elemental composition of PM2.5. Total exposure time for 
each composite sample was 96 h. 

The 24-h PM2.5 filter samples were weighed at the School of Health Systems and Public 
Health (SHSPH), University of Pretoria (UP) in batches of 20 before and after sampling. An 
ultra-micro-balance (Mettler-Toledo XP6) was used under climate-controlled conditions 
(temperature: 20.1–22.0 °C, relative humidity: 43–54%) (Fig. S3). These batches were hand 
delivered and kept dry from direct sunlight and at room temperature during transit. 

The 96-h PM2.5 filter samples were weighed at the Department of Chemical Sciences, 
University of the Western Cape (UWC) with a microbalance (Mettler-Toledo ML 204) before 
and after sampling. 

The 24-h and 96-h PM2.5 filter samples were stored in a refrigerator at 4 °C. After gravimetric 
analysis, reflectance measurements were performed using an EEL43 reflectometer (Diffusion 
Systems Ltd. EEL model 43 D) at the SHSPH, UP. Measuring light absorption or reflectance 
of PM collected on filters is an alternative method to determine elemental carbon, a marker 
for particles produced by incomplete combustion; also referred to as soot (RUPIOH 2002). 

The results were transformed into absorption coefficient (hereafter ‘soot’). The following 
equation was used, as done in other studies (RUPIOH 2002; Cesaroni et al. 2014): 

         (1)  

where a is the absorption coefficient (m−1 × 10−5), V the sampled volume (m3), R0 the 
reflection of a primary control filter (%), Rf the reflection sampled filter (%) and A the loaded 
filter area (m2). The average reflectance of the primary control filter was 100.075 (SD 0.1). 

Soot levels (m−1 × 10−5) of the 96-h PM2.5 filter samples were converted to equivalent black 
carbon (eBC) levels (μg m−3) in order to calculate the percentage mass in comparison with 
PM2.5 mass. The following equation was used, as done in other studies (Davy et al. 2017): 
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    (2)  

where A is the loaded filter area (8.55 × 10−4 m2), V the sampled volume (m3), σATN is black 
carbon extinction coefficient (19.5 m2 g−1 for PTFE filters), k is the loading correction factor 
(0.3 for PTFE filters) and R is reflectance. 

Elemental levels of the 96-h PM2.5 samples were determined at UWC using a Varian 710-ES 
Inductively Coupled Plasma-Optical Emission Spectrometer (Supplementary text S1). Al, Ca, 
Fe, Mg, Na and Zn levels were above the LOD (0.001 μg m−3), whilst As, Be, Cd, Cr, Co, 
Cu, Pb and Li levels were below the LOD. 

Anion levels of the 96-h PM2.5 filter samples were determined using a Dionex ICS-1600 Ion 
Chromatograph at UWC (Supplementary text S2). Bromide, fluoride, nitrite and phosphate 
levels were below the LOD. Chloride (Cl−), nitrate (NO3

−) and sulphate (SO4
2−) were 

detected in the four samples and had LOD of 0.4 μg m−3, 0.1 μg m−3 and 0.2 μg m−3, 
respectively. 

Geographical origin of air masses 

The geographical origin of air masses that passed Cape Town was applied as surrogates for 
long-range transported air pollution from distant sources and its composition, as done in other 
studies (Kim et al. 2014; Saikat et al. 2015; Schwarz et al. 2016; Molnár et al. 2017; Tshehla 
and Djolov 2018; Novela 2019; Adeyemi 2020). 

For each day in the 1-year study period, 72-h backward trajectories were produced using the 
Hybrid Single Particle Lagrangian Integrated Trajectory software (HYSPLIT) (the latest 
version, July 2018, was downloaded at www.ready. noaa.gov/HYSPLIT.php). 

The HYSPLIT software downloaded and executed by the NCEP/NCAR (National Centers for 
Environmental Prediction/National Centre for Atmospheric Research) Global Reanalysis 
Meteorological Data at the web server of the National Oceanic and Atmospheric 
Administration Air Resources Laboratory (NOAA ARL). An analysis field (resolution 
2.5° × 2.5° and 17 vertical levels) was provided every 6 h (0:00, 6:00, 12:00, 18:00) for a 72-
h backward trajectory and the wind field was interpolated linearly between each analysis, as 
done in other studies (Wichmann et al. 2014; Molnár et al. 2017; Novela 2019; Adeyemi 
2020). 

Since a single backward trajectory has a large uncertainty and is of limited significance, an 
ensemble of trajectories with 500 m starting height and a fixed offset grid factor of 250 m 
was used in this study (i.e. 250 m and 750 m also used) as done in other studies (Wichmann 
et al. 2014; Molnár et al. 2017, Novela 2019, Adeyemi 2020). 

A total of 4380 72-h backward trajectories were generated and applied in the cluster analysis 
with the HYSPLIT software. Four geographical origins of air masses were identified in the 
cluster analysis (Fig. 2, Fig. S4 and Fig. S5): Atlantic-Ocean-WSW, Indian-Ocean, Atlantic-
Ocean-SW and Atlantic-Ocean-SSW. Each day in the 1-year study period was allocated to 
one of these geographical origins of air masses as done in other studies (Wichmann et al. 
2014; Molnár et al. 2017, Novela 2019, Adeyemi 2020). 
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Fig. 2. Four geographical origins of air masses during April 2017 to April 2018 in Cape Town, South Africa 

Other air pollution data and meteorological data 

Additionally, existing air pollution data were obtained from the City of Cape Town after the 
PM2.5 sampling campaign had ended. The hourly data included daily levels of PM10, NO2, 
SO2 and ground-level ozone (O3) measured at six ambient air quality monitoring (AAQM) 
stations during the 1-year study period. The National Environmental Management: Air 
Quality Act (NEMAQA) (Act 39 of 2004) requires the monitoring of criteria air pollutants in 
South Africa (Department of Environmental Affairs 2005). The NEMAQA currently enforces 
NAAQS for PM2.5, PM10, NO2, SO2, carbon monoxide, ground-level O3, lead and benzene 
(Department of Environmental Affairs 2005, 2012). However, as mentioned before, PM2.5 is 
not currently measured at any AAQM station in the City of Cape Town. 

Figure 1 indicates the location of the six AAQM stations in the city (Supplementary text S3 
and S4; Table S7). The AAQM stations at Wallacedene, Goodwood, Tableview, City Hall 
and Somerset-West are within a 30 km radius of the PM2.5 sampling site in Kraaifontein. The 
PM10, NO2, SO2, O3 levels measured at these five AAQM stations were used to indicate 
potential local sources of ambient PM within a 30 km radius of the PM2.5 sampling site. The 
Atlantis AAQM station is situated 37 km from the PM2.5 sampling site and 100 km from the 
town of Saldanha, which has ore refineries. The Atlantis AAQM station was used to indicate 
long-range transported PM2.5 that arrived at the PM2.5 sampling site. 

These six AAQM stations continuously assess real-time levels of the criteria air pollutants 
using equivalent methods of the United States Environmental Protection Agency and in 
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accordance with ISO 17025 guidelines (Department of Environmental Affairs 2005; Western 
Cape Air Quality Management Plan 2016). 

Hourly temperature (°C), relative humidity (%), wind speed (m s−1) and precipitation (mm) 
data were obtained from the South African Weather Service for the 1-year study period. 

The daily averages of PM10, NO2, SO2, ground-level O3 and meteorological variables were 
calculated from 9 a.m. to 9 a.m. on days when PM2.5 was sampled. The daily averages were 
based on at least 18 hourly values. If more than six hourly values were missing during the 24-
h period, then the daily average was set as missing. 

Statistical analyses 

Statistical analyses were performed with SAS version 9.3. Descriptive statistics were reported 
for the 121 observations of the 24-h PM2.5, soot, PM10, NO2, SO2, O3 and meteorological 
variables as well as the four composite samples (96-h anion and elemental composition of 
PM2.5). 

According to the Shapiro-Wilk’s test, in general, the 121 observations of 24-h air pollution 
and meteorological variables did not have normal Gaussian distributions and non-parametric 
tests were applied. Spearman rank-ordered correlation analyses were applied to investigate 
the correlation between the 24-h air pollution and meteorological variables for the 1-year 
study period and by seasons. 

Seasons were defined as: autumn (18/4/2017 to 31/5/2017 and 1/3/2018 to 16/4/2018), winter 
(1/6/2017 to 31/8/2017), spring (1/9/2017 to 30/11/2017) and summer (1/12/2017 to 
28/2/2018). 

Kruskal–Wallis tests were conducted to determine whether the 24-h median air pollution 
levels differed significantly between seasons and between the four geographical origins of air 
masses. Wilcoxon’s rank-sum test was applied to test whether 24-h median air pollution 
levels differed significantly between weekdays and weekends. 

Results and discussion 

24-h PM2.5, soot and meteorological conditions 

Descriptive statistics are presented in Table 1. Time-series graphs of PM2.5, soot and the 
meteorological conditions are presented in Fig. 3. The mean temperature was 17.7 °C and 
ranged from 9.2 to 25.3 °C. Wind speed ranged from 1.0 to 8.1 m s−1 and relative humidity 
37.3 to 90.7%. Figure S6 indicates the frequency of wind speed by seasons and direction. 
There was a severe drought in Cape Town during the sampling period and the maximum 
precipitation recorded was 11.4 mm (Fig. S7). 
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Table 1. Descriptive statistics of 24-h PM2.5, soot and meteorological conditions on 121 days during April 18, 
2017, to April 16, 2018, in Kraaifontein, Cape Town, South Africa 
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Fig. 3. Time-series graphs of PM2.5, soot and meteorological conditions on 121 days during April 18, 2017, to 
April 16, 2018, in Cape Town, South Africa 
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The mean PM2.5 level for the 1-year study period was 13.3 μg m−3, which was below the 
yearly South African National Ambient Air Quality Standard (SA NAAQS) (20 μg m−3) 
(Department of Environmental Affairs 2005), but exceeded the yearly WHO air quality 
guideline (10 μg m−3) (World Health Organization 2005). Median PM2.5 levels in winter 
(13.2 μg m−3) and spring (18.0 μg m−3) were significantly higher (p < 0.05) than in autumn 
(9.8 μg m−3) and summer (8.9 μg m−3). The daily WHO air quality guideline (25 μg m−3) was 
exceeded on 5 and 9 days during winter and spring, respectively. The daily SA NAAQS 
(40 μg m−3) was never exceeded. These exceedances indicate that the population of Cape 
Town may experience various health outcomes due to outdoor PM2.5 exposure, as indicated 
previously. 

The median PM2.5 level on 38 weekend/public holidays (14.1 μg m−3) was significantly 
higher (p < 0.05) than that on 83 weekdays (9.9 μg m−3). A possible reason may be that 
neighbours close by performed metal works over weekends or due to the South African 
tradition of barbequing on weekends; the samples were collected in a residential area. 
However, median soot levels on weekdays and weekends did not differ significantly, see 
below. 

The mean PM2.5 level in this study was lower than the mean in 499 cities of 24 countries 
(37.5 μg m−3) (Liu et al. 2019). In 2012, the yearly average PM2.5 levels in South Africa 
ranged between 4.9 and 43.3 μg m−3, and for all 21 AAQM stations the annual average was 
24.1 μg m−3 (Altieri and Keen 2019). The maximum PM2.5 level was 39.1 μg m−3, which is 
generally lower than those reported in cities from other African countries (deSouza 2020; 
Kalisa et al. 2019; Fayiga et al. 2018; Gaita et al. 2014; Petkova et al. 2013). The mean and 
maximum PM2.5 levels were higher than those reported in rural areas of South Africa 
(Tshehla and Djolov 2018; Novela 2019; Novela et al. 2019), but lower than those reported in 
Pretoria, located about 1600 km north of Cape Town (Morakinyo et al. 2019; Adeyemi 2020; 
Mwase 2020) or the South African towns located in the Vaal Triangle and Highveld air 
pollution priority areas (Olutola et al. 2019). 

The mean soot level was 1.368 m−1 × 10−5 (Table 1). Median soot levels in autumn 
(1.493 m−1 × 10−5) and winter (2.008 m−1 × 10−5) were significantly higher (p < 0.05) 
compared with those in spring (0.837 m−1 × 10−5) and summer (0.547 m−1 × 10−5). Soot levels 
had a consistent downward trend during June 2017 to December 2018 (Fig. 3). Autumn and 
winter had the largest variations in soot levels. Median soot levels on weekdays 
(0.916 m−1 × 10−5) and weekends (1.096 m−1 × 10−5) (p > 0.05) did not differ significantly. 
There is no SA NAAQS or WHO air quality guidelines for soot. 

Very few studies in Africa reported soot levels. The mean soot levels in Pretoria were higher 
and varied between 2.3 m−1 × 10−5 during April 2017 to April 2018 and 0.02 m−1 × 10−5 
during May 2018 to Apr 2019 (Adeyemi 2020, Mwase 2020). The mean soot levels in 
Thohoyandou, a town located in a rural area about 2000 km north of Cape Town, were lower: 
0.69 m−1 × 10−5 during April 2017 to April 2018 (Novela 2019). Luben et al. (2017) 
concluded in a review that atmospheric black or elemental carbon is a risk factor for hospital 
admissions and mortality. Cesaroni et al. (2014) focused on air pollution exposure over many 
years and reported a 10% increase in acute myocardial infarction or other acute and sub-acute 
forms of ischemic heart disease per unit m−1 × 10−5 increase in soot levels in five European 
countries. 
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96-h PM2.5, anion and elemental composition levels 

The 96-h PM2.5 mass ranged between 300 and 400 μg (Table 2). The 96-h PM2.5 level was 
higher on Saturdays (17.4 μg m−3) than on Thursdays (13.0 μg m−3) in September 2017 
(spring). In contrast, the 96-h PM2.5 level was lower on Saturdays (13.0 μg m−3) than on 
Tuesdays (17.4 μg m−3) in January 2018 (summer). The meteorological conditions were 
similar during the 24-h and 96-h sampling. 

Table 2. Anion and elemental composition levels (in μg and μg m−3) of the four 96-h PM2.5 samples collected on 
22 days in September 2017 and January 2018 in Kraaifontein, Cape Town, South Africa 
 

 

The largest fraction of PM2.5 was due to anionic and metallic species ranging from 31 to 54% 
of mass and 27–51% of mass, respectively (Table 2 and Fig. S8). Na and Cl− were the most 
abundant constituents of PM2.5. The Atlantic Ocean (20 km west from the study site) and 
Indian Ocean (25 km south from the study site) are the most probable sources of Na and Cl− 
in the PM2.5 samples. Several epidemiology studies that investigated acute health outcomes, 
such as hospital admissions, published since 2005 have included a source category for sea 
salt. Sea salt has not been associated with adverse health outcomes (World Health 
Organization 2013). 

A study from Pretoria, located inland about 600 km from the Indian Ocean, sampled PM2.5 
and reported lower mean 24-h Cl− levels during spring and summer, 19.3 ng m−3 and 
16.8 ng m−3, respectively (Adeyemi 2020). A study from Nairobi, Kenya, located inland 
about 500 km from the Indian Ocean, sampled PM2.5 and reported lower mean Cl− (Gaita et 
al. 2014). 

Mg may also originate from sea spray, although it was only detected in the January 2018 
samples. Ca was detected in three of the four samples. Ca content can be attributed to either 
sea sand, soil or mineral dust due to traffic or wind. The mean 24-h Ca levels were much 
lower in Pretoria, namely 95.4 ng m−3 and 87.8 ng m−3 during spring and summer, 
respectively. Mean Ca levels (0.31 μg m−3) were lower in Nairobi, Kenya (Gaita et al. 2014). 
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Tshehla and Djolov (2018) reported PM2.5 Ca levels in a rural area in Limpopo province, 
South Africa, that ranged from 0.3 to 9.9 μg m−3. 

Samples collected in Saturdays during spring and summer contained Al (0.4–0.7% of mass) 
and Fe (7.4–9.4% of mass); these elements were not detected in samples collected on 
Tuesdays and Thursdays. A possible reason for Fe detected in weekend samples is that two 
neighbours, approximately 20–50 m from the study site, had performed metal works over 
weekends. 

The mean 24-h Fe levels measured at a background site in Pretoria were lower, namely 
0.355 μg m−3 and 0.237 μg m−3, during spring and summer respectively and 20.9 ng m−3 and 
9.9 ng m−3 for Zn (Adeyemi 2020). A study from Nairobi, Kenya, reported lower mean Fe 
and Zn levels, namely 0.53 μg m−3 and 0.91 μg m−3, respectively (Gaita et al. 2014). Tshehla 
and Djolov (2018) reported Fe levels that ranged from 0.1 to 1.4 μg m−3. A large European 
cohort epidemiology study reported much lower Fe and Zn levels (Beelen et al. 2015). Even 
at such lower Fe and Zn levels, an increase of 3% in natural-cause mortality was observed per 
500 ng m−3 increase in Fe or per 20 ng m−3 increase in Zn (Beelen et al. 2015). The observed 
Fe and Zn levels, if assumed to be experienced citywide in Cape Town, may thus pose a 
significant risk to human health. 

Zn:Al ratios indicate the relative contribution of local road dust to PM2.5 levels (Snider et al. 
2016). Al is predominantly from natural sources (Snider et al. 2016), whilst Zn is mainly 
from tire wear, but also from solid waste or biomass burning and industrial emissions. Snider 
et al. (2016) reported Zn:Al ratios that ranged from 0.13 to 3.74 with a mean of 0.73. The 
mean ratio in this study was 2.17, which is higher than of the Pretoria study site (0.86) 
reported by Snider et al. (2016). 

SO4
2− and NO3

− were present in all samples and indicated combustion sources in the area, 
which may include traffic and biomass fuel burning. SO4

2− in PM2.5 leads to a substantial 
increase in the bioavailable metals and soot (World Health Organization 2013). A review 
concluded that natural-cause mortality increased by 15% and 17% per 1 μg m−3 increase in 
SO4

2− and NO3
−, respectively (Atkinson et al. 2015). The observed SO4

2− and NO3
− levels, if 

assumed to be representative of levels in Cape Town, may thus pose a significant risk to 
human health. 

The inorganic carbon fraction ranged from 7.0–14.2% of mass and the level was higher on 
Saturdays than on Tuesdays and Thursdays, which may be due to the South African tradition 
of barbequing on weekends. 

Another sizeable part of PM2.5 mass was the ‘undetermined’ portion that consisted most 
probably of ammonium (as NH4Cl), volatile organic carbons, polyaromatic hydrocarbons, 
peroxyacyl nitrates and water (Kreidenweis et al. 2008; Widziewicz-Rzońca and Tytła 2020). 

24-h PM2.5 and soot levels by geographical origin of air masses 

Four geographical origins of air masses were identified: Atlantic-Ocean-SW, Atlantic-Ocean-
SSW, Atlantic-Ocean-WSW and Indian-Ocean (Fig. 2). Air masses emanating from the 
Atlantic Ocean dominated in winter (87%), summer (73%), spring (77%) and the entire year 
(71%) (Table S7). In autumn, 51% of the air masses emanated from the Indian Ocean, with 
29% in the entire study period. 
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The median 24-h PM2.5 and soot levels did not differ significantly by the geographical origin 
of air masses (p > 0.05) (Table 3). 

Table 3. Descriptive statistics of 24-h PM2.5 and soot levels on 121 days during April 18, 2017, to April 16, 
2018, in Kraaifontein, Cape Town, South Africa, by geographical origin of air masses 
 

 

The median temperature and relative humidity levels differed significantly by the 
geographical origin of air masses (p < 0.05) (Table S8), with the highest temperature 
(19.7 °C) observed when the air mass originated in the warm Indian Ocean and the lowest 
relative humidity (58.8%) observed when the air mass originated in the cold Atlantic Ocean 
(Atl-Ocean-SSW). Wind speed and precipitation levels were not influenced by the 
geographical origin of air masses (p > 0.05). 

Correlation between 24-h air pollutant levels and meteorological conditions 

The correlation between PM2.5 and soot levels was positive (0.596) (Fig. S9) and the 
strongest during winter (0.818), followed by autumn (0.750), spring (0.546) and summer 
(0.427) (Table S9). All these correlations were significant. 

PM10, NO2, SO2 and O3 levels varied by the hour of the day and indicated possible sources 
(Figs. S10 to S13; Supplementary text S4). The descriptive statistics are indicated in Table 
S10 and discussed in Supplementary text S4. 

PM2.5 and soot levels measured at the Kraaifontein sampling site had positive and significant 
correlations (p < 0.0001) with PM10 levels measured 3 km away at the Wallacedene AAQM 
station (Table 4). This may indicate that the PM10 sources indicated by the Wallacedene 
AAQM station (Supplementary text S4), namely traffic and biomass burning for space 
heating and barbequing, may influence the PM2.5 levels measured at the Kraaifontein 
sampling site. The correlation between PM2.5 and PM10 (0.481) was weaker than the 
correlation observed in 652 cities in 24 countries (0.78) (Liu et al. 2019). 
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Table 4. Correlation between PM2.5, soot, PM10, NO2, SO2, O3 levels on 121 days during April 18, 2017, to 
April 16, 2018, in Cape Town, South Africa 

 

*p = 0.05 

For number of missing values, refer to Table S10 

 

PM2.5 levels had positive and significant correlations with NO2 levels measured at the 
Wallacedene, Goodwood, Tableview (18 km away) and City Hall (27 km away) AAQM 
stations, with the strongest correlations (0.638) between NO2 levels measured at the 
Wallacedene AAQM station (Table 4). NO2 is a precursor for ions of water-soluble inorganic 
salts that can partition to the particulate-phase; hence, traffic in the vicinity of these four 
AAQM stations (Supplementary text S4) may contribute to the PM2.5 levels measured at the 
Kraaifontein sampling site. The strength of the correlations with Goodwood, Tableview and 
City Hall AAQM stations did not follow a clear trend according to distance from the 
Kraaifontein sampling site. Liu et al. (2019) reported a correlation of 0.48 between PM2.5 and 
NO2 in 652 cities in 24 countries. 

As with PM2.5, soot levels had positive and mostly significant correlations with NO2 levels 
with the strongest correlation (0.726) between NO2 levels measured at the Tableview AAQM 
station (Table 4). As with PM2.5, the strength of the correlations with Goodwood, Tableview 
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and City Hall AAQM stations did not follow a clear trend according to distance from the 
Kraaifontein sampling site. 

PM2.5 levels had positive and mostly significant correlations with SO2 levels measured at the 
six AAQM stations, with the strongest correlation (0.597) at the Goodwood AAQM station 
and the weakest (0.198) at the Atlantis AAQM station (37 km away) (Table 4). As with NO2, 
SO2 is a precursor for ions of water-soluble inorganic salts that can partition to the 
particulate-phase; hence, the SO2 sources indicated by these six AAQM stations 
(Supplementary text S4), namely traffic and an oil refinery, may lead to higher PM2.5 levels 
measured at the Kraaifontein sampling site. The lack of significant polluters to the north of 
the study site and poor correlation with SO2 levels in the town of Atlantis indicated that air 
mass transport of airborne particulate matter from the north was minimal. The strength of the 
correlations did not follow a clear trend according to distance from the Kraaifontein sampling 
site. Liu et al. (2019) reported a correlation of 0.40 between PM2.5 and SO2 in 652 cities in 24 
countries. 

As with PM2.5, soot levels had positive correlations with SO2 levels measured at the six 
AAQM stations. The strongest correlation (0.681) was between SO2 levels measured at the 
Goodwood AAQM station and the weakest (0.231) at the Somerset West AAQM station 
(Table 4). As with PM2.5, the strength of the correlations did not follow a clear trend 
according to distance from the Kraaifontein sampling site. 

PM2.5 and soot levels had negative and mostly insignificant correlations with ground-level O3 
levels measured at Wallacedene and the Goodwood AAQM stations, but a positive and 
significant correlation with ground-level O3 levels measured at the Atlantis AAQM station 
(Table 4). Liu et al. (2019) reported a correlation of 0.22 between PM2.5 and O3 in 652 cities 
in 24 countries. 

Meteorological conditions can diffuse, dilute and accumulate air pollution. The results are 
presented in Tables S9 and S11 and discussed in Supplementary text S5. 

Conclusions 

The mean PM2.5 level for the 1-year study period was 13.3 μg m−3, which exceeded the yearly 
WHO air quality guideline (10 μg m−3). Median PM2.5 levels in winter and spring were 
significantly higher than in autumn and summer These exceedances indicate that the 
population of Cape Town may experience various health outcomes due to outdoor PM2.5 
exposure. 

Median soot levels in autumn and winter were significantly higher compared with those in 
spring and summer. The largest fraction of PM2.5 was due to anionic and metallic species. 
The inorganic carbon fraction ranged from 7.0–14.2% of mass. Another sizeable part of 
PM2.5 mass was the “undetermined” portion. 

Four geographical origins of air masses were identified and those emanating from the 
Atlantic Ocean dominated most of the year. In autumn, the air masses emanated from the 
Indian Ocean were more prevalent. The PM2.5 and soot levels did not differ significantly by 
the geographical origin of air masses though. 
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It was observed that air pollution sources indicated by the AAQM stations, namely traffic, 
biomass burning for space heating and barbequing and an oil refinery, may lead to higher 
PM2.5 levels measured at the Kraaifontein sampling site. 

Recommendations are that all the PM2.5 samples are analysed for chemical composition to 
perform source apportionment and health risk assessment studies. 

Acknowledgments 

The authors express gratitude towards the South African National Research Foundation for 
funding, the City of Cape Town: Air Quality Division for providing air pollution data, the 
South African Weather Services for providing meteorological data, Thizwilondi Madzaga 
and Ilse Wells for assisting with laboratory analyses and Peter Molnár, University of 
Gothenburg, Sweden, for preliminary feedback during the MSc studies of John Williams. 

Funding 

This study is funded by the South African National Research 
Foundation (Grant CPT160424162937, Janine Wichmann was the PI). 

Data availability 

Upon request, but then, the authors want to be co-authors on the other study’s manuscript. 

References 

Adeyemi AA (2020) PM2.5 chemical composition, source apportionment and geographical 
origin of air masses in Pretoria, South Africa. PhD(Environmental Health) thesis. University 
of Pretoria, South Africa 

Altieri KE, Keen SL (2019) Public health benefits of reducing exposure to ambient fine 
particulate matter in South Africa. Sci Total Environ 684:610–620 

Atkinson RW, Mills IC, Walton HA, Anderson HR (2015) Fine particle components and 
health--a systematic review and meta-analysis of epidemiological time series studies of daily 
mortality and hospital admissions. J Expo Sci Environ Epidemiol 25(2):208–214 

Balmes JR (2019) Household air pollution from domestic combustion of solid fuels and 
health. J Allergy Clin Immunol 143(6):1979–1987 

Beck H, Zimmermann N, McVicar T et al (2018) Present and future Köppen-Geiger climate 
classification maps at 1-km resolution. Sci Data 180214:180214. 
https://doi.org/10.1038/sdata.2018.214 

Beelen R, Hoek G, Raaschou-Nielsen O, Stafoggia M, Andersen ZJ, Weinmayr G, Hoffmann 
B, Wolf K, Samoli E, Fischer PH, Nieuwenhuijsen MJ, Xun WW, Katsouyanni K, 
Dimakopoulou K, Marcon A, Vartiainen E, Lanki T, Yli-Tuomi T, Oftedal B, Schwarze PE, 
Nafstad P, de Faire U, Pedersen NL, Östenson CG, Fratiglioni L, Penell J, Korek M, 
Pershagen G, Eriksen KT, Overvad K, Sørensen M, Eeftens M, Peeters PH, Meliefste K, 
Wang M, Bueno-de-Mesquita HB, Sugiri D, Krämer U, Heinrich J, de Hoogh K, Key T, 



17 
 

Peters A, Hampel R, Concin H, Nagel G, Jaensch A, Ineichen A, Tsai MY, Schaffner E, 
Probst-Hensch NM, Schindler C, Ragettli MS, Vilier A, Clavel-Chapelon F, Declercq C, 
Ricceri F, Sacerdote C, Galassi C, Migliore E, Ranzi A, Cesaroni G, Badaloni C, Forastiere 
F, Katsoulis M, Trichopoulou A, Keuken M, Jedynska A, Kooter IM, Kukkonen J, Sokhi RS, 
Vineis P, Brunekreef B (2015) Natural-cause mortality and long-term exposure to particle 
components: an analysis of 19 European cohorts within the multi-center ESCAPE project. 
Environ Health Perspect 123(6):525–533 

Bilal BMF, Benghoul M et al (2020) Environmental pollution and COVID-19 outbreak: 
insights from Germany. Air Qual Atmos Health:1–10. https://doi.org/10.1007/s11869-020-
00893-9 

Cesaroni G, Forastiere F, Stafoggia M et al (2014) Long term exposure to ambient air 
pollution and incidence of acute coronary events: prospective cohort study and meta-analysis 
in 11 European cohorts from the ESCAPE Project. BMJ 348. 
https://doi.org/10.1136/bmj.f7412 

Coker E, Kizito S (2018) A Narrative review on the human health effects of ambient air 
pollution in sub-saharan Africa: an urgent need for health effects studies. Int J Environ Res 
Public Health 15(3):427. https://doi.org/10.3390/ijerph15030427 

Comunian S, Dongo D, Milani C, Palestini P (2020) Air pollution and Covid-19: the role of 
particulate matter in the spread and increase of Covid-19’s morbidity and mortality. Int J 
Environ Res Public Health 17(12):4487. https://doi.org/10.3390/ijerph17124487 

Davy P, Tremper A, Nicolosi E et al (2017) Estimating particulate black carbon 
concentrations using two offline light absorption methods applied to four types of filter 
media. Atmos Environ 152:24–33 

Department of Environmental Affairs (2005) Available at: 
https://www.environment.gov.za/sites/default/files/legislations/nema_amendment_act39.pdf 
and 
https://www.environment.gov.za/sites/default/files/legislations/nemaqa_airquality_g32816go
n1210_0.pdf. Accessed 23 Jul 2020 

Department of Environmental Affairs (2012) Available at: 
https://www.environment.gov.za/sites/default/files/gazetted_notices/nemaqa_ambientair_qual
ity_g35463gen486_0.pdf. Accessed 23 Jul 2020 

deSouza P (2020) Air pollution in Kenya: a review. Air Qual Atmos Health. 
https://doi.org/10.1007/s11869-020-00902-x 

Fajersztajn L, Saldiva P, Pereira LAA, Leite VF, Buehler AM (2017) Short-term effects of 
fine particulate matter pollution on daily health events in Latin America: a systematic review 
and meta-analysis. Int J Public Health 62(7):729–738 

Fan J, Li S, Fan C, Bai Z, Yang K (2016) The impact of PM2.5 on asthma emergency 
department visits: a systematic review and meta-analysis. Environ Sci Pollut Res Int 
23(1):843–850 



18 
 

Fayiga AO, Ipinmoroti MO, Chirenje T (2018) Environmental pollution in Africa. Env Dev 
Sustain 20(1):41–73 

Gaita SM, Boman J, Gatari MJ et al (2014) Source apportionment and seasonal variation of 
PM2.5 in a Sub-Sahara African city: Nairobi, Kenya. Atmos Chem Phys 14:9565–9601 

Hamra GB, Guha N, Cohen A, Laden F, Raaschou-Nielsen O, Samet JM, Vineis P, Forastiere 
F, Saldiva P, Yorifuji T, Loomis D (2014) Outdoor particulate matter exposure and lung 
cancer: a systematic review and meta-analysis [published correction appears in. Environ 
Health Perspect 122(9):906–911 

Howard SG (2019) Exposure to environmental chemicals and type 1 diabetes: an update. J 
Epidemiol Community Health 73(6):483–488 

Kalisa E, Archer S, Nagato E, Bizuru E, Lee K, Tang N, Pointing S, Hayakawa K, Lacap-
Bugler D (2019) Chemical and biological components of urban aerosols in Africa: current 
status and knowledge gaps. Int J Environ Res Public Health 16(6):941 

Katoto PDMC, Byamungu L, Brand AS, Mokaya J, Strijdom H, Goswami N, de Boever P, 
Nawrot TS, Nemery B (2019) Ambient air pollution and health in Sub-Saharan Africa: 
current evidence, perspectives and a call to action. Environ Res 173:174–188 

Kim H, Chung Y, Choi H (2014) On air pollutant variations in the cases of long-range 
transport of dust particles observed in central Korea in the leeside of China in 2010. Air Qual 
Atmos Health 7:309–323 

Kreidenweis SM, Petters MD, DeMottet PJ (2008) Single-parameter estimates of aerosol 
water content. Environ Res Lett 3. https://doi.org/10.1088/1748-9326/3/3/035002 

Lafuente R, García-Blàquez N, Jacquemin B, Checa MA (2016) Outdoor air pollution and 
sperm quality. Fertil Steril 106(4):880–896 

Li Z, Tang Y, Song X, Lazar L, Li Z, Zhao J (2019) Impact of ambient PM2.5 on adverse birth 
outcome and potential molecular mechanism. Ecotoxicol Environ Saf 169:248–254 

Lipfert FW, Wyzga RE (2019) Longitudinal relationships between lung cancer mortality 
rates, smoking, and ambient air quality: a comprehensive review and analysis. Crit Rev 
Toxicol 49(9):790–818 

Liu C, Chen R, Sera F, Vicedo-Cabrera AM, Guo Y, Tong S, Coelho MSZS, Saldiva PHN, 
Lavigne E, Matus P, Valdes Ortega N, Osorio Garcia S, Pascal M, Stafoggia M, Scortichini 
M, Hashizume M, Honda Y, Hurtado-Díaz M, Cruz J, Nunes B, Teixeira JP, Kim H, Tobias 
A, Íñiguez C, Forsberg B, Åström C, Ragettli MS, Guo YL, Chen BY, Bell ML, Wright CY, 
Scovronick N, Garland RM, Milojevic A, Kyselý J, Urban A, Orru H, Indermitte E, Jaakkola 
JJK, Ryti NRI, Katsouyanni K, Analitis A, Zanobetti A, Schwartz J, Chen J, Wu T, Cohen A, 
Gasparrini A, Kan H (2019) Ambient particulate air pollution and daily mortality in 652 
cities. N Engl J Med 381(8):705–715 



19 
 

Lokotola CL, Wright CY, Wichmann J (2020) Temperature as a modifier of the effects of air 
pollution on cardiovascular disease hospital admissions in Cape Town, South Africa. Environ 
Sci Pollut Res Int 27(14):16677–16685 

Luben TJ, Nichols JL, Dutton SJ, Kirrane E, Owens EO, Datko-Williams L, Madden M, 
Sacks JD (2017) A systematic review of cardiovascular emergency department visits, hospital 
admissions and mortality associated with ambient black carbon. Environ Int 107:154–162 

Maenhaut W, Salma I, Cafmeyer J, Annegarn HJ, Andreae MO (1996) Regional atmospheric 
aerosol composition and sources in the eastern Transvaal, South Africa, and impact of 
biomass burning. J Geophys Res 101:23631–23650 

Molnár P, Tang L, Sjöberg K, Wichmann J (2017) Long-range transport clusters and positive 
matrix factorization source apportionment for investigating transboundary PM2.5 in 
Gothenburg, Sweden. Environ Sci Process Impacts 19(10):1270–1277 

Morakinyo O, Mokgobu M, Mukhola S (2019) Health risk analysis of elemental component 
of respirable particulate matter in an urban area in South Africa. Environ Epidemiol 3:274 

Münzel T, Gori T, Al-Kindi S et al (2018) Effects of gaseous and solid constituents of air 
pollution on endothelial function. Eur Heart J 39(38):3543–3550 

Mwase NS (2020) Human health risks of inhalable exposure to PM2.5 Pretoria, South Africa. 
MSc(Epidemiology) dissertation. University of Pretoria, South Africa 

Novela, RJ (2019) Quantification of fine particulate matter, soot in ambient air and the 
geographical origin of the air masses passing through Thohoyandou. MSc(Environmental 
Sciences). University of Venda, South Africa 

Novela R, Gitari M, Chikoore H et al (2019) Quantification of fine particulate matter in 
ambient air, chemical characterization and the geographical origin of the air masses passing 
through Thohoyandou, South Africa. Environ Epidemiol 3:438 

Ofori SA, Cobbina SJ, Doke DA (2020) The occurrence and levels of polycyclic aromatic 
hydrocarbons (PAHs) in African environments-a systematic review. Environ Sci Pollut Res 
Int. https://doi.org/10.1007/s11356-020-09428-2 

Olutola B, Claassen N, Voyi K et al (2019) Apparent temperature as a modifier of the effects 
of air pollution on respiratory disease hospital admissions in Secunda, South Africa. Environ 
Epidemiol 3:439 

Orellano P, Reynoso J, Quaranta N, Bardach A, Ciapponi A (2020) Short-term exposure to 
particulate matter (PM10 and PM2.5), nitrogen dioxide (NO2), and ozone (O3) and all-cause 
and cause-specific mortality: systematic review and meta-analysis. Environ Int 142:105876 

Ostro B, Spadaro JV, Gumy S, Mudu P, Awe Y, Forastiere F, Peters A (2018) Assessing the 
recent estimates of the global burden of disease for ambient air pollution: methodological 
changes and implications for low- and middle-income countries. Environ Res 166:713–725 



20 
 

Petkova EP, Jack DW, Volavka-Close NH, Kinney PL (2013) Particulate matter pollution in 
African cities. Air Qual Atmos Health 6:603–614 

Ritz B, Hoffmann B, Peters A (2019) The effects of fine dust, ozone, and nitrogen dioxide on 
health. Dtsch Arztebl Int 51-52:881–886 

Rodríguez-Urrego D, Rodríguez-Urrego L (2020) Air quality during the COVID-19: PM2.5 
analysis in the 50 most polluted capital cities in the world. Environ Pollut 266(Pt 1):115042 

RUPIOH (Relationship between Ultrafine and fine Particulate matter in Indoor and Outdoor 
air and respiratory Health) project (2002) Determination of absorption coefficient using 
reflectometric method. Available at: http://www.escapeproject.eu/manuals/index.php. 
Accessed 23 Jul 2020 

Saikat G, Jhumoor B, Sarath G et al (2015) An investigation of potential regional and local 
source regions affecting fine particulate matter concentrations in Delhi, India. J Air Waste 
Manag Assoc 65(2):218–231 

Schwarz J, Cusack M, Karban J, Chalupníčková E, Havránek V, Smolík J, Ždímal V (2016) 
PM2.5 chemical composition at a rural background site in Central Europe, including 
correlation and air mass back trajectory analysis. Atmos Res 176-177:108–120 

Snider G, Weagle CL, Murdymootoo KK, Ring A, Ritchie Y, Stone E, Walsh A, Akoshile C, 
Anh NX, Balasubramanian R, Brook J, Qonitan FD, Dong J, Griffith D, He K, Holben BN, 
Kahn R, Lagrosas N, Lestari P, Ma Z, Misra A, Norford LK, Quel EJ, Salam A, Schichtel B, 
Segev L, Tripathi S, Wang C, Yu C, Zhang Q, Zhang Y, Brauer M, Cohen A, Gibson MD, 
Liu Y, Martins JV, Rudich Y, Martin RV (2016) Variation in global chemical composition of 
PM2.5: emerging results from SPARTAN. Atmos Chem Phys 16:9629–9653 

Tshehla C, Djolov G (2018) Source profiling - source apportionment and cluster transport 
analysis to identify the sources of PM and the origin of air masses to an industrialised rural 
area in Limpopo. Clean Air J 28(2):54–66 

Wang C, Tu Y, Yu Z, Lu R (2015) PM2.5 and cardiovascular diseases in the elderly: an 
overview. Int J Environ Res Public Health 12(7):8187–8197 

Western Cape Air Quality Management Plan (2016) Available at: 
https://www.westerncape.gov.za/eadp/files/atoms/files/Western%20Cape%20Air%20Quality
%20Management%20Plan.pdf. Accessed 23 Jul 2020 

Wichmann J, Voyi K (2012) Ambient air pollution exposure and respiratory, cardiovascular 
and cerebrovascular mortality in Cape Town, South Africa: 2001–2006. Int J Environ Res 
Public Health 2012(11):3978–4016 

Wichmann J, Sjöberg K, Tang L, Haeger-Eugensson M, Rosengren A, Andersson EM, 
Barregard L, Sallsten G (2014) The effect of secondary inorganic aerosols, soot and the 
geographical origin of air mass on acute myocardial infarction hospitalisations in 
Gothenburg, Sweden during 1985–2010: a case-crossover study. Environ Health 13:61 



21 
 

Widziewicz-Rzońca K, Tytła M (2020) First systematic review on PM-bound water: 
exploring the existing knowledge domain using the CiteSpace software. Scientometrics 
124:1945–2008 

World Health Organization (2005) Air quality guidelines – global update 2005. Available at: 
https://www.who.int/airpollution/publications/aqg2005/en/. Accessed 23 Jul 2020 

World Health Organization (2013) Review of evidence on health aspects of air pollution – 
REVIHAAP report. Available at: 
https://www.euro.who.int/__data/assets/pdf_file/0004/193108/REVIHAAP-Final-technical-
report-final-version.pdf?ua=1. Accessed 23 Jul 2020 

World Meteorological Organization (2020) World weather information service:Cape Town. 
Available at: http://worldweather.wmo.int/en/city.html?cityId=138. Accessed 23 Jul 2020 


