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ABSTRACT

Background: Air pollution is one of the major problems being faced by most of the big and
industrial cities of the world and has become a major environmental threat over the last few
years. This environmental threat has gained more attention because of its increased health
effects on humans which includes morbidity and mortality. It has various adverse effects, such
as increased pulmonary infections, respiratory diseases, acute illnesses and hospitalizations and
can eventually lead to death. The need for source identification and abatement strategies for
air pollution is crucial in order to meet the SDG goal to reduce pollution by 2030. Therefore,
this study investigated the characterisation of PM2.s, source apportionment, origin of air masses
into Pretoria alongside the association between air pollutant and hospital admissions due to

respiratory diseases.

Method: This study was divided into primary and secondary data collection phases. For the
primary data collection, daily 24-hour PM2s samples were collected every third day between
18 April 2017 and 17 April 2018 at an urban background site in Pretoria. A total of 122 PM:5
samples and 25 duplicate PM2. s samples were collected and analysed for particulate mass, soot,
black carbon (BC), organic carbon (OC) and 18 trace elements. Source apportionment analysis
was conducted on this dataset using the positive matrix factorisation method. Air mass
trajectories, as a surrogate for distant sources of PM2s, were estimated using the HYSPLIT
model (version 4.9). The daily average trajectories were calculated backwards for 72 h and
used for cluster analysis. The clustering algorithm coupled in HYSPLIT was based on the

distance between a trajectory endpoint and the corresponding cluster mean endpoint.

The secondary data, daily hospital admissions, PM1o, NO2 and SO data, used for this project
were obtained from a private hospital group and the South African Air Quality Information
System, managed by the South African Weather Services. The time-stratified case-crossover
epidemiology study design and conditional logistic regression models were applied to
investigate the association between PMio, NO2, SO, and respiratory disease (RD) hospital

admissions during the study period 1 January 2011 to 30 November 2014.

Results: The annual mean for PM2s (n =122 days) was 21.1ug/m?® (range 0.7 - 66.8 pug/md).
The highest PM2s mean value was recorded during winter, which was significantly higher than
autumn, spring, and summer (p<0.0001). No significant difference between weekdays and
weekend (P>0.9567) was observed. Most exceedances of PM..s, when compared with daily



World Health Organization (WHO) guidelines and South African standards were observed in
mid-autumn and winter. Soot, BC and OC followed the same trend as PM2s concentration.
Average S (1480 ng/m?®) concentration was the highest among elements detected, followed by
Si, Fe, K and Ca, in that order. Seven sources and their contributions to the total PM.s were
identified and quantified. These included vehicle exhaust — 8.6%, and base metal/
pyrometallurgical - 0%, soil dust -13.2%, secondary Sulphur —31.4%, vehicle exhaust — 12.5%,
road traffic — 7.3%, coal burning -27.2%, while the percentage of PM2s specie in the base
metal/ pyrometallurgical factor was 0%. The identified source factors exhibited seasonal
variations, coal burning and secondary Sulphur being the highest during winter while soil dust

and road traffic were lowest during summer.

Five transport clusters were identified during the 1-year study period: National Limpopo (Nat-
LP), transboundary (TB), Easterly-Indian Ocean, South Easterly-Indian Ocean and South
Westerly-Atlantic Ocean. In addition to this, 85% of the transport clusters were of local and
transboundary origin, 15% were long-range transport, while cluster 1 had the highest PM2s
concentration. Cluster 1 can be attributed to main source of pollution contributing to the PM
level at the sampling site due to the activities going on in the region, such as biomass burning,

coal mining.

Of the 17,647 hospital admissions in Pretoria, 51.8% (n=9,147) were women and 61.6%
(n=10,870) were 0-14-year old. In the unstratified analysis, a 10 ug/m?® increase in PM1o was
associated with statistically insignificant increase of 0.2% (-0.7%; 1.2%) in RD hospital
admissions; no significant association was observed for NO2 during cold days. Significant
association between SO, and RD hospital admissions was observed for females and male

patients during warm and cold days.

Conclusion: This project contributes to the very few source apportionments studies of PMz s
in Africa and specifically South Africa. Coal burning remains one of the main sources that
should be addressed. Late autumn and winter season recorded the highest concentration. The
risks of RD hospital admission due to PM1o exposure in Pretoria were higher on warm days
than on cold days. The apportioned sources and the origin of air masses from this study align
with the known existing sources in the country. Oceanic influences, local and transboundary
sources (Southern African countries) contribute to the air masses passing over Pretoria,

therefore, abatement strategies are paramount to reduce the level of pollution during this time.

Xi



The findings of the study can be of help to the government in the formulation of air pollution
guidelines as a measure to mitigate the effect of air pollution on the environment. In addition
to this, if there is strict compliance to the already formulated regulation on the identified
sources, this will significantly reduce the effect of air pollution in our cities. Lastly, the outcome
of this project will help the South African government in their air quality management plan

that are reviewed regularly.
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CHAPTER ONE: INTRODUCTION

1.1  Air pollution: the world’s worst environmental health risk

Developed and developing countries of the world continue to be faced with the problems of air
pollution both outdoors (ambient) and indoors (household) which is a major environmental
health risk. For a few decades, air pollution has been a growing concern with an increase of
acute episodes of its occurrence in many cities of the world. According to a report by WHO in
2014, it was estimated that over 7 million people die prematurely due to air pollution every
year, i.e. one in every eight deaths globally, which is far more than the combined deaths
recorded as a result of HIV, tuberculosis and malaria. With respect to the above, air pollution

has been tagged as a major risk factor in Africa.l?

The alarming rate at which air pollution is rising invariably impacts negatively on the economy
and the quality of life thereby making it a public health emergency.® The WHO (2015)
estimated that more than 36 million deaths are recorded each year as a result of NCD, and

nearly 80% of these are from low to middle-income countries, such as South Africa.*

However, exposure to outdoor air pollutants is beyond what individuals can regulate and
therefore needs attention and urgent action by public authorities at various levels e.g. national,
regional and international. The WHO, in 2015, passed a global road map to address health
effects due to air pollution.> The road map urges "......Member States to develop air quality
monitoring systems and health registries to improve surveillance for all illnesses related to air
pollution; promote clean cooking, heating and lighting technologies and fuels; and strengthen
international transfer of expertise, technologies and scientific data in the field of air pollution™.
In recent years, and despite the tremendous effort being put in place to clean up the
environment, air pollution has remained a major health problem to the public globally and the

occurrences are greatest in developing countries.

For example, the National Environmental Management: Air quality Act (AQA Act No.39 of
2004) of South Africa was put into effect in 2005 as a method to manage the air quality of the
country, by introducing air quality management (AQM) as the control strategy. In 2009,
national ambient air quality standards were established for seven different pollutants for sulfur
dioxide (SO.), nitrogen dioxide (NO), particulate matter (PM10), 0zone (Os), benzene (CeHs),
lead (Pb), and carbon monoxide (CO) Despite the promulgation of this act, currently the



country has no ambient metal standards in place except for lead, making it difficult to protect

the general population from the adverse effect of these pollutants®.

The existence of foreign substances in the air, which affects the health and well-being of living
things, is termed air pollution®. Air pollution is a complex mixture of particles, vapours, and
gases, which have their origin from either natural or anthropogenic sources. Anthropogenic
sources include emissions from transport and industrial sectors, burning of biomass fuel, re-
suspended dust, and inadequate waste burning and management. According to a review by
Scorgie et al’, it was reported that the main anthropogenic sources of particulate matter
emission into the atmosphere in South Africa includes motor vehicles, industries burning
fossils fuels in equipment or machines that come without emission regulator devices, and
residential areas where the use of coal, firewood and kerosene is high. i.e. areas without

electricity supplies.

Sulphur dioxide (SO2), nitrogen dioxide (NO2), nitrogen oxides (NOx), carbon monoxide
(CO), volatile organic compounds (VOCs), POPs, ozone, lead and particulate matter (ambient
PMyo and PM25) are most commonly monitored and require management on local and regional
levels. Particulate matter (PM) is an important atmospheric pollutant due to its impact on local
and regional air quality®, and adverse effect on visibility®, climate system® and human health.
Most trace metals constitute only about 1% of the total PM but play a critical role in the
identification source. Therefore, sources can be precisely and clearly classified using specific

trace elements.!

In addition, the investigation of these sources can be achieved by source apportionment. Source
apportionment studies are used to determine the contributing sources to ambient PM measured
at a particular monitoring site. Chemical compounds determined in the measured PM defines
some “chemical fingerprint,” which hints of the attribution of the PM to sectors as sources of
ambient PM*2, The positive matrix factorisation (PMF) is one of the methods used to determine
the source profile and source contribution to the total PM.s based on the knowledge of the
variation of the elemental concentration, their periodicity, correlation with other elements and

meteorological parameters??,

Aerosol particles concentrations in an urban area are affected by several factors such as
exhaust, non-exhaust and suspension emissions. Beside these factors, industrial emission and

long-range transport can affect the PM number and mass concentration'?.



Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is widely used in
determining the origin or fate of air parcels in the atmosphere®®. The use of air quality data with

back trajectory analysis can be used to determine the potential source area for the LRT.6-29

Furthermore, there has been significant interest in recent years in the health effects of exposure
to both short fluctuations and long-term levels of air pollution, especially the common
environmental pollutants which includes PM, ozone, carbon monoxide, nitrogen dioxide and

sulphur dioxide?.

Brunekreef and Holgate?! reported that increased mortality and morbidity worldwide has been
traced to temporary or acute exposure of ambient air pollution in which particulate matter is of
great concern. Epidemiological studies such as cohort and time series studies have associated
higher concentrations of PM to increased morbidity and mortality?>?>. Most of these studies
have evaluated the health effects of particles expressed as the risk per unit mass/m? of PMyo or
PM2s. However, the cause-effect chain is thought to be very complex, including issues such as
chemical composition and physical characteristics of the inhaled particles, and it is not yet clear
which causative agents and underlying mechanisms are responsible for the adverse health
effects. Therefore, identification of sources and characteristics of particulate matter is of utmost
important because it is responsible for the documented health burden to the public.

1.2 Rationale for the study

Outdoor and indoor air pollution in South Africa have been perceived to be a serious problem
with the emissions of different air pollutants such as SO2, NO., particulate matter VOC etc.,
and their corresponding concentrations in the atmosphere being of great concern. Emission of
pollutants from various sources in different parts of the country have greatly imparted the air
quality, thus creating a serious threat to the vital roles the atmosphere plays in protecting and
supporting life through the absorption of dangerous ultraviolet radiation, warming the surface
and regulating the earth temperature.?® Outdoor air quality remains a key issue in South Africa,
especially in cities such as Cape Town, Durban, Johannesburg and Pretoria?’2°. Considering
South Africa as one of the middle-income countries, it is difficult to quantify the impacts of air
pollution around the cities due to limited availability of information on exposure to air pollution

and its effects on health of the people.



Thus far, there is no air quality programme for the WHOSs Africa region, but they exist in other
WHO regions. This is of the strategic importance to the study. At the United Nations
Sustainable Development Summit on 25 September 2015, world leaders adopted the 2030
Agenda for Sustainable Development. The 17 Sustainable Development Goals (SDGs) (valid
2016-2030) included the vision to end poverty, fight inequality and injustice, and address
environmental risk factors such as air pollution and climate change by 2030. They replaced the
Millennium Development Goals that were valid from 2000-2015. One of them also addresses
air pollution explicitly, namely Goal 3.9, which reads as follows: By 2030, substantially reduce
the number of deaths and illnesses from hazardous chemicals and air, water and soil pollution

and contamination.%®

Therefore, it is important to take cognizance of the report released by WHO? in 2016 regarding
the update of the global urban ambient air pollution database. Despite this overall progress in
formulating progressive environmental legislation in South Africa, the breath of possible health
impacts of air quality in South Africa has not been comprehensively investigated in
epidemiological studies thus constituting a major research gap. Hence, this study characterises
PM2 s, apportion sources and determines the origin of air masses into Pretoria. Case cross-over
design was used to investigate the association between air pollutant and respiratory hospital
admissions. Lastly, the results of this project will contribute immensely to the City of Tshwane
AQMP, to ensure effective mitigation strategies are implemented.

1.3 Research question

The main research question addressed in this project was:
1. What are the likely sources of ambient PMas in Pretoria?
2. Are there any associations between air pollution, respiratory disease and hospital

admissions in Pretoria, South Africa?

131 Aim

This project aimed to investigate the characterisation of PM2 s, source apportionment, origin of
air masses into Pretoria from 18 April 2017 to 17 April 2018, and the association between
hospital admissions due to respiratory diseases and air pollutants (PM1o, NO2 and SOz) over

the period of January 2011 to November 2014.



1.3.2 Objectives

This project had five objectives, namely:

1. Collection of PM_; filter samples at one site in Pretoria over a period of one (1)
year

2. To determine the soot, BC, OC and trace elements content of the collected PM2s
samples

3. To identify the sources of pollution that contributes to PMzs in Pretoria using
Positive Matrix Factorization (PMF).

4. To identify the geographical origin of air masses (surrogate for distant sources of
PM2s) that pass Pretoria by applying the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model.

5. To determine cases of the associations between air pollutants (PM1g, NO2 and SO3)
and hospital admissions for respiratory diseases in Pretoria South Africa over the

period of January 2011 to November 2014.

1.4 Outline of thesis

In the current chapter, the general introduction to the research topic is given, the problem
statement, significance of the study, the research aims and objectives, as well as the

research questions were addressed.

Chapter 2: Literature review

This chapter focused on air pollution, indoor and outdoor air pollution, characteristics of
air pollution, air pollutants, Short term effect of air pollution on hospital admission,
Epidemiological studies in South Africa, South Africa’s policy and laws on air pollution,
Air quality management plan in South Africa, state of air pollution monitoring in Africa

and source apportionment.

Chapter 3: Research methodology

This chapter focused on the exposure assessment study i.e. study location air sampling
monitoring, chemical analysis of PMs filters, source apportionment, origin of air masses
in Pretoria and statistical analysis. The epidemiology study, i.e. study design, data analysis,

statistical analysis (calculation of the associations between air pollutants and RD hospital



admissions), were presented. Lastly, ethics application was submitted to the Faculty

Research Ethic Committee for approval.

Chapter 4: Overview of PMzs, soot, BC, OC and trace elements

This chapter informs the reader about the findings of the study as it related to objective one
two and four, i.e. collection of PM25s filter samples in Pretoria, determination of soot, BC,
OC and trace elements contents of the collected sample. Lastly, there is a section involving
origin of air masses in Pretoria. (i.e. surrogate for distant sources of PM2s)

Chapter 5: PM2s source apportionment

This chapter presented the findings on the identified sources of PM2s in Pretoria alongside

the origin of air masses (transport clusters).

Chapter 6: Epidemiological study

This chapter focused on the results of the association between air pollutants and RD

hospital admissions, which is written in article format.

Chapter 7: Conclusion and recommendations

This chapter summarised the main findings of the project, its strengths and limitations, as

well as recommendations.
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CHAPTER TWO: LITERATURE REVIEW

2.1  Air pollution

Air pollution, namely outdoor and indoor, originates from different sources both natural and
man-made (anthropogenic) including industrial processes, road traffic, combustion of biomass,
windblown sand and volcanoes. Air pollution can be classified as either primary, i.e. direct
emission from a process, or secondary, formed due to a chemical reaction between the primary
pollutants in the air (e.g. ground level ozone). In South Africa, the major sources of pollution
include power generation, industrial processes, waste disposal, transportation, biomass
burning, landfill sites, wastewater treatment, agriculture and burning dirty fossil fuels in
appliances that are outdoors and domestic use of coal, wood and paraffin which are mostly
indoor!. In addition, biomass burning is also a significant source of gases and particulate matter
emissions to the atmosphere. Pollutants associated with biomass burning include greenhouse
gases (carbon dioxide (CO2), methane and nitrous oxide (NO), carbon monoxide (CO), and
Volatile Organic Compounds (VOCs) especially in tropical and subtropical regions. South
Africa has been reported as the ninth highest atmospheric sulphur emitting country and biomass

burning emissions from this region are known to have a global effect.?3#

2.1.1 Indoor air pollution

Indoor air pollution can be referred to as pollution inside or near the household. Cooking,
lighting and space heating are the major contributors to household air pollution. Generation of
electricity in South Africa significantly increased after the apartheid era, resulting in the
increase of household using electricity for lighting and cooking from 57% in 1996 to 84% in
2011°. Furthermore, according to the census conducted by Statistics South Africa in 2011,
around 26% of household still utilise fuels other than electricity for daily cooking®. Sources of
indoor air pollutants include inefficient heating stoves, cooking stoves, and open fire from
burning of coal or biomass. Indoor air pollution, black carbon and emissions can be
significantly reduced by adopting cleaner fuels and more efficient stoves, this in turn improves
health conditions decreases demand for fuel, and provides economic and other health
benefits’8. The contribution of household air pollution to ambient air pollution has been
estimated to be responsible for about 12% of outdoor combustion-derived particulate matter
PM_s (mass of particles smaller than 2.5 um with 50% cut-off point) globally®. Exposure to
household air pollution is known to be a leading environmental risk factor for ill health.

Bonjour et.al* reported that globally, nearly 2.8 billion people use solid fuels primarily for

10



cooking and the WHO reported that approximately 4.3 million premature deaths are attributed

to household air pollution exposures (Figure 2.1).

Lung cancer,
272,000, 6% ALRI, 534,000,

13%

IHD, 1,088,000,
25%

Stroke, 1,462,000,
34%

COPD, 928,000,
22%

Figure 2.1: Deaths attributable to household air pollution, 2012. ALRI = acute lower
respiratory infections; IHD = ischemic heart disease; COPD = chronic obstructive
pulmonary disease. Source: WHO, 2014

2.1.2 Outdoor air pollution

Outdoor air pollution is known to be a worldwide problem associated with serious effect on
human health. In 2011, approximately 80% of the world’s population were exposed to air
pollution level that exceeded the WHO air quality guidelines®2. Air quality globally is affected
by pollutants emitted by numerous sources while the corresponding concentrations in the
atmosphere cause a great concern. The major contributors to these pollutants in South Africa
are mining, automobiles, biomass burning and heavy industries using biomass fuel for energy
production. Outdoor air pollution is known for large emission of various pollutants such as
SOx, NOx PM and CO. Most recent studies on outdoor air pollution have focused on PMzs
particles due to its capability to penetrate the lung tissue and induce local and systemic effects?®,
It is noteworthy that the International Agency for Research on Cancer (IARC) has recently
classified outdoor air pollution as carcinogenic to humans (Group 1)!. In addition, some
studies have reported the association that exists between outdoor air pollution and various
health conditions such as asthma, cardiovascular diseases, respiratory infections, adverse birth

outcomes and additional cancers, such as leukemia.*>1’.
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2.2 Characteristics of air pollution

According to the WHO,8 “Air pollution is contamination of the indoor or outdoor environment
by any chemical, physical or biological agent that modifies the natural characteristics of the
atmosphere”. Air pollution is a complex mixture of many components, which complicates the
linking of health effects to air pollution. Six common air pollutants have been identified and
prioritised as a concern globally!®. Particulate matter e.g. PM2s and PM1o (mass of particles
smaller than 10 um with 50% cut-off point), ground level ozone, carbon monoxide, sulphur
dioxide, NOx (NO2 and NO combined) and lead (Pb).

These six air pollutants are referred to as "criteria” pollutants because they are regulated in
different countries. The correlation that exists between these pollutants makes it difficult to
know which pollutants (or combination of pollutants) are causally associated with the negative
effect.

2.2.1 Air pollutants and sources

Air pollutants measured in the urban atmosphere originate largely from human activities.

Source of pollution can be stationary emission or mobile emission.?°

e Stationary sources: this can be grouped into (a) Rural area sources such as
agricultural production, mining and quarrying, (b) Industrial point and area sources
such as manufacturing of chemicals, non-metallic mineral products, basic metal
industries, power generation, and (¢) Community sources, e.g. heating of homes and
buildings, municipal waste and sewage sludge incinerators, fireplaces, cooking
facilities etc.

e Mobile sources: this includes any form of combustion-engine vehicles, e.g. light duty
gasoline powered cars, light and heavy-duty diesel-powered vehicles, motorcycles,

aircraft, and even line sources such as fugitive dusts from vehicle traffic.

Air pollutants can be classified as either primary, i.e. direct emission from a process, or
secondary, formed due to chemical reactions between the primary pollutants in the atmosphere
(e.g. ground-level ozone). The characteristics of the main chemical pollutants and their sources

are summarised in Table 2.1
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Table 2.1: Summary description of the major air pollutants

. Adapted from Ballester,

2005%

Pollutant Formation Physical state Sources
Suspended Primary and Solid, liquid Vehicles (mainly diesel),
particulates secondary industrial process,
(PMao) black smoke,

tobacco smoke
Sulphur dioxide Primary Gas Industrial processes, vehicles
(SOy)
Nitrogen dioxide Primary Gas Vehicles
(NOy) Gas heater and cookers
Carbon monoxide Primary Gas Vehicles (mainly
(CO) Petrol), Tobacco smoke
Volatile organic Primary and Gas Vehicle, industry,
Compounds (VOCs) secondary tobacco smoke

compounds
Lead (Pb) Primary Solid Vehicles, industry
(fine particulates)

Ozone (0s) Secondary Gas Vehicles (secondary to photo- oxidat

NO and volatile organic compounds)

2.3  Criteria pollutants

Criteria pollutants include air pollutants that are known to be harmful to public health and the

environment. Currently, seven criteria pollutants have been tagged globally and in South

Africa. In addition, biomass burning has been identified as an important source of pollution in

Southern Africa. In South Africa, a primary health-based National Ambient Air Quality
Standards (NAAQS) under National Environmental Management Air Quality Act (NEMAQA)

has sets the safe amount of the pollutants that can be present in the atmosphere??. The most

common air pollutants in South Africa are shown in Table 2.2. The criteria air pollutants are a

good indicator of air quality in general.
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Table 2.2: Pollutants of concern in South Africa Adapted from DEFF, 201723

Criteria pollutants
declared in terms
of section 9 of AQA

Priority Pollutants
declared in terms of
section 29 of AQA

Possible future pollutants

Sulphur dioxide National pollutants Local pollutants
Nitrogen dioxide Carbon dioxide (CO,) Mercury Chrome (Crs)
Ozone Methane (CHa) Dioxins Fluoride (particulate
Carbon monoxide Nitrous oxide (N20O) Furans and gas)

Lead (Pb) Hydrofluorocarbons (HFCs) | POPs Manganese (Mn)
Particulate matter Perfluorocarbons (PFCs) Other VOCs Hydrogen Sulphide
(PM25, PM1o) Sulphur hexafluoride (SFe) N2O Asbestos

Benzene Black carbon

2.3.1 Nitrogen oxides

The main anthropogenic sources of NOx are mobile and stationary combustion processes.
Nitrogen oxide is emitted as nitrogen monoxide during the combustion of fossil fuels used in
transport, heating and energy generation. Nitrogen dioxide is formed in the atmosphere by the
oxidation reaction of nitrogen monoxide and ozone. In its free radical state, NO> has been found
to cause inflammation and injury to the airway and has been implicated in number of airways
disorders®*. NO, absorbs visible solar radiation and contributes to impaired atmospheric

visibility.

2.3.2 Carbon oxides

Carbon monoxide and carbon dioxide are the major oxides of carbon and they are released into
the atmosphere by either complete or incomplete combustion of fuels. The major ambient
source of CO is from incomplete combustion of fossil fuels from automobiles exhaust systems.
COz is known to be the main pollutant that is responsible for the greenhouse effect. CO is
known to be toxic and fatal when inhaled, this is due to the reaction with hemoglobin thereby
reducing the supply of oxygen to the body.?*

2.3.4 Sulphur dioxide

The anthropogenic source of SO- is from combustion of sulphur containing fossil fuels such as
coal and heavy oils, smelting of sulphur containing ores, volcanoes and ocean are the major
natural sources. Sulphate particles are formed due to atmospheric oxidation of SO2. There has
been a major reduction in the emission of SOz due to the changes in the type of fuels used in
Western Europe. The exposure to SO, has been found to be a major cause of respiratory

problems. 192527
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2.3.5 Ground-level ozone

Ozone is a secondary pollutant. The formation of ozone in the urban areas involves the
atmospheric reaction between NOx, oxygen, hydrocarbon and ultraviolet. Light concentration
of ozone in the atmosphere is associated with increased temperature. Os is created by chemical
reactions between air pollutants from vehicle exhausts, gasoline vapours, and other emissions.
Induced inflammation in the respiratory tract, impaired pulmonary functions, and increased
risk of cardiovascular problems are health effects associated with exposure to ozone®. Os has
been found to trigger health problems in people of all ages, especially children, and the elderly

who have lung diseases such as asthma?®
2.3.6 Volatile organic compounds

VOCs are compounds of hydrocarbons present in the atmosphere, which includes alkanes,
alkenes, aromatics, aldehydes, ketones, alcohols, esters, and some chlorinated compounds.
These compounds are formed during the incomplete combustion of carbonaceous materials.
Many VOCs are carcinogenic and mutagenic in nature, e.g. benzene has been a major concern
due to its carcinogenicity. Biogenic volatile organic compounds are emitted from the terrestrial
ecosystems into the atmosphere where they influence the chemistry and composition of the

atmosphere including aerosols and oxidants.

2.3.7 Lead
Lead is one of the metals found in the environment. Leaded petrol contributes to the amount of
Pb found in the air, other sources involve anthropogenic sources which includes fuel

combustion, industrial process and solid waste combustion.

2.3.8 Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHSs) are widespread environmental pollutants with two
or more fuse aromatic (e.g. benzene) rings that are formed as a result of incomplete combustion
of carbonaceous materials at high temperarute?®. PAHs (2 and 3 rings) occur in the atmosphere
largely in the vapour phase, whereas multi-ringed PAHSs (5 rings or more) are largely bound to
particles. Particle-bound PAHSs are known to be hazardous to human health. Benzo(a)pyrene is
often used as a marker for total exposure to carcinogenic PAHSs, as the contribution of
Benzo(a)pyrene to the total carcinogenic potential is high®. Emissions from traffic have been

found to be the main outdoor source for the indoor PAH concentration in urban and suburban
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locations in many industrialised countries®!. Vehicular emissions of PAHs account for about
46-90% of the mass of individual PAHSs in ambient air particles in urban areas®. The burning
of fossil fuel, solid fuel and biomass has been documented as a significant source of airborne
PAHS as it releases a wide range of air pollutants, including PAHs, which are emitted to the
indoor atmosphere in unvented or flueless combustion and to the outdoor air®3, this study
reported that about 500 PAHs and related compounds are detected in the air, but most

measurements have been carried out on Benzo(a)pyrene3,

2.3.9 Particulate matter

Ambient particulate matter (PM) is a complex and varying mixtures of solid and liquid particles
that are suspended in the air. The particles vary in size and composition and are produced due
to natural and anthropogenic activities.® Sulphates, nitrates, ammonia, sodium chloride, black
carbon, hydrocarbons, mineral dust and water are found to be the major components of
particulate matter. Particulate matter can be derived from variety of sources. PM emitted
directly from its source is known as primary PM while those generated through atmospheric
chemical reaction of gases are termed secondary PM. PM has both natural and anthropogenic
sources such as industry, power plants, refuse incinerator, motor vehicles, construction activity,
fires and natural windblown dust. Particulate matter can be suspended in air for hours or days
and can travel over a considerable distance, hence PM is a long-range transported pollutant that
depends on size, chemical composition, and other physical and biological properties of
particles. The PM measured at the ground level is largely form dust, industrial secondary
sulphate, and secondary organics but significant attention has been focused on the impact of

biomass burning on particulates in the country.

PM is categorised into ultrafine particles (UFP), (particles that are smaller than 0.1 um, (i.e.
100 nm), fine particles, particles that are smaller than 2.5 pum and coarse particles, which are
particles between 2.5 and 10 um. While the measures of PM vary across the globe based on
local sources, PM2s generally represents 40-70% of the total PM mass.*® Some studies have
shown that PM2s arising mainly from man-made sources are more harmful than coarse
particles®®4° and, therefore, the measurement of PM in health effect studies has currently
focused on PM: s rather than on coarse particles (PMio-2.5). However, some studies have also
detected adverse health effects related to coarse particles®>*42 highlighting the importance of
controlling the concentration and studying the potential health effects of all PM size fractions.
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2.3.10 Biomass burning in Southern Africa

Southern Africa has been the focal point of intensive environmental research, which is directed
towards aerosol and trace gas emissions, transport, owing to its different sources of aerosols
and gases®*“®. During the Atmosphere Research Initiative SAFARI campaign
programme1992-2000, biomass burning was documented as a common phenomenon occurring
on the savannah plains located to the south of the Equator*?4’. The SAFARI campaign of 1992
and 2000 investigated the emissions from savannah fires incidences in Southern Africa, their
transportation across the continent, and the relationship between fires and savanna ecology.
The global biogeochemical processes reportedly been influenced by emissions such as COg,

NOx and CHa, and other compounds originating from these fires 8.,

Globally, Southern Africa is an important source region of atmospheric pollutants, for example
a prominent NO> hotspot was seen on global maps of NO> satellite retrievals over the South
African Highveld; Statistics South Africa in 1990 reported that South Africa was the ninth
highest atmospheric sulphur emitting country and biomass burning emissions from this region
are known to have a global effect**>!, Regional biomass burning is reported to occur between

June to October®?

Biomass burning remains the source of PM, inorganic species, gases and thousands of organic
compounds that are emitted to the atmospheres. Green houses gases (carbon dioxide, methane
and nitrous oxide), carbon monoxide, and VOCs especially in the tropical and subtropical
regions, are pollutants associated with biomass burning. The emissions of these pollutants react
with the hydroxyl radicals in the atmosphere, which results in the formation of ozone and other
photochemical oxidants®®. Almost 90% of all biomass-burning emissions are thought to be
anthropogenic®. Veld fires are a persistent problem in South Africa as they pose a risk to life,
and cause damage to property and the environment. According to the National Veldfire Risk
Assessment™, there is a marked trend in fire incidence from the eastern to western parts of the

country and, to a lesser extent from northern to southern parts (Figure 2.2)
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Figure 2.2: Map of fire incidences in South Africa for January 2000 to December 2008
Source: Forsyth et. al®*

South Africa is not the major culprit for the contributor to atmospheric pollution through
biomass burning, but other countries in the sub-region are®. Air masses from the north and
northeastern parts of the subcontinent transport a substantial amount of products of biomass
burning into the country. Andreae et al®® have indicated that the amount of gases emitted from
biomass burning may even be comparable to that released from global industrial activities.
During the burning months of August-October, air reaching South Africa is most likely to be

dominated by biomass burning products®’-8,

Andreae® reported that biomass burning accounts for roughly one-half of the atmospheric
sources of hydrocarbons in Southern Africa. Piketh et al.®® also reported that biomass burning
products, together with aeolian dust, marine aerosols and industrial sulphur are the major
contributors to total aerosol loading of the lower tropospheric haze layer throughout the year.
During the spring season, however, products of biomass burning contribute significantly to the
African haze layer between 10° and 20°S° 5162 However, products of biomass burning have
the least contribution to total inorganic-component aerosol loading over the country®, the
highest contributor to total aerosol loading being industrial sulphur, especially during the
summer season. Studies by Hersey et al®® and Magi et al® reported that biomass burning that
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significantly impacts on South Africa originates from neighbouring countries particularly from

Zimbabwe and Mozambique.
2.4  Effects of air pollution on health

It is well known that exposure to air pollution can adversely affect human health in a variety
of ways, ranging from subtle biochemical and physiological changes to severe illness and
death. A comprehensive review is beyond the scope of this research proposal and the reader is
referred to the WHO REVIHAAP report.%® Air pollution is also one of the nine health and
environmental risks that are highlighted as potential key risks in the National Climate Change
and Health Adaptation Plan (NCCHAP) of the South African National Department of Health.
This adds to the NCCRP by expanding further on the potential health impacts of climate
change.%

Air pollution can result in both acute and chronic effects on human’s health by affecting various
numbers of systems and organs in the body. This health effect ranges from minor upper
respiratory irritation to chronic respiratory and heart disease, lung cancer, acute respiratory
infections in children and chronic bronchitis in adults. It also increases the pre-existing heart

and lung disease or asthma attacks.®’

The level or concentration at which pollutants can be detrimental or lead to variety of health
problems depends on the type of pollutant, amount of the pollutant one is exposed to, duration
and frequency of exposure, and associated toxicity of the specific pollutant. Acute or chronic
health effects ranging from sub-clinical effects to premature mortality are associated with the
exposure to this pollutant®®,

NO: as a free radical has been reported by the WHO?* to cause inflammation and injury to the
airways and is responsible for various airway disorders?while CO has been found to be toxic,
and sometimes deadly in enclosed spaces. If inhaled, it combines with the haemoglobin
therefore reducing the amount of oxygen being transported by the red blood cells'®. The part
of the respiratory tract where the particle will be deposited is a function of its size. The fine
and ultrafine particles get to the lung alveoli while PM1o is mostly deposited in the upper
respiratory tract. However, the size and surface of particles, frequency, period, degree of
exposure and their composition are among the important factors that helps in studying the

health effects of the particles on humans.®
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Association between the exposure to fine particles and health effects has been reported in
various epidemiological studies in terms of increased mortality, cardiovascular diseases and
respiratory illness®*7° However, a report by the WHO"! stated that long term exposure to
PM is more important than the short-term effects in terms of public health significance and

should be of high priority, while the acute effects are also important to study.

The threshold level regarding the relationship between exposure and health outcomes has not
been documented despite the risk of various health effects that are associated with increased
exposure to PM?°, The World Health Organization air quality guideline suggested 10 pg/m? as
an annual mean and 25 pg/m? as a 24 h mean for PM25*°. Both short- and long-term exposure
to air pollutants have been associated with health impacts’. In a study by Cohen et.al’3, it was
reported that for measurable assessment of health outcomes, PM2 s and PM1o have been widely
used as exposure indicators for most epidemiological studies being carried out on the effect of
exposure to air pollution. The health hazards associated with particulate matter are said to be
dependent on its physical (such as size, shape and surface area), chemical properties (solubility,
chemical species, etc.), toxicological and biological properties as well as the oxidative
potentials. The response to health system is determined by the particles ability and where to
deposit in the human respiratory tracts’*7°. The deposition of particles in the lung is determined
by particle characteristics (size, shape, composition, electrical discharge density and
hygroscopicity), anatomy of the respiratory tract, tidal volume and breathing pattern

Exposure to environmental pollution has been ascertained to be important risk factors for many
diseases. Short and long-term increases in mortality rates in relation to air pollution,
particularly airborne concentrations of PM, have been well established on the basis of large
multi-city studies conducted in the USA™® and in Europe.®’-3® Health effects as a result of
exposure to air pollutants depend on the type of pollutant, amount of the pollutant exposed to,
duration and frequency of exposure, and associated toxicity of the specific pollutant. The health
effects associated with the exposure could either be acute or chronic health effects varying from

sub-clinical effects to premature mortality”.

Health outcomes, such as chronic obstructive respiratory disease, nasopharyngeal cancer,
ischaemic heart disease, tuberculosis, lung cancer and eye defects in adults, low birth weight
and most importantly acute lower respiratory infection (ALRI) such as pneumonia in children
less than age five, are some of the health effects associated with long-term exposure to air

pollutants.”®"” In addition, Brook et al’®, confirmed there was a causal relationship between
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exposure to PM2s and cardiovascular death and morbidity. There is increasing evidence that
exposure to PM and birth outcomes results in low birth weight and preterm birth as reported
by Shah et al.” The relationship between exposure to fine particle and health effects such as
increased mortality, cardiovascular diseases and respiratory illness, has been confirmed

through various epidemiological studies.”®3¢!

The WHO™, reported a significant reduction in the life expectancy of the average population
due to the long-term exposure to high concentration of particulate air pollution. Additionally,
in the report, long-term effects of exposure to PM prevail over short-term effects when it comes
to matters of public health significance and should be of great concern when considering the
acute effects of this problem.’

2.5 Sustainable Development Goals on air pollution

This study addresses the United Nations Sustainable Development Goals (SGDs) (valid 2016-
2030), specifically with the following three SDGs:

1. Goal 3.9: “By 2030, substantially reduce the number of deaths and illnesses from
hazardous chemicals and air, water and soil pollution and contamination.”

2. Goal 11.6: “By 2030, reduce the adverse per capita environmental impact of cities,
including by paying special attention to air quality and municipal and other waste
management” where 11.6.2: specifies “Annual mean levels of fine particulate matter
(e.g. PM2sand PMyo) in cities (population weighted).”

3. Goal 13: “By 2030, take urgent action to combat climate change and its impacts.”

Many human activities that contribute to air pollution emissions also contribute to climate
change. Climate change in turn may influence the health effects from air pollution, by altering
levels, chemical composition and transboundary movement®, which is associated with
additional health impacts, e.g. black carbon (or soot), a primary product of incomplete

combustion sources, which is a strong climate-altering pollutant and health damaging®..

South Africa launched its National Climate Change Response Plan white paper (NCCRP) in
2011, prior to hosting the 17th session of the conference of the parties (COP17) to the United
Nations framework convention on climate change (UNFCCC) in Durban. The NCCRP calls
for increased data collection and research on links between climate and health. Climate change

in turn may influence the health effects from air pollution, by altering levels, chemical
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composition and trans-boundary movement. Meteorological factors (e.g. temperature, rain,
wind speed and direction) influence atmospheric chemical processes, (e.g. rainfall washes
away air pollution)®. Air pollution is also one of the nine health and environmental risks that
are highlighted as potential key risks in the National Climate Change and Health Adaptation
Plan (NCCHAP) of the South African National Department of Health, which adds to the
NCCRP by expanding further on the potential health impacts of climate change®.

The SDGS replaced the Millennium Development Goals (valid 2000-2015) and will guide the
global development agenda until 2030. The South African Government will have to report on
the progress to achieve these SDG goals to the United Nations until 2030. In order to take
actions to reduce exposure to air pollution (i.e. intervention step inan AQMP) and its associated
health effects, it is essential to know the sources and activities contributing to air pollution. A
recent review indicated that only two out of 419 global quantitative air pollution source
apportionment studies have been conducted in Africa®, two more studies were identified

through a literature search.
2.6  State of air pollution monitoring in Africa

In a report by WHO, air pollution was reported to be a growing challenge for Africa, this was
because of the increased death rate due to outdoor pollution from 164 000 in 1990 to 258 000
in 2017 i.e. a growth of nearly 60%. Factors such as population growth, industrial growth and
consumption growth have been reported to increase the levels of pollution in Africa. Africa’s
population (1.1 billion people) has been forecasted to double by 2050, and more than 80% of
this growth will happen in the cities®®. This growth will impact the continent greatly in the area
of traffic volumes and increase the demands for importation of old second-hand vehicles®*. As
the use of fossil fuel increases, air pollution also increases, and this will continue to get worse
unless there is a transition to a more sustainable path of growth. Efforts are being put in place
by various governments to invest in renewable energies. However, the knowledge of air
pollution continues to grow but we do not know the comprehensive full extent of the health
impacts and epidemiology, especially in Africa. This is due to considerable data gaps in reliable
ground level monitoring of air pollution where there are large and growing populations of
children (Figure 2.3).
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Figure 2.3: Percentage of children living within 10 and 50 km of air monitoring stations

(by continent), 2019. (Source WHO 2019)%

The overview of ground-level monitoring stations in Africa showed very few stations were
available, compared to other regions of the world, the number of African countries that have

reliable, real time air pollution monitoring is significantly low, i.e. only seven out of 54

countries (Figure 2.4). This difference is alarming.
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Figure 2.4: Overview of air pollution monitoring in Africa. (Source: WHO, 2019)%

The advantage of ground level real time data is that it helps to capture daily even hourly
fluctuation that occurs during sampling. It improves public awareness, which helps people
tailor their behaviours and action to both reduce air pollution and exposure to it. Ground-level
monitoring is very important for identifying sources of pollution, shaping public health policy
and informing community level action and intervention that target the most affected, in addition
it provides data for epidemiological studies tailored towards how pollutants are impacting
human health. The use of satellite based remote sensing helps to address the gaps that cannot
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be addressed by local air quality monitoring. Satellite imagery is gaining more attention for
tracking long-distance air pollutant transport, filling in data gaps between monitors, and cross-
checking ground-based emissions estimates and measurements. However, satellite-based
remote sensing does not replace ground-based monitors, and in fact, it is often highly dependent
on reference grade ground-level measurements of air pollution to improve the accuracy of their

estimates (Figure 2.5).
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Figure 2.5: Overview of annual mean of PM2s modeled for the year 2016 (Source: WHO,
2019)%

2.7  Air pollution in South Africa

Air pollution in South Africa is not so different to what is being experienced in other developing
countries. Both direct and indirect effects of air pollution are experienced in the entire country
most especially in areas of high industrial activities such as the South Durban Industrial Basin
and the Vaal Triangle and where there is high dependency on non-electric sources of energy®®.
Indoor air pollution is also problematic in South African rural areas where accessibility to

forms of clean energy sources are less or inadequate®’.
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Air quality management and control in South Africa is complicated due to inadequate air
pollution statistics and information’2. The difference between indoor and outdoor pollution and
the source contribution to each is necessary for effective monitoring of air quality in South
Africa®. South African air quality standards are lenient and has been regarded as fairly good
because of the low levels of SO>, ozone and nitric oxide, and these levels fall within the South
African air quality standard®. However, there are exceptions for some areas due to high
industrial development such as the Vaal Triangle®¥*°, the South Durban Industrial Basin®* and
Cape Town®, where exceedances of the recommended WHO guidelines and the South African

National guidelines sometimes occur®3,

Numerous studies in South Africa have reported that people who are exposed to air pollution
come down with health problems such as respiratory conditions (e.g. wheeze, shortness of
breath, blocked and running nose, hay fever, coughs, pneumonia)®- and high blood lead

levels in children.®’

2.7.1 South Africa policy and laws on air pollution

The problem of urban industrial pollution and air quality has characterised the state of air
quality in South Africa from 1960 to the late 1990s. Since then, the evolution of democratic
rule in South Africa, policy and legislative changes brought about the sweeping and
incorporation of best practices and international norms into the approach to environmental
management. Locations where high concentration of industrial activities exist in South Africa
has been identified as “hotspots” of air pollution, and a few epidemiological and anecdotal

evidence has supported this identification of hotspots®-%°,

The “hotspots” identified include the Vaal Triangle and South Durban®1%, There exists a
problem of developing control for pollution due to the various sources of pollution. The
Atmospheric Pollution Prevention Act (APPA), has been found to be inadequate to tackle the
problem of air pollution effectively and is generally thought as having caused the developments
of the “hotspots”®1%2 The necessity to update air pollution control to allow the principles
contained in broader policy, such as the South African Constitution was due to the fundamental
policy changes. APPA in South Africa was passed in 1965 to address primarily industrial

sources with limited influence over noise, dust and vehicle emission control.

Emission standards, as part of the “best practicable means” approach to air pollution were

employed with little success'®. Several criticisms have been levelled at APPA which includes
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the out-dated approach and lack of proactive management of air pollution to secure desirable

environmental quality%

. Other shortcomings of APPA, such as the “best practicable means”
strategy, was found to be biased towards industry, the penalty system was criticised as
inadequate as a deterrent to polluting behaviour!® and the use of guideline values that cannot

be enforced is a major problem.

2.7.2 National Environmental Management: Air Quality Act

The change in legislation governing air pollution in South Africa in the past 12 years has
resulted in the phasing out of the Atmospheric Pollution Prevention Act (Act No. 45 of 1965)
and enacting the revised National Environmental Management: Air Quality Act (Act No.39 of
2004)1%%, The National Environmental Management: Air Quality Act (AQA) was promulgated
in 2005 as the updated measures to air pollution control by introducing air quality management
(AQM) as the control strategy®®. One of the measures missing in APPA but included in the
AQA was the ambient air quality standards for the criteria air pollutants as well as emission
standards that are focused on regulating emissions from industries. In addition, the local
government has been delegated with responsibility to implement the majority of the control
measures in the AQA, which includes the completion of an Air Quality Management Plan
(AQMP) and the mid-term and long-term review of the AQMP. The United Kingdom, United
States and New Zealand are some of the countries that have adopted this best practicable means

approach to the use of ambient air quality standards in AQM%,

The National Environmental Management Act, (NEMA) (1998), provides principles for
environmental management which also includes the framework and mechanism for
implementation. The new legislation under NEMA supports sustainable development through
principles such as waste avoidance and minimisation, pollution prevention, integration
including implementation of the best practicable environmental option, and environmental

justicel®. Some of the key features of the new legislation include;

e Decentralising air quality management responsibilities

¢ Requiring significant emission sources to be identified, quantified, and addressed

e Setting ambient air quality targets as goals for driving emission reductions

e Stipulating air quality management planning by authorities, and emission reduction and
management planning by sources

e Providing access to information and public consultation.
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The South African National Atmospheric Emissions Inventory System (NAEIS) was
established in 2015, with the sole objective to provide all stakeholders with relevant, up to date
and accurate information on South Africa's emissions profile for informed decision making®.

NAEIS offers a new innovative approach to reports emission as it is required by the AQA.

2.7.3 Air quality management plan

The AQA of 2005 brought about the update of air pollution control and a shift to the AQM
strategy. The ambient air quality standards gave an indication of the environmental quality that
is to be achieved, which was lacking under the APPA®. To achieve this environmental quality
under the AQM, there are tools that have to be in place, such as ambient monitoring, emission
inventories, dispersion modelling and emission reduction measures*%-1% The tools are part of
what makes up the air quality management plan which explains the process of implementation

and management activities in a specified timeline.

The AQA summarises the AQMP requirements and details on the structure and contents which
is prepared by the Department of Environment, Forestry and Fisheries!®®. Impact identification
of poor air quality means of addressing various pollutant sources and international obligations,
consideration of best practice in AQM and the overall objective of air quality improvements

are some of the content of the AQMP*°.

The main idea behind the AQMP is to assists government departments in planning AQA
implementation, control measures, and financial provision. The development and
implementation of an AQMP is a dynamic process involving the following six steps*!?;

1. Establish stakeholder groups and the baseline air quality i.e. goal setting legislation

2. Undertake a gap and problem analysis i.e. baseline air quality assessment

3. Develop air quality vision and goals i.e. air quality management system (AQMS)

4. Develop an implementation plan (intervention strategies and rules for implementation)

5. Action plans implementation

6. Monitoring reporting and evaluation

This PhD project will inform the City of Tshwane AQMP report!!! about step 2 of the AQMP,

which was published in 2005 and needs to be reviewed every 5 years according to the AQA of
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2005. This will be achieved by making available the findings of this study to the City of

Tshwane, via the Department of Environment, Forestry and Fisheries.

2.7.4 National ambient air quality standards

Authorisation was given to the National Ambient Air Quality Standards (NAAQS) by the
NEMA air quality act to monitor the pollutant level in the atmosphere to protect the citizens of
South Africa. This was achieved by establishing and enforcing some standards for some of the
pollutants, which include PM1o, PM2 5 (since 2012), NO2, SO, CO, Os, lead and benzene. The
standards relate to specific chemical elements or compounds except for those for suspended
particles. The summary of WHO guidelines and South African standards for these pollutants
are shown in Table 2.3 and 2.4.

Table 2.3: World Health Organization air quality guidelines of 200512

Pollutant Averaging Period Concentration
PMio 24 h 50 pg/m?3

1 Year 20 pg/m?3
PM2s 24 h 25 pg/m?3

1 Year 10 pg/m?®
NO> 1h 200 pg/m?®

1 Year 40 pg/m?3
SO 10 Minutes 500 pg/m?®

1hr Not applicable

24 h 20 pg/m?3

1 Year Not applicable
Ground-level O3 8h 0.075 ppm
cO 1h 30 mg/m3

8h 10 mg/m3
Benzene 1 year No safe level of exposure can be recommended
Lead (Pb) 1 year 0.5 pg/m®
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Table 2.4: South African National Ambient Air Quality Standards'*?

Pollutant | Averaging | Concentration Frequency of | Compliance Date
Period Exceedences
PMao 24 h 75 ug/m?® 4 1 January 2015
1 Year 40 pg/m3 0 1 January 2015
The reference method for the determination of the PMyo fraction of suspended particulate
matter shall be EN 12341
PM2s 24 h 40 pg/m?® 4 1 January 2016 -
(since 31 December 2029
2012) 1 Year 20 pg/m3 0 1 January 2016 -
31 December 2029
1 Year 15 pug/m?® 0 1 January 2030
The reference method for the determination of the PM. s fraction of suspended particulate
matter shall be EN 14907
NO2 1h 200 pg/m? (106 ppb) 88 Immediate
1 Year 40 pg/m?® (21 ppb) 0 Immediate
The reference method for the analysis of NO> shall be ISO 7996
SO 10 Minutes | 500 pg/m?® (191 ppb) 526 Immediate
1h 350 pg/m? (134 ppb) 88 Immediate
24 h 125 pg/m?® (48 ppb) 4 Immediate
1 Year 50 ug/m?® (19 ppb) 0 Immediate
The reference method for the analysis of SO> shall be 1SO 6767
Ground- | 8h 120 pg/m?3 (61 ppb) 11 Immediate
level Oz | (Running)

The reference method for the analysis of ground-level O3 shall be UV photometric as
described in SANS 13964

coO 1h 30 mg/m® (26 ppb) 88 Immediate

8h 10 mg/m3 (8.7 ppb) 11 Immediate
The reference method for the analysis of CO shall be ISO 4224
Lead | 1 year | 0.5 pg/m® 0 | Immediate
The reference method for the analysis of lead shall be ISO 9855
Benzene |1 year | 5 ug/m® (1.6 ppb) [0 | 1 January 2015
2.8 Source apportionment of particulate matter

Source apportionment are local studies determining the contributing sources to ambient PM

measured at representative monitoring sites''*. This can be achieved by using different

methods: (1) emission inventories, (2) source-oriented models and (3) receptor-oriented

models (RMs). RMs are commonly used to apportion PM levels based on chemical

composition, e.g. major ions, carbonaceous fractions, trace elements and organic markers.

From the physiochemical analysis of PM components, it is possible to estimate the pollution

sources attributed to the total PM1o and PM2s mass, along with associated uncertainties!*®.
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The atmospheric PM consists of particles that have their origin from several sources and
processes, which includes direct emissions from mobile sources, space heating, metal
processing, refuse incineration, erosion and re-suspension, gas-to-particle conversion and long-
range transport!’®, Source apportionment of PM is the quantitative estimation of the
contributions from different source categories to the concentrations of the measured PM in the
atmosphere, based on chemical and physical characteristics of the PM and temporal co-
variation of PM components. Source apportionment involves the process of identification of
aerosols emission sources and quantification of the contribution of these sources to the aerosol
mass and composition. The possibility of revised or new regulation as a control strategy can be
followed after the characterisation of the source’s emission rate and emission inventory.
Different methods have been identified for source apportionment but in the last few years,
receptor models have been the most widely used for source apportionment!’.

The chemical composition of the PM measured at a particular location “receptor” is used in the
source apportionment models to resolve the main sources of PM at that site!!8, Source
apportionment methods include chemical mass balance methods (CMB), mass reconstruction,
mass closure and several types of multivariate methods such as multiple linear regression
(MLR), factor analysis (FA), principal component analysis (PCA), target transformation factor
analysis (TTFA), PMF, and combinations of the above. PMF is a new development in the class
of data analysis techniques called factor analysis!®, in which the underlying principle is to

resolve the identities and contributions of components in an unknown mixture.

The identification of pollution sources is part of the many tasks concerning air quality
legislation. RMs have been used to accomplish source apportionment by analyzing the
chemical and physical parameters measured at one or more specific sites (receptors). RMs are
most commonly used to apportion PM based on chemical composition. Major ions (e.g.
nitrates and sulphates) carbonaceous fraction (organic and elemental carbon), trace elements
and organic markers, VOCs, PAHSs, inorganic gases and aerosols size distribution have been
used for source apportionment with RMs. The application of wind speed and direction or
backward trajectories are included in the analysis, RMs are suitable to study medium to long-

range transport!20-121,

PMF is a multivariate factor analysis method that utilises two matrices: source profiles and
source contributions*??. PMzs composition is used as input in the PMF model in order to

determine which sources contributed to the ambient samples'?2. PMF is also based on the
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principle that a relationship between sources and receptor exists when mass conservation can
be assumed. This analysis tool thus determines which source type is represented by which
chemical profile. The source characterisation components, known as factors, are used to
identify sources. Experimental uncertainties of measured data and standard deviations are used

with the benefit of introducing the limitation of non-negativity*?

The advantage of PMF analysis is the ability to identify factors without strong priors or
knowledge that is required for methods such as CMB*%3 The application of PMF depends on
the estimated uncertainties for each of the data values. The uncertainty estimates provide a
useful tool to decrease the weight of the missing data and values below the detection limit data,
in the solution. Values below the detection limit will be replaced by half of the detection limit
value and their overall uncertainties were set at 5/6 of the detection limit values.

In South Africa, a study conducted by Van Zyl et al*®* at the western Bushveld Igneous
complex of North west in 2013 used PCA to identify four emission sources of PM. These
sources included crustal, pyrometallurgical, base metal and windblown dust. This study
reportedly is the most comprehensive atmospheric trace metal concentration study conducted
in South Africa and published in the peer-reviewed public domain. Source identification of
PM2sand PMyo has been conducted by several authors in South Africa using different methods,
such as PCA, PMF and CMB. In South Africa, the application of these models has been used
in Kruger National Park using the multivariate analysis?®®, Soweto using the PCA?® for
apportionment of aerosols (particles of aerodynamic diameter<15um), coal smoke and road
dust, and at different sites such as the Vaal Triangle, Amersfoort, Skukuza and Louis
Trichardt'?’.

RMs and emission inventories have been used for source apportionment for PM1o, SO2 and
NOx in the Vaal Triangle®®, mass concentration have been applied for apportionment of PM
(PM1, PM2s and PMo) in Rustenburg*?-13 and lastly, a study in Limpopo®*® used the PMF
model for source identification of PM. The sources identified in this study included industrial
coal, vehicular emission of air pollutants, agriculture/wood burning, Ferrochrome smelter and

road dust.

The recent review by Mathuthu et al.** identified some published peer-reviewed journal article
work on source apportionment in South Africa. The authors categorised the sources of PM

contributing to pollution levels in South Africa as mining, vehicular emissions'®>1%, bjomass
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burning*?°136-137 coal burning**®

and dust forms. The source categories vary depending on the
sites where the study was conducted in South Africa. Pretoria as an example of an urban and
industrial area, the likely sources of pollutants will be influenced by anthropogenic and
industrial activities as well as mineral dust. Studies have shown that Cape Town’s major source
of pollution is vehicle emission contributing about 65% of brown haze from diesel**. Traffic
emissions are associated with particulate air pollution in megacities such as Pretoria. The
contributions of different sources to ambient particulate matter (PM..s5) for example biomass
burning have been reported to exhibit seasonal variations®®!3713% The dry season (August -
October) is associated with increase fire activities which contributes significantly to the
concentration of particulate airt?®139-141 Mine tailings and waste dumps from gold mining are
reported to be prevalent in Gauteng, while emissions are dependent on wind speed. Petroleum
refineries are also a major source in Gauteng, the High veld air pollution priority area (HPA)
and Durban, with some presence in Cape Town. It is also known that coal-fired plants are
located in the three priority areas. Overall, Gauteng and HPA have the highest density of
anthropogenic emissions from all sources including road emissions.® This study will contribute
to the knowledge gap in PM source apportionment by using PMF to apportion sources in this

region

Source apportionment studies are important to identify and understand the sources of pollution
and the implementation of health risk assessment. The source apportionment studies also help
in the designing of effective emission control strategies to abate particulate air pollution Many
trace metal studies performed in South Africa have been carried out by local authorities or
certain industries and are not available in the public domain. Also, it is noteworthy to mention
that few source apportionment studies done in South Africa are published mostly in “grey”

literature.
2.9 Hybrid Single-Particle Lagrangian Integrated Trajectory model

Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) is a
comprehensive system for computing simple air parcel trajectories, complex transport,

dispersion, chemical transformation, and deposition simulations.

HYSPLIT is a popularly and widely used atmospheric transport and dispersion models by the
atmospheric science community'#2-143, Back-trajectory analysis is one of the popularly used

model applications to determine the origin of air masses and establish source-receptor
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relationships!*

. Also, HYSPLIT has gain a lot of importance due to its applications in series
of simulations describing the atmospheric transport, dispersion, and deposition of pollutants
and harmful materials. The application of HYSPLIT has been described by various authors
and it includes tracking and forecasting the release of radioactive material'*>14"  wildfire

smoke'*®, wind-blown dust'**1%° pollutants from several stationary and mobile emission

151 152

sources®®?, allergens'®, and volcanic ash®®,

The model calculation method is a fusion between the Lagrangian approach, which involves
the use of a moving frame of reference for the advection, and diffusion calculations as the
trajectories or air parcels move from their original location, and the Eulerian methodology,
which involves the use of a fixed three-dimensional grid as a frame of reference in order to
compute pollutant air concentrations. The Back-trajectory calculations feature contained in
HYSPLIT makes this model very attractive and useful, which is why it has been extensively

used in many studies!#?-43,

Even though trajectories offer a simple assessment of source—receptor relationships, a single
trajectory may not sufficiently depict the turbulent mixing processes that air parcels experience
during transport. Nevertheless, the combination of back-trajectory calculation with Lagrangian
dispersion component can give a more practical picture of the link between the concentrations
at the receptor and the sources impacting it*®*1%, A wide selection of meteorological model
data sets can be used in HYSPLIT calculations, extending from mesoscale to global scales. The
calculation of forward and backward trajectories helps determine airflow patterns for easy

interpretation of transport of pollutants over diverse spatial and temporal ranges.

Personal computers, Mac, or Linux platforms using a single processor allows smooth running
of the HYSPLIT model. Multiple processor parallelised environment calculations using a
message passing interface (MPI1) implementation can be used on both Mac and Linux. Also,
Real-Time Environmental Applications and Display System (READY) allows public access to
meteorological data and allows the running of HYSPLIT trajectory and dispersion
simulationst®

Commonly, trajectories are used to trail the air mass history or to predict air mass movement,
and to account for the uncertainty in the associated wind patterns. Merging trajectories that
exhibit some commonalities in space and time makes easy their analysis and interpretation and

decrease the uncertainty in the determination of the atmospheric transport pathways#4,
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2.10 Types of epidemiological studies

There are three “classic” epidemiology study designs, namely the cohort, case-control and
cross-sectional study designs.®® The cohort design is considered the ideal design to establish a
causal relationship between a risk factor (e.g. air pollution exposures) and health outcomes.
However, very few researchers worldwide and even fewer in Africa have access to already
existing cohort study data. There is also no funding to start a cohort epidemiological study and
follow participants 10 to 30 years. Another option is to consider a case-control study design,
however, to recall bias is a major limitation in this design (i.e. study participants may not
remember all their air pollution exposures and lifestyle risk factors). Another option is to apply
the cross-sectional study design; this design however has many limitations, the biggest being
that it is not feasible for rare chronic health outcomes (e.g. cancer) unless the sample size is on
the scale of a national census. Information on exposure and disease status is also collected at

the same time, hence it is not sure whether exposure took place before the health outcome.

Time-series studies measure the effects of short-term changes in air pollution on acute health
effects by assessing associations between day-to-day variations in both air pollution and in
mortality and morbidity counts. Daily measures of the number of health events (e.g., daily
mortality count), concentrations of PM and other pollutants (e.g., 24 h average PMio), and
weather variables (e.g., daily temperature) for a given area are the data required for the time

series analysis'®°.

The case-crossover epidemiology study design is used to investigate the effect of short-term
exposures on the risk of onset acute events. The application of this study has been used in
different fields of epidemiology which includes injury, drug adverse events, air pollution etc.
the situation where each case serve as its own control remains the main feature of this study

design, i.e. each case has a matched control*>"1%° (more information in chapter 6)

2.11 Dearth of epidemiological studies on air pollution in South Africa

Despite formulating progressive air quality legislation in South Africa, the breath of possible
health impacts associated with air quality has not been comprehensively researched in local

epidemiological studies and this creates a major research gap®®®*%° Many of the
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epidemiological studies were conducted in North America and Western Europe, with more

from Asia and South America since 2004.

According to Coker and Kizito'®!, there is a dearth of ambient air pollution epidemiological
studies in sub-Saharan Africa, but most of the studies are focused on indoor air pollution.
Therefore, most of the literature regarding health effects of ambient air pollutions are from
North America and Western Europe. In Coker and Kizito’s'®! review, and according to their
criteria for inclusion, 12 studies were identified and three-quarters (25%) of these studies were
carried out in South Africa. Lastly, most epidemiological studies in South Africa used cross-

sectional design while, only few used case-crossover designs

In a prospective study by Mentz et al*®?, in Durban South Africa, school-age children were
recruited to investigate the effect of ambient air pollutant on acute respiratory outcomes. This
study measured PM1o, SO2, and CO at the participant’s school, while NO2, Oz and NO were
obtained from the government ambient air pollution monitoring sites. Acute symptoms
observed include cough, wheezing, shortness of breath, chest tightness or heaviness. There was
significant association with each of the air pollutant, with all but one resulting in an adverse
effect.

The interaction between daily pollutants levels (PM1o, SO2, NO2, and NO) and CD14 cell
genetic polymorphisms within-day changes in lung function among children (7-9 years of age)
was carried out as a prospective cohort study in Durban, South Africa by Makamure et al'®,
Continuous measurement of the ambient air pollutants was conducted in the school except for
some cases where it was done out of the school ground. No significant association was
observed between the pollutants and lung function alone when stratified by CD14
polymorphism status. Prospective study design and consideration of individual level
susceptibility using a biologically plausible polymorphism in a gene related to cellular

immunity and asthmatic symptoms were the most important contribution of the study.

Naidoo et al*®* in their study in Durban, South Africa tested single pollutant associations
between ambient air pollutants (PM1, SO2, NO2) and several chronic lower and upper
respiratory outcomes using cross-sectional design. School-aged children were recruited for the
study; PM1o and SO; were sampled at the participants’ school and NO2, was monitored by the
Government at the eight sites. The study observed no association between air pollutants and

study outcomes except for SO> which was significantly associated with increased odds of
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airway hyper reactivity. This study is the only study that investigated biologic measures of

airway hyper reactivity.

The case-crossover study conducted in South Africa by Wichmann et al*® considered a year-
round and seasonal association between daily NO2, SO, and PM1o with respiratory disease
(RD) mortality, cardiovascular disease (CVD) mortality, and cerebrovascular disease (CBD)
mortality between 2001 and 2006. Every hour daily pollutants data was obtained from
government air monitoring sites while the daily mortality data were acquired from City of Cape
Town mortality records. The findings of the study revealed that statistically significant positive
year-round association for CVD and CBD mortality with NOz, PM1o, and SO.. For RD
mortality, there was a significant positive association with NO, and PM1o exposures during the

warmer periods of the year.

Thabethe®® reported in her MSc dissertation, excess mortality risks of 0.4% (-0.4%; 1.1%) and
1.0% (0.3%; 1.7%) for RD and CVD mortality, respectively following a 10 pg/m?® increase in
PM1o using case-crossover study design. These results were the combined estimates of Cape
Town, Durban and Johannesburg in the study period 2006-2010, after a meta-analysis was

conducted.

The study by Shirinde et al.'®” investigated the association of wheeze with air pollution among
children using cross-sectional study in Ekurhuleni Metropolitan Municipality (Tembisa and
Kempton park) of Gauteng province South Africa. The study revealed that children living in
one of the air pollution priority areas had an increased risk of wheezing due to exposure to air

pollution sources.

NKkosi'® reported in his thesis that children residing in exposed communities had an increased
likelihood of current wheeze OR 1.38 (95% CI: 1.10 1.71), rhinoconjunctivitis OR 1.54 (95%
Cl: 1.29 1.82). Also, exposed elderly persons had a significantly higher prevalence of chronic
respiratory symptoms and diseases than those who were unexposed using short-term
longitudinal study design. Findings from this study also indicated that living close to mine
dumps was significantly associated with asthma (OR = 1.57; 95% CI. 1.20 2.05), chronic
bronchitis (OR = 1.74; 95 CI: 1.25 2.39), emphysema, pneumonia and wheeze (OR = 2.01;
95% ClI: 1.73 2.54). He concluded that community proximity to mine dumps is associated with
increased respiratory symptoms and diseases among the children and the elderly in south
Africa.
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The finding of the study on the respiratory status of 10 year old children in the Vaal Triangle
by Mundackal'®® using a cross-sectional inter-comparative study reported that the 6-month
prevalence of sinusitis, bronchitis, and pneumonia in 2010 was lower when compared to the
yearly prevalence of these illnesses in 1990 the study, while the use of gas heater acted as a
risk factor for pneumonia (lower respiratory illness) while environmental tobacco smoke within

the household was protective of hay fever and sinusitis (upper respiratory illness).

The cross-sectional study by Swiegers!’® reported that the prevalence of chronic obstructive
pulmonary disease (COPD) and small airways diseases was small but significantly higher in
exposed mine workers. Also, the risk of developing COPD was 2.7 times higher for exposed

workers. The risk for non-smokers was small but significant.

The baseline assessment of child respiratory health in the Highveld Priority Area by Albers'’
using a cross-sectional study reported that air quality in this area was of great concern. The
health outcome with the highest prevalence was hay fever accounting for 32%. Also, the use
of non-electric heating sources, parental smoking, and mould in the house were risk factors of
most of the respiratory health problems.

A similar study by Maluleke and Worku'’? to ascertain the key predictors of asthma among
children living in Polokwane concluded that ambient air pollution was an important risk factor

for asthma in children.

Studies by various authors have also reported that the inhalation of particulate matter may result
in immune-suppression, nausea, cardiovascular infection, lung cancer and asthma, and may
even result in premature death3®8173, Noteworthy to mention that most of the epidemiological
studies were conducted in North America and Western Europe while others are from Asia and
South America since 2004. Only few studies have been conducted in Africa as a whole, thereby
constituting a research gap in establishing the association between air pollution and various

health outcomes. while the study will contribute to the already available information
2.1